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Preface

Citrus fruits are regarded as major household items in more than 100 countries around the
world. The world juice industry is also dominated by citrus juices. Citriculture is the
foundation for the livelihood of millions of farm and industrial workers, entrepreneurs
and businesses. There is a rich endowment of knowledge and technologies developed by
dedicated researchers and academics around the world which addresses the issues faced
by the citrus industry worldwide. Integration and application of knowledge from different
disciplines has made its impact by guiding growers and investors to grow more and better
citrus. Yet, we can see that the major citrus cultivars grown in different parts of the world
are not the product of systematic breeding efforts. This book is intended to provide con-
solidated information on citrus breeding in the era of biotechnology which is likely to
hasten the pace of variety development aimed at resolving the problems faced by grove
owners growing currently available cultivars.

Citrus breeders and geneticists have pursued development of new cultivars for nearly
a century. They do have clear goals to achieve. But, the traditional techniques have simply
been insufficient to achieve the desired goals within reasonable time frames. The early
researches focused on botanical and taxonomic subjects followed by interest in cytoge-
netics. The knowledge base has strengthened, but the outcome, in the form of commer-
cially successful varietal releases, has remained slow, with a few success stories among
rootstocks and fewer among scion cultivars. The recent advances in genetics, molecular
biology and biotechnology have changed the pace of citrus breeding and genetics research.
New approaches allow recombination within a broader and better understood germplasm
pool, and more efficient selection methods have been developed for many traits. Progress
has been also accelerated by the ease of communications via electronic media.

The scientific community is better organized than it was 50 years ago. The
International Society of Citriculture has been holding its congresses at regular intervals
since 1968. The amount of information presented on genetic improvement has grown
manifold. There is hope that the flow of materials will follow the trends in the flow of
information.

The idea of this book evolved from discussions held during citriculture congresses at
Orlando, Florida (in 2000) and then at Agadir, Morocco (in 2004). Nearly all active citrus
breeders of the world were willing to join hands to consolidate up-to-date information to
accelerate citrus breeding. The subjects covered in the book are focused on citrus while



providing information equally useful to the breeders of other tree crops. This will also help
students of genetics and breeding identify appropriate applications of biotechnology in
citrus breeding. While providing information on future avenues, the authors have also
reviewed the past progress and achievements ensuring continuity of the subject. Several
chapters include protocols for novel techniques that should facilitate their broader appli-
cation by citrus breeders.

Many colleagues at CREC-Lake Alfred, where most of the editorial work was under-
taken, helped in vetting the drafts. While the ideas and refereeing help from many is
acknowledged, the editor takes the responsibility for errors and omissions. Patience of
CABI management and staff has been a source of encouragement. Many thanks to them for
doing an excellent job of compilation. This task could not have been accomplished with-
out support from the Sultan Qaboos University, Muscat. It is hoped that the book will
prove beneficial to a wide range of readership.

Iqrar Ahmad Khan

x Preface



As our early ancestors evolved from the
process of nomadic food gathering to devel-
oping permanent food sources, crop breed-
ing became an established practice. Over
the centuries, humans selected, propagated
and disseminated useful species that they
chose to cultivate to feed the expanding
populations. The hundreds of fruits, vegeta-
bles and grains that are now found on the
supermarket shelves are each the result of
the activities of plant breeders.

In 1865, the discovery of Gregor
Mendel’s laws of heredity became a turning
point in the founding of the science of
modern genetics, which transformed plant
breeding into a modern scientific disci-
pline. Mendel’s critical and painstaking
experiments allowed other plant breeders
to conduct even more advanced studies on
hybridization, which evolved into a
remarkable success story. Consider the
abundance of nutritious cultivars, the
development of hybrid vigour in agronomic
crops such as sorghum and maize, the
development of short stature wheat and rice
cultivars leading to the Green Revolution
and elimination of extensive crop failures
caused by southern corn leaf blight, or
wheat rust or historic potato blight.

Until Mendel’s paper on inheritance and its
rediscovery at the turn of last century, plant
breeding was based on traditional knowl-
edge. Selection of desirable phenotypes
was the primary means of perpetuating
species. Plant breeding, now a scientific
discipline, has resulted in major changes in
how we feed the world’s population
through superior cultivars.

It can be said that the successful devel-
opment of commercial crop industries
around the world is directly related to the
success of plant breeding programmes. The
subject of citrus breeding and allied tech-
niques has been reviewed previously
(Cameron and Frost, 1968; Soost and Roose,
1996; Grosser and Gmitter, 2005). This book
is a consolidation of the current status of
science and technology relevant to citrus
breeding.

Outlook

Tracking the ancestry of citrus is a complex
process because of the great diversity and
the distant centres of origin. Indeed, the
evolution from wild citrus of Asia to
modern day cultivars took hundreds of

1© CAB International 2007. Citrus Genetics, Breeding and Biotechnology (ed. I.A. Khan)
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thousands of years. Now grown in more
than 100 countries in tropical, subtropical
and Mediterranean climates, citrus (includ-
ing oranges, grapefruit, tangerines and man-
darins, and lemons and limes) is the
leading fruit crop grown in the world. In
2004, world production of citrus was
108,535,000 Mt (www.fao.org) which is
dominated by oranges (Fig. 1.1). Brazil and
the USA (Florida and California) were lead-
ing producers of sweet oranges. The USA is
the primary producer of grapefruit. China,
Spain and Japan produce 65% of the tan-
gerines grown in the world. Lemons are
produced primarily in Argentina, Spain
and the USA, while Mexico is the largest
producer of small fruited limes. Lime is
also a traditional crop in South Asia and the
Middle East. While consumers are gener-
ally familiar with the edible citrus types,
there is an equally large component of non-
edible citrus used as rootstocks for success-
ful production of edible citrus.
Additionally, many citrus species have
industrial significance as a raw material for
cosmetic and pharmaceutical products.

In general, the citrus production areas
are located within 35° north and south of
the equator. The main citrus regions, how-

ever, are in the subtropics, which are more
than 20° north or south of the equator. As
with most agricultural crops, many factors
are known to limit the production and pro-
cessing of citrus. Most are dependent on
problems related to scion and rootstock
deficiencies. Major constraints to citrus
production involve management inefficien-
cies, susceptibility to pests and diseases,
and environmental challenges. These lead
to increasing production costs, declining
labour supply in many parts of the world
and urban encroachment, especially on the
most productive farm lands. Thus, new and
improved scion and rootstock cultivars
aimed at controlling these production and
marketing constraints have been the pri-
mary aim of citrus breeding efforts.

The development of new and improved
citrus cultivars by conventional methods is
a slow and costly process. It may take as
long as 20–35 years or longer to release a
new cultivar from the time of making the
cross. Kinnow mandarin was bred and
released at the University of California-
Citrus Research Center, Riverside (Frost,
1935). The parental cross was made in 1915
and official release took 20 years. However,
it took another period of more than 30 years

2 I.A. Khan and W.J. Kender

Fig. 1.1. Proportion of citrus fruits produced in the world.
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before Kinnow became a successfully
grown commercial cultivar in the Punjab
region of Pakistan and India.

Several serious obstacles exist that
hamper citrus hybridization. For example:
(i) citrus is highly heterozygous; (ii) its
unique reproductive biology such as
apomixis and embryony; (iii) pollen and
ovule sterility causing incompatibility; (iv)
a long juvenile period taking as long as
5–10 years to express first flowering; and (v)
adventitious embryos in the nucellar of
developing ovules limit hybrid production.
In developing seeds of polyembryonic cul-
tivars, nucellar embryos compete with
zygotic embryos. In addition to the long
generation cycle, large seedling populations
are needed (depending on species) that
require extensive field space and labour.

The first formal citrus breeding pro-
gramme was started by USDA in Florida in
1893 (Cooper et al., 1962) which is still
expanding. The University of California
established the Citrus Research Center,
Riverside in 1907. The University of
Florida initiated its citrus breeding pro-
gramme in 1924 which is now one of the
largest breeding programmes, centred at the
Citrus Research and Education Center, Lake
Alfred (CREC). Today, there are numerous
citrus breeding programmes spread in all
major citrus-producing countries.

Most of the present day scion and root-
stock cultivars of citrus are the progeny of
chance seedlings or a mutant branch of a
tree, called ‘budsports’. The commercially
successful cultivars now grown have
resulted from the selection, propagation
and advanced testing of thousands of such
superior chance seedlings. This process of
screening of potentially superior scion and
rootstock candidates under commercial
conditions involves a critical evaluation of
tree performance and fruit quality traits.
The above-mentioned breeding pro-
grammes played a major role in shaping
today’s citrus industry by providing infor-
mation on the use of numerous scion and
rootstock cultivars.

Breeders identify the most advanced
candidates selected from initial screens and

usually propagate them on certain root-
stocks, establish them in replicated blocks
in different regions and environmental con-
ditions, and compare them with known cul-
tivars. After such rigorous evaluation of
horticultural performance, economic analy-
sis and test marketing for fresh market and
processing use, superior survivors may
finally result in the introduction of a named
variety.

In some citrus breeding programmes,
new selections are patented for economic
and scientific protection. After receiving a
patent, the new cultivar may be licensed to
nurseries to multiply the trees for commer-
cial distribution. Certification programmes
may be established to ensure that disease-
and pest-free budwood is provided to com-
mercial nurseries.

Achievements in Cultivar Improvement

Although citrus breeding programmes have
existed in citrus-producing areas around
the world for many years, most commer-
cially important scion and rootstock culti-
vars were developed by means of selection
of mutations or by chance seedlings.
Relatively few have arisen from conven-
tional citrus breeding. Examples of culti-
vars from breeding programmes in the USA
are the mandarin hybrids such as tangelos
(mandarin × grapefruit hybrids) and tangors
(mandarin × sweet orange hybrids) – specif-
ically Minneola, Orlando, Nova, Page,
Robinson, Sunburst, Fall Glo and
Ambersweet. Swingle citrumelo (grapefruit
× trifoliate orange hybrid) and sweet orange
× trifoliate orange hybrids Carrizo and
Troyer citranges are examples of citrus root-
stocks originating from breeding efforts.
Three mandarin varieties were released
from the Citrus Research Center, Riverside
(Frost, 1935). Only one of the three, Kinnow
mandarin (King × Willow Leaf), became a
major success in the subcontinent of India
and Pakistan. That reflects the value of
international exchange of breeder’s efforts.
The process of release of new cultivars has
now become more frequent, with expected

Introduction and Objectives 3



impact on the citrus industry in the years to
come.

Breeding Objectives

Depending on the needs of a specific region
of the world, the objectives of citrus breed-
ing programmes may vary considerably. For
example, some of the following objectives
may have high priority in some regions and
low or no priority in others.

Scion breeding

See Table 1.1 for the objectives of scion
breeding.

Rootstock breeding

Nearly all commercial citrus in the world is
grown as grafted trees, with the scion culti-
var budded on a selected rootstock cultivar.
A good scion and rootstock combination
supports development of trees that bear
large quantities of high quality fruit. Such a
stoinic combination can maintain health
and productivity for 50 years or more with
modest management. However, many avail-
able rootstocks are inadequate to meet the
emerging needs and challenges. A large
proportion of the problems faced by the
citrus industry could be overcome by use of
improved rootstocks (Wutscher and Hill,
1995; Bowman, 2000).

Benefits of the rootstock

EARLY BEARING. Budding a mature scion on to
a rootstock plant takes advantage of the
scion variety that has already passed juve-
nility which can start production within
1–2 years of planting in the grove, whereas
citrus seedlings typically require many
years to begin bearing fruit when grown
from seed (3–15 years, depending on the
species). In addition, citrus seedlings often
maintain undesirable juvenile characteris-
tics, such as excessively large thorns, for
many years after fruiting begins.

TRUE TO TYPE. Propagation by budding/graft-
ing on to a rootstock ensures that the trees
will produce fruit that is identical to the
source of budwood and thus allow plant-
ings of a uniform type.

APOMIXIS. Most citrus rootstocks are apomic-
tic, which can produce uniform plants from
seed at a low cost. Seed propagation costs
less and produces more vigorous and uni-
form nursery stock than by cuttings or
tissue culture.

COMBINING TRAITS. Propagating citrus through
budding on a rootstock is the benefit that
probably has the most relevance in terms
of rootstock breeding. It allows the graft
creation of a tree that combines the
best genetic fruit characteristics above
ground with the strongest genetic root
traits (adaptations to soil type, tolerance
to salinity, resistance to diseases and
nematodes, etc.) below ground as two
separate units. Creating such a combination

4 I.A. Khan and W.J. Kender

Table 1.1. Objectives of scion breeding.

Tree performance Fruit characteristics Postharvest of fruit
Yield Exterior appearance Handling for fresh market
Cold hardiness Size and shape Economic and cultural importance
Adaptation to adverse climatic and Quality (ss/acid ratio) Processing quality (processed into frozen 
soil conditions Juice content, concentrate or single strength juice

flavour/colour products)
Adaptation to mechanical harvest Ease of peeling
Disease and pest resistance Seedlessness Storage life

Season of ripening Juice content and composition



of genetic traits in a single (self-rooted) geno-
type would be considerably more difficult.

Problems created by using a rootstock

EXPERTISE. Budding/grafting for propagation
requires a significant expertise and adds
cost when compared with seed propagation.

LACK OF APOMIXIS. A uniform nursery stand
typically relies upon nucellar polyembry-
ony (Frost and Soost, 1968) which results in
the production of genetically uniform
clonal seedlings. If a rootstock cannot be
propagated uniformly by seed, clonal prop-
agation must be accomplished by cuttings
or tissue culture. The problem is further
compounded when a rootstock strain pro-
duces a mixture of nucellar and zygotic
seedlings which will require a rouging pro-
cedure (Khan and Roose, 1988).

GRAFT-TRANSMISSIBLE DISEASES. Vegetative propa-
gation of the scion by budding can carry
many virus and virus-like diseases and other
pathogens. Hence, citrus has a long list of
graft-transmissible pathogens that can debili-
tate trees and must be carefully excluded
from propagation material (Roistacher, 1991).

GRAFT INCOMPATIBILITY. An important problem
associated with using a rootstock is poten-
tial graft incompatibility between certain
rootstocks and scions. Although generally
not well understood, graft incompatibilities
apparently arise when there is a conflict
between the physiology of the rootstock
and scion that causes the tree to grow

weakly or die. A similar reaction can be
induced by some virus diseases, such as
incompatability which occurs when trees of
sweet orange (Citrus sinensis) on sour
orange (C. aurantium) are infected by iso-
lates of citrus tristeza virus (Bowman and
Garnsey, 2000).

ROOTSTOCK AFFECTS THE SCION. It must also be
kept in mind that rootstock does affect
many important traits of the scion grafted
on to it, including tree size, productivity
and fruit quality. Hence, a rootstock may
degrade the tendency of a scion to be highly
productive or to yield good quality fruit.
One example of this is the rough lemon (C.
jambiri) rootstock, which produces a vigor-
ous and highly productive tree, but also
induces the scion to yield low quality, low
sugar fruit.

The Rootstock Development Process

Development of improved rootstocks is a
long and many-faceted process. Typically,
it takes 30–35 years from the time a new
rootstock is created by cross-hybridization
until it is released to the local citrus indus-
try for commercial use. Commonly pursued
objectives of rootstock breeding are listed in
Table 1.2.

Molecular Genetics and Biotechnology

Citrus breeding and genetics has been fortu-
nate to have an early and continuing history

Introduction and Objectives 5

Table 1.2. Commonly pursued objectives of rootstock breeding.

Apomixis
Improved productivity
Tree size reduction
Adaptation to soil conditions (salt, calcareous soils)
Improvement in poor nutrition
Resolution of bud union problems
Resistance to diseases (Phytophthora, citrus tristeza virus, citrus blight, etc.)
Resistance to soil borne pests (diaprepes, nematodes, etc.)
Improvement in fruit quality
High seed production



of meeting the needs of a changing industry
through scientific research on genetic tech-
niques. A new generation of scientific
methodologies is now available for the
study of genomics. It is possible to locate
genes rapidly on chromosomes, to isolate
genes from plants to study their function at
the molecular level, to modify genes and to
reintroduce them into living organisms.
This is, indeed, a far cry from Gregor
Mendel’s 19th century tenant that plant
characters are controlled by discrete hered-
itary units – which are now called genes.

Modern genetic engineering evolved
from the discovery of DNA as the genetic
material by Avery and co-workers followed
by Watson and Crick’s discovery in 1953 of
the double helix structure of deoxyribonu-
cleic acid (DNA). Since then, modern day
geneticists have been able to use more pre-
cise and sophisticated technology to over-
come the barriers and greatly to facilitate
genetic procedures.

It is essential that future programmes for
citrus cultivar improvement emphasize
understanding the inheritance of fundamen-
tal qualitative and quantitative traits and also
be comprehensive. For example, the study of
genomics involves a molecular-based knowl-
edge of the structure and function of genes.
Such information will afford a precise use of
such traits in the tree and fruit. Numerous
examples can be cited where genomic tech-
nology has benefited plant improvement
efforts. For example, in citrus, the long dura-
tion of field evaluation is a major obstacle for
developing specific characters such as tree
size, yield, disease and insect resistance. The
use of marker-assisted selections linking
molecular markers to genes, which control
important traits, will significantly reduce the
time required to screen mature tree charac-
ters. Other tools of biotechnology have been
employed with equal ease to facilitate the
progress of work in citrus breeding pro-
grammes. Shoot-tip grafting techniques have
been used for sanitation of virus-infected
germplasm, which has allowed wide dissem-
ination and conservation of parental stocks.

Cytogenetics

Cytogenetic investigations in citrus have
been restricted due to very small chromo-
some size and little implication for ploidy
manipulations except for an interest in
triploid breeding for seedlessness. In recent
years, Citrus has been accepted as a model
for the application of somatic hybridization
and cybridization for crop improvement
(Khan and Grosser, 2004; Grosser and
Gmitter, 2005). Despite a huge variability in
citrus, evolution has been restricted at the
diploid level largely because of apomictic
seed propagation. Somatic hybridization
has offered a unique situation for citrus
breeders to pursue citrus evolution at
higher ploidy levels, particularly that based
on allotetraploid combinations (Grosser et
al., 1996).

Research Diversity

To understand better the scope and depth
of the citrus breeding/genetics research
being conducted in the world today, the
reader is encouraged to read the 2000
Proceedings of the International Society of
Citriculture (ISC) held in Orlando, Florida
(published in 2003) and ISC 2004 proceed-
ings. Citrus breeders and geneticists pre-
sented a total of 114 papers in 2000 (71 oral
and 43 posters). Of the oral presentations,
topics included scion cultivar evolutions
(seven), rootstock cultivar evolutions
(eight), breeding (34), genetics and genes
(eight) and biotechnology (14). These
papers represented work done in over 20
different citrus-producing countries,
including the USA, Brazil, Spain, France,
China, Italy, Japan, Argentina, Cuba, South
Africa, Australia, Oman, Israel, Morocco,
Turkey, India, Pakistan, Egypt, Lebanon,
Korea and New Zealand. In 2004, the
number of genetics and breeding papers
went up to 126 where a major shift was
seen towards molecular genetics, genomics
and transgenic citrus research.

6 I.A. Khan and W.J. Kender



The diversity and scope of global citrus
genetic research projects are impressive.

Preservation of Citrus Germplasm

Citrus geneticists are concerned over the
reported loss of citrus germplasm espe-
cially in the areas of origin. Such potential
losses must be addressed on a global and
cooperative basis before more valuable and
irretrievable citrus materials are lost for-
ever. Breeding of citrus requires a large
diversity of citrus cultivars in a reliable and
protected source. Since such citrus popula-
tions are rare, worldwide, habitat destruc-
tion threatens existing materials. The FAO
sponsored Global Citrus Germplasm
Network recommended in 1996 that (i)
activities be initiated to identify the loca-
tions of gene banks of citrus and its rela-
tives; (ii) it should be determined what
needs to be preserved in collections and
data banks; (iii) citrus germplasm should be
characterized; (iv) procedures to conserve
available and unique citrus germplasm
should be developed; and (v) citrus
germplasm should be evaluated and cata-
logued using molecular markers. Such
activities, if properly conducted, would
help ensure the availability of important
germplasm for use by future citrus breeders
and geneticists.

About this Book

Basic knowledge in plant genetics and
biotechnology has opened the door to new
concepts and methodologies, which have
greatly advanced the scope and abilities of
the citrus breeder. To define the progress in
the field of citrus genetics, key scientists
working on citrus cultivar improvement
around the citrus-producing world have
combined their talents to write chapters in
areas of their expertise. Such information at
this time of the genetic revolution will be of
great value to the ‘students of citrus’. These
chapters characterizing the remarkable
advances made in recent times will point
out the success of past and current citrus
genome research and the need for contin-
ued financial support for such research in
the future.

The major topics covered in this book
are:

● Origin and taxonomy
● Germplasm resources and shoot-tip graft-

ing
● Cytogenetics
● Somoclonal variation
● Somatic hybridization and single chro-

mosome transfer technology
● Mutation breeding
● Triploid hybrids (hybridization between

diploids and tetraploids)
● Marker-assisted selection by linkage

maps
● Gene cloning
● Genetic transformation.
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Introduction

All the world’s citrus industries will bene-
fit from genetic improvements leading to
the release of superior new rootstock and
scion cultivars. Improvements in pest and
disease resistance, tolerance of various
environmental stress factors, horticultural
performance and productivity, and fruit
quality characteristics should result in
greater economic returns to growers,
processors and shipper/packers by reduc-
ing input unit costs and increasing product
desirability and demand. Likewise,
improvements in fruit quality, nutritive
value and content of health-protective com-
ponents should benefit consumers and
increase consumption of this well recog-
nized, nutrient-rich fruit. Until recent
times, however, much of the process of
genetic improvement of citrus was based on
identification of chance mutations and
seedlings displaying useful characteristics.
Structured and targeted breeding pro-
grammes were generally inefficient and
ineffective because of a lack of genetic

knowledge of important traits, incomplete
understanding of the significance of taxo-
nomic distinctions and relationships, and
the absence of breeding tools that could be
employed to achieve necessary and desired
goals. However, in the past two decades,
there has been a tremendous explosion in
the understanding of plant genetics and
genomes, as well as associated technologies
to enable application of new fundamental
knowledge to genetic improvement of crop
plants in general, and specifically of citrus;
this volume itself is a testament to that tech-
nological revolution, specifically as it
relates to citrus. As a consequence, a com-
prehensive approach to citrus genetic
improvement and cultivar development,
utilizing the most appropriate methods and
technologies to achieve given improvement
goals, makes the greatest sense.

The authors of this chapter are mem-
bers of a team dedicated to developing
genetically superior new citrus cultivars, in
a comprehensive fashion. The individual
members bring diverse expertise to the
team, from fundamental genomics and
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genetics, from tissue culture-based systems
of somatic hybridization and genetic trans-
formation, from traditional breeding tech-
niques frequently assisted by tissue culture
methods, to screening newly created mate-
rials for specific traits and characters in spe-
cialized challenges, and ultimately proving
the value of new selections to growers and
for commercial release following extensive
replicated field trials. The basic elements of
the University of Florida’s citrus genetic
improvement and cultivar development
programme are outlined in Fig. 2.1. All of
the research efforts of our team, whether
they are traditional breeding for multitrait
improvements or genetic experiments to

clone genes that can precisely modify a spe-
cific trait, are directed ultimately toward
the central and unifying goal of releasing
new and improved rootstock and scion cul-
tivars for the industry. All forms of genetic
modification, listed in general terms in Fig.
2.1, yield new plants that represent a pool
of genetic diversity upon which screening
and selection are imposed to find and to
verify truly superior performing individu-
als for release as new cultivars.
Contributions from genomic research feed
into the process as cloned genes that can be
introduced to the pool via transformation;
alternatively, genomic research also leads
to the development of screening tools via

10 F.G. Gmitter Jr et al.

Fig. 2.1. Overview of the basic elements of the genetic improvement process for citrus.



marker-assisted selection (MAS), which
enables much more efficient selection of
superior recombinants improved for multi-
ple traits from conventional breeding
efforts. Once superior candidate individu-
als have been identified; their value and
performance are assessed and documented
in many locations and conditions to iden-
tify the most valued of the candidates for
release.

The information and the figures con-
tained within this chapter are extracted
from a working document, titled ‘A
Comprehensive Citrus Genetic Improve-
ment Program’, which the team uses as a
guide and a plan for the research efforts in
which we are engaged; the document is
reviewed frequently and updated periodi-
cally as needed. This document has been
provided to various stakeholders in the
process, including university administra-
tors, citrus growers, funding agencies,
researchers and any other interested indi-
viduals or groups, such that the compre-
hensive nature of citrus genetic
improvement as we view it can be under-
stood and supported. It represents an effort
to explain in lay terms some of the com-
plexities of genetic science from the per-
spective of outcome, and not necessarily
from the perspective of the details of the
science itself. As such, it enables adminis-
trators and funding agencies to approach
questions relating to the needs of the pro-
gramme, as well as its potential to deliver
new improved products, from a holistic
point of view.

Scion Protocol

Various sources of genetically variant plant
materials are listed in Fig. 2.2. These
include sources that have been used for
many of the advances over centuries of
citrus scion improvement: seed and bud-
wood introductions from elsewhere, or nat-
urally occurring mutations that may be
found. Other types of mutations are also
exploited, such as those that arise from
tissue culture cycles (somaclones) or from

induced mutations following irradiation.
Given the taxonomic nature of many of the
commercial citrus cultivar groups (sweet
oranges, grapefruit, lemons and several
types of mandarins) and their naturally
occurring diversification through somatic
mutations, these groups are not amenable to
breeding strategies based on sexual
hybridization. Therefore, mutational
approaches to genetic improvement have
been and will continue to be critical, along
with the great potential now in hand by
virtue of the ability to transform such culti-
vars with targeted genes. Also included in
the list of sources of genetic variation are
plants that arise from hybridization by
sexual or somatic processes. Although the
goal is to create new cultivars, the process
likewise continues to identify new recom-
binants to be used as breeding parents in
cases where breeding remains a viable
improvement strategy. The protocol is
robust; thus, plant material from any source
or developed by any technique can be
entered into the system at any point.

Seedlings, irradiated budlines or other
scion candidate materials are propagated
on to rootstocks or grown on their own
roots, planted in a fruiting-out orchard, and
potentially desirable or valuable individu-
als are selected according to their fruit and
tree characteristics. Evaluations for specific
characters that can be accomplished prior
to first field planting (e.g. simplified disease
resistance selection, the presence and/or
performance of transgenes, etc.) take place
when possible. Upon first fruiting, evalua-
tions are made of both tree and fruit charac-
teristics, with the objective of identifying
those individuals that may potentially
prove valuable as new cultivars. This objec-
tive is accomplished by a process of elimi-
nation of individuals with undesirable fruit
characteristics, and by selection of individ-
uals exhibiting positive characteristics
(appropriate fruit size, colour, flavour, pro-
ductivity, and so on). These observations
are made for three years at least, to assess
stability of trait expression over time and to
avoid excluding potential candidates that
may appear undesirable during their first
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fruiting. The specific criteria for selection
are determined by the team member pro-
ducing the given materials, based on the
type of fruit and the specific objectives of
the genetic manipulation performed. The
outcome of this phase of the protocol is a
collection of candidates for advanced field
evaluations, as well as the identification of
individuals that can be used in further
breeding cycles based on their expression
of desirable combinations of genes and alle-
les.

Individuals selected from primary
screening are propagated on to one or sev-
eral rootstocks and planted in replicated
field trials in multiple locations represent-
ing the environmental diversity in Florida.
The objectives of this stage of the protocol
are to identify truly superior individual
selections and to acquire adequate informa-
tion on their performance, in comparison
with standard cultivars, to warrant further
development leading to possible release of
new cultivars. These objectives are accom-
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Fig. 2.2. Protocol for citrus scion improvement.

UF/CREC Cultivar Development
and Release: Scion Protocol



plished by evaluating horticultural per-
formance, susceptibility/resistance to pests
and diseases, regional environmental
effects on performance and quality, root-
stock interactions and other relevant fac-
tors. Also important at this stage is the
identification of special problems that may
be encountered by growers attempting to
produce fruit from these new cultivars. At
times, opportunistic plantings may be
made, for example, to test for resistance to a
pathogen that may be widespread in a par-
ticular growing area; such plantings are not
replicated field trials, but none the less they
can provide valuable insight and informa-
tion regarding the performance and poten-
tial of certain primary selections.

As data are collected from replicated
field trials, financial analysis is used as a
tool to determine the potential value of new
processing cultivars compared with exist-
ing ones, based on yields and qualities of
the fruit of the new cultivars. The perform-
ance and potential value of new scion culti-
vars intended for the fresh market can be
better determined by test marketing. This
phase of the protocol is applied only to the
most promising, elite selections identified
through previous stages of the protocol.
Testing may be of the potential of processed
products, as determined by sensory panel
analysis, biochemical profiles as related to
flavour and quality, and other approaches.
Cultivars intended for the fresh fruit market
can be test-marketed by cooperating agen-
cies and organizations, on a small but com-
mercial scale; fruit performance in
important aspects of the market channels is
carefully evaluated, including handling
ability and consumer/retailer preferences
and responses. Poor performance or results
from economic analyses or from test mar-
keting would probably preclude release of a
given selection, in most cases.

As the latter stages of the protocol are
entered, sources of budwood of the elite
selections are established, to have sufficient
propagation materials available for rapid
multiplication and commercialization at
the time of release. These selections must
be certified through the Citrus Budwood

Registration Bureau, Division of Plant
Industry (DPI) of the Florida Department of
Agriculture and Consumer Services
(FDACS), to ensure the distribution of dis-
ease-free budwood to nurseries for propaga-
tion as required by state law. The
programme supports an insect-proof repos-
itory facility in which pathogen-free bud-
wood sources of advanced selections are
held and increased as needed, for field
trials or to provide budwood to the nursery
industry if necessary. Throughout the
entire process, measures are taken to pro-
vide appropriate protection for new culti-
vars and selections; these measures include
the use of Material Transfer Agreements
when materials are tested in the orchards of
commercial growers cooperating in the
evaluations, as well as patent protection
prior to official release. When the protocol
has been completed and the potential value
of new scion selections has been demon-
strated, then the cultivar(s) will be released
upon acquisition of a plant patent and
licensing of nurseries to produce trees for
the industry and/or growers to produce the
crop. Two types of releases are possible:
first, the release of cultivars to the commer-
cial industry; and, second, releases for
selections that would be of interest to the
home gardening clientele. The latter may be
released following a less stringent approach
to the protocol, compared with those to be
released commercially.

Rootstock Protocol

Citrus rootstock requirements and charac-
teristics evaluated are quite different in
most cases from those of scions, so the
sources of genetic variation exploited and
the screening methods used are likewise
different in nature and scope (Fig. 2.3).
Hybridization, both sexual and somatic, is a
primary tool for rootstock improvement.
The introduction of rootstocks from other
industries or breeding programmes is also
an important part of the overall programme
to bring our industry the best possible cul-
tivars to use, regardless of their source of
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origin; such legally acquired selections or
cultivars are frequently included in repli-
cated field trials with our own advanced
selections. As genetic engineering comes to
play a greater role in the genetic improve-
ment process over time, there will probably
be greater exploitation of the technology to
make important single trait improvements

in rootstock cultivars or selections with
already proven value. As with scion
improvement, the rootstock protocol is
robust and plant material from any source
or developed by any technique can be
entered into the system at basically any
point.

Seedlings from crosses or introduc-

14 F.G. Gmitter Jr et al.

Fig. 2.3. Protocol for citrus rootstock improvement.

Sources of Genetic Variation
1. Germplasm introduction
2. Sexual hybrids
3. Somatic hybrids
4. Molecular genetics



tions, or equivalent material such as cut-
tings of seedlings or somatic hybrids,
receive their initial evaluations in the
screening core facility or the fruiting-out
orchard. The screening core facility is sup-
ported by the programme to provide a loca-
tion where screening can be carried out on
a repeatable and routine basis; implicit in
this activity is the interaction with experts
in the respective areas of plant pathology
and physical stress physiology. The traits
selected for screening are at the discretion
of the team member responsible for intro-
duction or production of the materials.
Selection within the fruiting-out orchard is
generally based on polyembryonic seed
production and tree performance, two criti-
cal traits for rootstocks that are propagated
by nucellar seeds. Primary candidates are
those individuals that pass the screening
core tests for citrus tristeza virus (CTV)
resistance or tolerance, Phytophthora
resistance and other tests as established by
the investigator, such as tolerance of salin-
ity or iron chlorosis due to high soil pH,
abundant production of polyembryonic
seeds, and so on. These candidates are
entered into replicated trials designed pri-
marily to conduct the first field evaluation
involving soil, horticultural, pest and dis-
ease factors. The emphasis is on representa-
tive regional sites regarding soil conditions,
scion cultivars and plant spacing.
Following a first round of field trials, addi-
tional trials may be appropriate to confirm
or otherwise expand the knowledge about a
given rootstock candidate. Secondary can-
didates are those that do not meet all of the
screening criteria for a primary candidate,
but in the judgement of the investigator
they may merit field evaluation none the
less. These candidates are placed in smaller
sized field trials or opportunistic plantings
where they may be subjected generally to a
lower level of evaluation. Opportunistic
plantings are not formal field trials, but are
plantings that may involve, for example,
using new selections in reset situations,
small groups of trees on one rootstock, plac-
ing trees in a particular field condition
(heavy blight incidence; CaCO3 soil) or any

situations that are more commercial-like in
size and planting arrangement; opportunis-
tic plantings generally are used to assess
trait performance for a limited number of
site-specific problems for which the selec-
tions tested may prove useful.

When sufficient data are available from
long-term field trials, financial analysis is
used as a tool in rootstock evaluation, lead-
ing to cultivar release. When evaluation is
nearing the point when a release is antici-
pated, it is critical to have seeds or vegeta-
tive material available for distribution to
support commercialization of the new
releases, and appropriate measures are
taken to ensure adequate supplies for esti-
mated needs. Measures are taken to provide
protection, as appropriate, for new cultivars
and selections; again this protection
includes Material Transfer Agreements
with cooperating growers participating in
the commercial evaluation, and proper
patent protection, as needed. Release will
generally occur when the preceding proto-
col has been completed and a rootstock is
judged as having sufficient potential, either
as an alternative or as a replacement for cur-
rent commercial rootstocks. Germplasm
with potential use as breeding lines, even
though they have not met all criteria for
new cultivar status, may be released from
any stage of the protocol.

Molecular Genetics Protocol

Molecular genetics is used as a term in the
broad sense to include all activities related
to citrus genetic improvement that are
based on use of molecular techniques to
manipulate genes at the level of nucleic
acids (DNA or RNA). These activities also
include fundamental genetic studies, as
they provide a basis for molecular dissec-
tion of key traits based on plant perform-
ance (Fig. 2.4). Understanding the
inheritance of important traits is fundamen-
tal to all genetic improvement strategies
whether the traits sought are under qualita-
tive or quantitative genetic control.
Molecular genetics, likewise, includes all
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efforts linked to genomic sciences relating
genetic information on important pheno-
typic traits to a molecular-based under-
standing of the structure and function of
genes, to provide the basis for more precise
and specific manipulation of tree and fruit
characteristics. Genomic science also
includes the development of DNA
marker-based maps, as well as integrated
physical and genetic maps, and ultimately
whole-genome sequence information, for
greater understanding and manipulation
opportunities in the future. Genetic maps,
in turn, by directly linking molecular mark-
ers to genes controlling economically
important traits, make it possible for selec-

tion targeting certain goals of the cultivar
development process to be accomplished
more quickly and efficiently than by actual
evaluation of plant traits. Because more effi-
cient methods result in the capacity to eval-
uate many more plants, the likelihood of
identifying plants recombinant for multiple
valuable and desirable characteristics is
greatly increased.

One outcome of genomic research is
the ability to modify very specific individ-
ual characteristics in powerful ways: by iso-
lating genes from other sources within the
citrus gene pool for incorporation directly
into commercial cultivars; by modification
of existing genes to produce specific

16 F.G. Gmitter Jr et al.
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changes in plant characteristics; or by uti-
lizing genes from any other organism that
potentially could have beneficial pheno-
typic effects on citrus tree performance or
fruit characteristics. Any genes that are iso-
lated and/or modified can be incorporated
into existing cultivars or breeding lines
using genetic transformation technologies.
The programme also includes a Citrus Core
Transformation Facility, supported jointly
by industry grants and university funds;
this service is available to researchers
within and outside of the citrus genetic
improvement community, to increase the
opportunities for testing potentially useful
genes from outside the citrus gene pool.
Ultimately, transformation of citrus
germplasm with new and/or modified
genes feeds into the scion and rootstock
cultivar development protocol as another
source of genetic variation for evaluation
and selection. Research is conducted by
some of the team members to improve the
efficiency of the existing Agrobacterium-,
protoplast- or biolistic-based transforma-
tion systems. A major goal is to develop an
efficient system for all commercially impor-
tant cultivars and elite breeding parents.
Other objectives include minimizing the
impact of citrus juvenility on the time from
transformation to fruiting, minimizing tech-
nology fees associated with certain compo-
nent elements of the transformation
process, and developing more environ-
ment- and consumer-friendly transforma-
tion systems.

Conclusion

To summarize, our citrus cultivar develop-
ment team has developed a collaborative
and comprehensive approach to maximize
efforts and opportunities for development
of the genetically improved new rootstock
and scion cultivars required for the future
viability of our citrus industry, by maximiz-
ing the synergistic interactions of expertise
and interests we possess as individual team
members. Furthermore, by organizing activ-
ities into generalized and specific flow

charts, with annotation to describe the
essential components and outcomes from
each step, we have assisted growers, fund-
ing agencies, research administrators and
other interested parties in understanding
how the various approaches to genetic
improvement fit together. This, in turn, aids
such parties in determining where addi-
tional investments into the research pro-
gramme are needed and best placed for
maximum benefit to the industry, through
the outcome of newly released and superior
cultivars.

This comprehensive programme is
truly a partnership in both the narrow and
the broad sense. It is a partnership first and
foremost among the team participants, as
well as the related experts who become a
part of the process, through collaboration
and sharing of expertise. On a broader level,
it clearly represents a partnership of the
research community with the industry. The
industry supports the research programme
not only by grants through the Florida
Citrus Production Research Advisory
Council (FCPRAC), but also through inter-
action and direct participation in the
research efforts by providing land, grove
care expenses, and labour for dozens of
field trials, plantings and evaluations that
take place. This involvement is a critical
and essential downstream component of
the comprehensive programme. All of the
upstream research activities have no value
whatsoever to the industry without this
vital partnership in the final stages. The
industry–research community interface
provides a valuable feedback mechanism,
serving to focus the upstream research
efforts in appropriate directions, and bring-
ing important new developments and
opportunities arising from the genetic
research to the attention of the industry’s
leaders and innovators, as well.

The team recognizes that this pro-
gramme represents a complex and long-
term process. It includes not only our
experiments to create, select and validate
genetically improved plant material but
also the experiments that require industry
cooperation and collaboration to assess the
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value and utility of the plant material in the
orchard. However, the final stage of the
process is seen once new cultivars are
released, and they find their way into com-
mercial production and the marketing of

products to consumers. It is at that point
that the benefit of many years of research,
and the involvement of many different par-
ticipants in the process, may be seen and
judged.
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The History of Citrus

Different hypotheses have been formulated
on the history and geographical origin of
citrus. It would appear that all the species
belonging to Citrus and its related genera
originated in the tropical and subtropical
regions of South-east Asia – north-eastern

India, southern China, the Indo-Chinese
peninsula – and the Malay Archipelago,
and then spread to other continents
(Webber, 1967; Chapot, 1975) (Fig. 3.1).
Tolkowsky (1938) considers that the moun-
tainous regions of southern China and
north-east India are the centre of origin,
‘where sheltered valleys and southern
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Fig. 3.1. Supposed origin and dispersal routes of citrus fruits (Chapot, 1975). B, bigarade (C. aurantium); C,
citron (C. medica); G, grapefruit (C. paradisi); K, kumquat (Fortunella margarita); L, lemon (C. limon); Li,
lime (C. aurantifolia); M, mandarin (C. reticulata); O, orange (C. sinensis); S, shaddock (C. grandis); W,
‘Washington’ navel; –––, BC; — —, AD 1–700; – – – , AD 700–1492 (711: Arab occupation of Spain); - - - ,
AD 1493–1700 (1493: second journey of Christopher Columbus); ......, after AD 1700 (first appearance of
grapefruit). Centuries are given in Roman numerals (a minus sign indicates BC); years are given in arabic
numerals. Source: Davies and Albrigo (1994).



slopes are sufficiently protected from the
cold dry winds …’ while, according to
Tanaka (1954), the citrus may have origi-
nated in north-eastern India and Burma;
China should be considered only a second-
ary centre of distribution. He also maintains
that it is likely that several species started
in China and spread into Indo-China,
Malaysia, north-eastern Asia and finally
Japan. Tanaka (1954) proposed a theoretical
dividing line running from the north-west-
ern border of India, above Burma, to the
Yunnan province of China, to south of the
island of Hainan (Fig. 3.2). Several citrus
species such as the citron, the lemon, the
lime, the pummelo and the sour and sweet
orange originated south of this line, while
mandarins and others originated north of
the line. The wide diversity of citrus in
Yunnan has been described by Gmitter and
Hu (1990), who considered this province,
through which the Tanaka line runs, to be
the major centre of origin for citrus.

Calabrese (1998) indicated that the pri-
mordial genetic nucleus of citrus originated
in China and the citrus slowly passed from
its original location to other oriental regions
and from there followed the paths of civi-
lization. It is well known that the Chinese
reached cultural goals before other people,
and they have domesticated many fruit-
bearing plants, including citrus, for produc-
tion purposes and for aesthetic reasons
since the second millennium BC.

The first indication regarding the pres-
ence of citrus in China is contained in the
book ‘Tribute of Yu’: during the kingdom of
Ta Yu (from 2205 to 2197 BC) Citrus names
occur in the list of duty tribute sent to the
imperial court at An-Yang, a territory near
the big bend in the Yellow River. The term
Chu found in this document probably refers
to small sized mandarins and the kumquat
(Fortunella), while the term Yu indicates
the pummelo (Citrus grandis) and the
‘Yuzu’ (Citrus junos).

20 E. Nicolosi

Fig. 3.2. Geographical map showing Tanaka’s dividing line.



During the Chou dynasty (1027–256
BC), literature flourished and a lot of poems
and books were written in this period.
Among them, ‘The five Canons’ are the
most important mythological, historical,
philosophical and literary document of
China for a period of about a millennium. In
all this literature it is easy to find evidence
regarding citrus; there are two types of
citrus, the Chu and the Yu, which are men-
tioned most often.

The Ch’in and the Han dynasties fol-
lowed the Chou, and during the Han
dynasty (202 BC–220 AD) other citrus fruits
were mentioned, Cheng, Lu Chu and Huang
Kan. The most important information
comes from Ssu Hsiang-ju (died in 118 BC),
who wrote in his prose poem about Cheng
(sour orange), Lu Chu (kumquat) and Huang
Kan (yellow mandarin, probably including
large mandarin-type fruits and oranges).
After the Han dynasty, there was the ‘Three
Kingdoms’ dynasty which came to an end
in 265 AD. From 265 until 420 AD, China
was governed by Chin (Tsin) and there are
numerous historical records referring to the
citrus in this period. In a work written in
304 AD by Chi Han, the first description of
citron appears with the name Kuo Han. In
Chinese culture, the citron, mainly the
‘Fingered citron’ (Fig. 3.3) also called ‘The
hand of Buddha’, had become important; it
was considered to be a lucky talisman and
was exchanged for good luck. Citron is most
probably native to India, and there the ear-
liest references are to be found in the
Vajasaneyi Samhita, a collection of sacred
Brahma texts, called Yajur-Veda, written
around the 8th century BC (about a millen-
nium before the first description in China);
Jambila or Jambira is the term which indi-
cates the citron and the lemon (Tolkowsky,
1938).

The citron

The citron (C. medica L.) is probably native
to India; it is well accepted by all authori-
ties that it was the first citrus fruit known to
Europeans, but there are different opinions

about the exact period and the steps by
which it was first brought from its native
land. Gallesio (1811) accepts that the Jews
brought the citron to Palestine upon their
return from their Babilonian exile (~500
BC), while Tolkowsky assumes that the
citron was introduced only following the
return of Alexander the Great from India
(~300 BC). According to Tolkowsky, the
adoption of the citron by the Jews for wor-
ship during the feast of the Tabernacles
(Sukkoth) took place only during the period
of the Hasmonaite dynasty (~120 BC). The
citron played a prominent part in Jewish
religious rituals (Figs 3.4 a and b); it
appeared on Jewish coins during 66–70 AD,
and has been a favourite motif in Jewish art
since then (Spiegel-Roy and Goldschmidt,
1996). The use of the citron during the rites
of the Tabernacles at the beginning of the
first millennium is also clearly evident from
what Joseph Flavius, the most important
writer of the Jewish tradition, writes in his
Judean Antiquity, a volume which goes
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through the steps of Jewish history from the
Creation until the war against Rome.

There is an accurate description of the
citron by Theophrastus in his Historia
Plantarum, written around 313 BC. He says
that there is a plant in Persia which pro-
duces a fruit called the ‘Fruit of Persia’ or
‘Fruit of Media’ or Persian citron or Median
Apple (Book IV, Chapter IV). He describes
the plant with thorns, similar to the pear
but thinner, sharper and harder; the fruit is

not edible. However, the fruit as well as the
leaves are highly perfumed and are used to
protect laundry from moths. Theophrastus
goes on to say that the citron produces fruit
continually and, while some fall off during
maturation, others grow to maturity; the
fruits come from specially formed flowers
with a style, while the other flowers which
are not formed in this way fall off and do
not produce fruit. Anyway, there is ample
evidence that the Greeks were familiar with
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citron tree culture in that period; in fact,
Theophrastus, who never left Greece, gave
an excellent morphological description of
the citron tree, describing how to produce
and utilize its fruit (Fersini et al., 1973). On
the contrary, Virgil (70–19 BC), the first of
the Latin writers, in his Georgiche (Book II-
146) only briefly describes the citron, again
using the name Median apple. He writes:
‘in Media the apples of happiness (Felix
malum) grow, whose juice has a persist-
ently wretched taste, but is an excellent
remedy against poisons’.

In the first century AD, the citron was
known in Rome where the cultured Pliny
(24–79 AD) in his Historia Naturalis gave
the citron several names, e.g. Malus medica
and Malus assyria, and also changed the
Greek name Kedros into the Latin Citrus.
Like Virgil, Pliny says that the citron,
brought from Persia to Rome, was used as
an antidote to poisons. There are other ref-
erences to the citron written at the same
time as Pliny and afterwards.

Certainly the most accurate technical
description regarding the citron plant and
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Fig. 3.4b. Two citron fruit on the sides of the ‘Menorah’ (the holy lamp of the temple) in the mosaic of
synagogue at Nirim, southern coastal plain, Israel.



its cultivation comes from Palladius, an
agronomist who lived in the 3rd or 4th cen-
tury AD. In his Agriculturae Opus, he dedi-
cates a chapter to the citron, De citreo,
where all the methods of propagation are
well described, and he affirms that the
citron needs enormous work and care in
pruning.

Moreover, further proof of the knowl-
edge that the Romans possessed about the
citron comes from many sculptures, pictures
and mosaics found in different places.
Tolkowsky identified quinces and citrons on
a tomb fragment of a 2nd century AD villa in
Rome; moreover, he recognized leaves, flow-
ers and citron fruits on the remains of a pic-
torial mural of Pompeii kept in the museum
in Naples (Italy) and also on a mosaic
belonging to a Roman Villa in Carthage. A
mosaic in which the citrons are perfectly rec-
ognizable is in the Villa del Casale (probably
built in the 2nd or 4th century AD) situated
near Piazza Armerina (Sicily).

The lemon

The exact area of the origin of the lemon (C.
limon (L.) Burm. f.) is still uncertain. It
must have originated somewhere in south-
eastern Asia.

Tolkowsky and others suggest that the
lemon is native to India: Jambila or Jambira
is the term which indicates the citron and
the lemon; both are part of the historical
culture in certain Indian regions, and vari-
ous forms of lemons grow wild (namely in
the southern part of Himalaya and in
Assam) and, because of this, many taxono-
mists believe India to be the exact location
where the citron and lemon originated. It is
possible that a population of citrus trees
with characteristics similar to both the
lemon and the citron existed there.
Moreover, it is well accepted that lemons
derive from citrons. There is evidence of a
mixture of characteristics between lemons
and citrons in the modern Indian Citrus
jambhiri, which is analogous to the lemon
in certain ways and to the citron in terms of
the wrinkles of its skin.

Webber et al. (1967) consider southern
China and probably Upper Burma to be the
native home of the lemon. Gallesio, De
Candolle and other early writers consider
that the lemon was unknown to the
Mediterranean people until the 10th cen-
tury, when the Arabs brought the first
lemons from India. According to
Tolkowsky, these authors are mistaken: in
fact, some branches with citron and lemon
fruits can be seen in a mosaic in a Roman
villa at Carthage (2nd century AD). Calabrese
(1998) adds some more pictorial and musive
depictions to those of Tolkowsky, such as
the mosaics of the Villa del Casale di Piazza
Armerina in Sicily and the Pompeian fresco
of the Casa del Frutteto in Pompei and of the
National Museum of Naples, and states that
the lemon was well known by the Romans
since the imperial period, although there are
no literary references to this species.

To confirm the above-mentioned
theory, other lemons are admirably repre-
sented in one of the best preserved Roman
mosaics: the decoration of the vault of the
Mausoleum of Saint Constance in Rome
built by the Emperor Constant, son of the
Emperor Constantine (306–337 AD).

Webber et al. (1967) say, with reason-
able certainty, that the lemon, as well as the
citron, the sour orange and the pummelo,
had been introduced by the Arabs into
Spain and the countries of North Africa by
1150 AD. The lemon is described in all the
works of Arabian writers of the 12th cen-
tury, and it is certain that the culture of the
lemon was furthered by the Arabs in
Palestine and Persia and commonly grown
there. The first literary mention of the
lemon, as well as the sour orange, in the
Arabic language is in the ‘Book of Nabatian
Agriculture’, a collection of ancient writ-
ings edited by the Iraqi agronomist Ibn el-
Wahshya in 904 AD. The author calls the
lemon hasia in the Nabatian language and
affirms that in Persia it was known by the
term limun, and it derives from the citron
and produces a round, aromatic fruit.
However, not all authors accept that this
description corresponds to the lemon; it
could be a citron or a lime and, to support
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this theory, some scholars speak of a limun
or a limu with a non-acid pulp and so the
fruit referred to could be the Mediterranean
lime.

Following the activity of the Arabs in
spreading citrus, the role of the Crusades in
the West was very important. It was the first
four crusades (1096–1204) which facilitated
the spread of citrus fruit to France. During
the 13th century, lemons were grown in
Italy and in the South of France and Spain.
Matteo Silvatico, a ligurian doctor at the
beginning of the 14th century, claims in his
Opus Pandectarum Medicinae that lemon
juice is used as a medicine and as an
appetite stimulant; moreover, the lemon
was considered an effective remedy against
worms and in curing pestilential fevers,
and nausea in pregnant women.

Since the 15th century, the Spanish,
the Portuguese and other navigators have
been responsible for the spread of citrus in
different subtropical areas of the world. It
seems that the lemon, as well as other
species, reached the USA thanks to
Christopher Columbus who brought seeds
and plants there from the island of Haiti
during his voyage in 1493.

Sour and sweet oranges

The sour orange (Citrus aurantium L.) is
believed to be native to South-east Asia,
possibly India, while the sweet orange
(Citrus sinensis (L.) Osbeck) originated in
southern China and possibly as far south as
Indonesia (Webber et al., 1967).

The sour orange was the first species
that spread from its native land to the West.
Gallesio maintains that it was unknown to
the Romans, while Tolkowsky, in total dis-
agreement, asserts that the Romans were
familiar with sour oranges. However, his
theory loses credibility when he claims that
the Romans were also familiar with sweet
oranges. Webber et al. consider that sour
oranges may have been brought to the
Mediterranean basin after the Arab con-
quests; during the 10th century into Persia,
Iraq, Syria, Palestine and Egypt, and later

into North Africa, Sicily, Sardinia and
Spain. It seems that the first description of
the sour orange was given by Albertus
Magnus (1193–1280) who called it
Arangus.

According to Tolkowsky, the orange
tree (sour orange) was known in Italy before
Pompeii was destroyed (~70 AD) since there
is a clear representation of an orange in a
Pompeian mosaic.

Tolkowsky asserted that the sweet
orange grew in Italy during the early
Christian era, but no written evidence was
found until the 15th century. By the begin-
ning of the 16th century, evidence appears
of the commercial importance of sweet
oranges in Southern Europe. It is not so
easy to trace how the sweet orange reached
Europe for the first time since indications
regarding its introduction into the
Mediterranean area are often conflicting.
Some authors support the view that the
Portuguese brought it from India after they
discovered the direct sea route around the
Cape of Good Hope (1497) or after they
reached China for the first time in 1518.
Valmont de Bomare (1764) states that the
first imported tree from which all the sweet
orange trees of Europe are derived was
imported from China and acclimatized in
Lisbon at that time in the garden belonging
to Count St Laurent. In conflict with this
theory, Gallesio (1811) describes two docu-
ments found in the archives of Savona, one
dated 1471 and the other a year later, 1472,
which indicate sweet oranges; they are
called citruli in the first document and cit-
ranguli in the second one. The hypothesis
that the Portuguese brought oranges to Italy
for the first time has little credibility; in
fact, the culture of the sweet orange in
Liguria was very extensive at the beginning
of the 16th century but the Portuguese did
not go there before about 1520. The ques-
tion is, what is the origin of these oranges?
Gallesio reported that they reached Europe
from South Asia during the commercial
trade route established and maintained by
the Genoese during the Crusades. This
hypothesis is based on the fact that several
mentions of the sweet orange can be found
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in the literature of the 15th century.
Tolkowsky also says that the sweet orange
was known in Italy, Spain and Portugal
before the voyage of Vasco de Gama (1498).
In all three of these countries we can find
specific literary references dating to the
beginning of 1500, so it seems that the
sweet orange reached Europe some time in
the early part of that century, probably over
the Genoese trade route.

The mandarin

China is one of the native homes of the
mandarin (Citrus reticulata Blanco) and has
a cultivation history of about 4000 years.
Hirai et al. (1986) put forward the sugges-
tion that cultivated mandarins have three
origins: India, China and Japan. The man-
darins in China were originally divided
into two groups: Kan or Gan
(Macroacrumen) and Chu or Ju
(Microacrumen) on the basis of colour,
shape and size of the fruit, surface, thick-
ness and smell of the fruit peel, taste of the
pulp and morphological tree characteristics
(Li et al., 1992).

The earliest record of Ju was in the
book ‘Tribute of Yu’ during the kingdom of
Ta Yu (2205–2197 BC).

The word Kan first appeared as Huang
Kan, Cheng and Lu Chu during the Han
dynasty (202 BC–220 AD). According to
recorded history, although mandarins were
cultivated in China as early as the time
before the Xia dynasty (21st–16th century
BC), the concept of fruit varieties was not
developed until about the 3rd century
during the Chin dynasty (265–420 AD).
Before this period, mandarins had been
called Ju, but this word was used for all
citrus plants, such as the sour orange and
the Yuzu (C. junos Tanaka), cultivated at
that time (Li et al., 1992).

The mandarin is the foremost citrus in
Japan. Mandarin seeds were brought to
Japan from China, probably to Kagoshima
on Kyushu island; the first reference to the
mandarin in Japanese literature was made
by Kokwan (1278–1346 AD) (Spiegel-Roy

and Goldschmidt, 1996).
Tolkowsky says that the introduction

of the mandarin into Europe is fairly recent.
The first European country to grow the
small, loose-skinned mandarin orange was
England; the first mandarin tree was
brought there from China in 1805, and it
was from England that the tree spread, first
to Malta and then to Sicily and to continen-
tal Italy.

The pummelo and the grapefruit

The pummelo (C. grandis (L.) Osbeck) is of
tropical origin; according to Hodgson
(1967), it seems reasonably certain that the
pummelo is indigenous to the Malayan and
East Indian archipelagos. The number of
varieties in the Malay Archipelago indi-
cates an ancient cultivation.

It may have spread from the Malay and
Indian Archipelagos to China and not vice
versa (Spiegel-Roy and Goldschmidt, 1996);
it later spread to Persia, Palestine and
Europe. According to Tolkowsky (1938), it
was mentioned in Palestine in 1187 AD and
also in Spain, in the same period. In 1646,
Ferrarius in his Hesperides, sive de malo-
rum aureorum cultura et usu described and
illustrated several kinds of pummelo grow-
ing in Italy (Fig. 3.5).

According to Webber (1943), the pum-
melo was described for the first time in
Jamaica by Sloane (1696) who used the
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Fig. 3.5. Aurantium maximum (pummelo) as
represented by Ferrarius in Hesperides (1646) pp.
439 and 441.



name ‘shaddock’, and the same author
added, later, in 1707, that the seed of the
pummelo was brought to Barbados by
Captain Shaddock, the Commander of an
East Indian ship.

The grapefruit (C. paradisi Macf.)
appears to have originated as a mutation or
hybrid of the shaddock in the West Indies,
perhaps Barbados. The fruit was mentioned
for the first time by Griffith Hughes in his
The Natural History of Barbados (1750); he
writes of a ‘forbidden fruit’, describing its
pyriform shape and the absence of winged
petioles. He describes the size of the fruit as
‘… between a large orange and the fruit of
the smaller pummelo tree … ’ and deems it
to be ‘truly exquisite’.

The lime

Limes comprise a varied group of types –
both acid and sweet varieties – which are so
different from one another in tree and fruit
characteristics that they have been given
separate species status. There are two kinds
of acid limes, the small-fruited Mexican
(West Indian, Key) type, C. aurantifolia
Swing., and the large-fruited Tahiti
(Persian, Bearss) lime, C. latifolia Tan.,
which is triploid and therefore seedless.

Citrus aurantifolia is native to the
Malaysian region of south-western Asia,
while C. latifolia probably originated in the
East and then spread to Persia, and then to
Tahiti, possibly via Brazil and Australia,
and finally to California.

Citrus limettioides Tan., the sweet
lime, commonly referred to as the Indian or
Palestine sweet lime, is native to north-east-
ern India where it is known as Mitha
nimboo, while in Egypt it goes by the name
of Limun helou.

Papedas

The subgenus Papeda (according to the
Swingle taxonomy system) comprises six
species (C. ichangensis, C. latipes, C.
micrantha, C. celebica, C. macroptera and

C. hystrix) which are native to different
areas. Citrus ichangensis is native to south-
western and west-central China where it
grows in a truly wild state (Swingle, 1967);
on the contrary, Scora (1975) considers that
this species, along with C. latipes, origi-
nated in the sub-Himalayan area and then
spread in south-western China, north-east-
ern India and northern Burma, far north of
the range of the other Papedas. Swingle
considers that C. latipes originated in a col-
lection of plants in the Khasi Hill of north-
eastern India. However, very similar types
can be found in the mountains of northern
Burma. Citrus micrantha seems to be native
to the southern Philippine Islands, while C.
celebica originated in the Celebes Islands in
Indonesia. Citrus macroptera was discov-
ered by Father Montrouzier on the Island of
Art, situated a few miles to the north-west
of the north end of New Caledonia
(Swingle, 1967). Finally, the last species
belonging to Papeda is C. hystrix, the best
known and most widely distributed species
of this subgenus in Sri Lanka, the
Philippines and numerous Pacific Islands,
but its exact origin is unknown.

Taxonomy

The majority of taxonomists consider that
citrus species belong to the Geraniales
order, the Rutaceae family and the subfam-
ily Aurantioideae. Rutaceae is one of the 12
families in the Geraniineae suborder, and
the Aurantioideae subfamily – one of the
seven belonging to the Rutaceae (Engler,
1931) – is rather numerous and comprises
the commercial citrus species and also sev-
eral important related genera.

Aurantioideae, the ‘Orange’ subfamily,
has been subdivided by Swingle into two
tribes: Clauseneae with five genera and
Citreae with 28 genera including Citrus and
related genera, i.e. Fortunella, Poncirus,
Eremocitrus, Microcitrus and Clymenia.
The taxonomic situation of tribes, sub-
tribes, genera and species within the
Aurantioideae is controversial, complex
and sometimes confusing. Citrus and many
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related genera hybridize readily and have
done so in the wild for centuries. In Fig.
3.6, the tribes, subtribes, genera and species
are listed after Swingle (1967).

Clauseneae comprise the more primi-
tive genera: the fruit usually consists of
small, semi-dry or juicy berries, except in
Merrillia in which the fruit is of ovoid
shape with a thick, leathery exocarp.

The tribe Citreae comprises three sub-
tribes: Triphasiinae, Balsamocitrinae and
Citrinae; the latter, with 13 genera, has been
classified into three groups (Swingle, 1967).
Group A ‘the primitive citrus fruit trees’
with five genera, Severinia, Pleiospermium,
Burkillanthus, Limnocitrus and Hesper-

ethusa, group B ‘near citrus fruit trees’ with
only two genera, Citropsis and Atalantia,
and group C ‘true citrus fruit trees’ in-
cludes six genera, Fortunella, Eremo-
citrus, Poncirus, Clymenia, Microcitrus and
Citrus.

The first descriptions and classifica-
tions of citrus species and varieties date
back to the 17th century, while the mor-
phological description of the trees, the
floral morphology and biology or the differ-
ent uses of the fruit (i.e. citron fruit) date
back to ancient times (Teophrastus 310 BC,
Virgil 70–19 BC, Pliny 27–79 AD, etc.).

John Baptista Ferrarius, a Jesuit priest
of Siena, made the first organic contribution
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to citrus studies with his book Hesperides,
sive de malorum aureorum cultura et usu
(1646). The assistance of Cassiano dal
Pozzo (1588–1657), who provided the orig-
inal drawings and all the information to
complete the book, was invaluable. The
drawings, done in tempera, form part of
Cassiano dal Pozzo’s so-called ‘paper
museum’, which is preserved today in the
Royal Library of Windsor and in some pri-
vate collections.

Ferrarius’s work is divided into four
books: in the first one, a table is inserted
with the reproduction of various Greek and
Roman coins, while the other three books
are dedicated to the Hesperides: Aegle,
Aretusa and Hesperetusa (the nymphs who
guarded the garden of golden apples at the
western extremity of the earth). The citron,
the lemon and the orange are well
described in them.

In an attempt to contain all the citrus in
only three taxonomic groups, Ferrarius also
places the chinotto orange (Aurantium
sinense) and the pummelo (Aurantium
maximum) with oranges; he puts with
oranges and lemons some phenotypes (e.g.
Limon citratus and Aurantium citratum)
whose names and fruit characteristics indi-
cate that they could be interspecific
hybrids.

The Ferrarius iconography was cer-
tainly created for a taxonomic purpose, but
it represents a happy meeting point
between figurative culture and scientific lit-
erature. The fruits are drawn to their real
size and are often cut into two (Fig. 3.7a
and b). Even though the drawings that illus-
trate the work are not coloured, the fineness
of the features is such that they succeed in
rendering the three-dimensionality of the
fruits and their morphological characteris-
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tics with great effectiveness and provide
excellent visual documentation (Baldini,
1997).

A few years later, other authors
described citrus fruits, although in less
detail (Steerbeck, 1682; Hermann, 1687;
Tournefort, 1700).

The first volume of the Nürnbergische
Hesperides by Johann Christoph Volkamer
was published in 1708, followed 6 years
later by another volume complementary to
the first one.

Even though this monumental work
was written in German and printed in
Nuremberg, it describes the citrus fruit of
the north of Italy and particularly those cul-
tivated on the shores of Lake Garda, on the
coast of the Brenta and on the Ligurian
coast, and can be therefore considered an
Italian citrology. The scientific approach
traces that of Ferrarius: the first parts of
both volumes, dedicated to the nymph
Aegle, deal with citrons; the second one,
dedicated to Aretusa, concerns lemons
(Fig. 3.8), and the third one, dedicated
to Hesperetusa, explains the orange and
pummelo that are distinguished from
one another and marked with a specific
terminology. Even though the number of
genotypes represented in Volkamer’s
book is greater than those described by
Ferrarius, it remains uncertain if each one
of them corresponds to a different geno-
type.

A complete change of the classification
system of citrus is given by Linneus (1737)
who, in his work Genera plantarum, cre-
ated the genus Citrus, attributing three
main species to it: Citrus medica (citrons
and lemons), Citrus aurantium (sweet and
sour oranges and the pummelo) and Citrus
trifoliata.

In 1767, Linneus added in Systema
naturae the species Citrus decumana, thus
separating the pummelo from the complex
species Citrus aurantium.

Linneus collaborated with Osbeck, and
together they formulated the binomial
names of three species: Citrus grandis,
Citrus limonia and Citrus sinensis.

Proceeding with this short review on

the classification of the species, we get to
1768, when Burmann raised the lemon to
the rank of the species, giving it the name of
Citrus limon.

In 1790, while he was studying the
citrus of Indochina and Canton, De
Loureiro discovered some species such as
Citrus nobilis (King mandarin), Citrus
madurensis (calamondin) and Citrus mar-
garita (later Fortunella margarita Lour.
(Swing.)).

In 1813, De Candolle studied and clas-
sified Citrus hystrix that was the first
species of the Papeda subgenus according
to the classification later done by Swingle.

In 1837, Blanco named a new species,
Citrus reticulata, a type of mandarin of the
Philippines.

In the first years of the 19th century, a

30 E. Nicolosi

Fig. 3.8. A lemon, Limon ponzino Regino, as
represented by Volkamer (1708) in Nürnbergische
Hesperides.



lot of authors published papers on the
citrus. The first one must have been Giorgio
Gallesio who, in 1811, published the Traité
du Citrus in Paris. It is a modest work from
a publishing aspect, but it stands out for its
innovative contribution to citrus taxonomy.
The work constitutes the first organic
attempt at the systematic botany of the
Citrus genus, of its species and of its culti-
vated varieties. Citrons, lemons, sour
oranges, sweet oranges and their hybrids
are well described in the volume.

In the sole illustration of the work, a
synoptic table of Citrus, citrus are distrib-
uted on the ramifications of four leading
branches of a symbolic genealogical tree,
distributed in four species: Citrus medica
cedra (citron), Citrus medica limon
(lemon), Citrus aurantium indicum (sour
orange) and Citrus aurantium sinense
(sweet orange) (Fig. 3.9).

Gallesio’s work should have been
accompanied by a citrografic atlas contain-
ing colour tables of the main varieties of
citrus. However, the atlas was not actually
published and the drawings mentioned in
the preface were unknown for almost two
centuries; they were found only recently
among the papers and the books that
Gallesio had left to his Genoan heirs
(Baldini, 1996, 1997).

Risso’s work followed in 1813. New
classifications were elaborated on the dia-
gram proposed by Linneus. In particular,
Risso distinguished sour oranges with the
binomial terminology of Citrus vulgaris and
later of Citrus bigaradia (this synonym was
used in Mediterranean countries for a long
time); Risso changed the Citrus limon of
Burmann to Citrus limonium, and included
all the sweet orange varieties under the
name Citrus aurantium. Risso also created a
new species, Citrus limetta, distinguishing
it from citrons and lemons. Subsequently he
added some new species: Citrus aurata,
Citrus peretta, Citrus mellarosa and Citrus
rissoi; all these species refer to intermediate
types of citrus between limes and pummelo.

Finally, the work Risso published in
collaboration with Poiteau in 1818 is bound
to be of considerable importance: Histoire

naturelle des orangers in which the berg-
amot and the ‘lumia’ that were called Citrus
bergamia and Citrus lumia were separated,
as different species.

The following taxonomists were inter-
ested in the systematics of the
Aurantioideae at the same time as the
scholars already cited and afterwards:
Blume (1823), Blanco (1837), Macfadyen
(1837), Tenore (1840), Fortune (1848),
Oliver (1861) and Pasquale (1867).

In 1875, the work of Hooker, Flora of
British India, was published in which the
citrus and related genera found a botanical
place in 13 genera and 43 species (Hooker
attributed only four species to the Citrus
genus).

In 1888, Bonavia published a volumi-
nous treaty on the oranges, lemons and
other citrus of India and Ceylon and, subse-
quently, in 1890, he added the publication
of an atlas. Bonavia’s theories on the mor-
phology and evolution of citrus were
extremely clever and original, but they
diverged widely from the standard of other
taxonomists (Swingle, 1967).

In 1896, Adolph Engler published a
classification of the Aurantioideae that was
subsequently examined and fixed in 1931.
In this second edition of the Die natür-
lichen Pflanzenfamilien, Engler, in an effort
to describe the Rutaceae family, divided the
subfamily of the Aurantioideae into 29
genera including 180 species, 11 of which
belong to Citrus.

Around the same time as Engler’s
work, other studies were carried out on the
Aurantioideae by several taxonomists, such
as Bailey (1895, 1903) or Guillaumin
(1911). The latter, for example, worked on
the citrus of Indochina and he re-examined
the previous citrus taxonomic classification
and divided the Aurantioideae into 11
genera and 44 species, six of which belong
to Citrus.

The Swingle and Tanaka systems

Two different classification systems are
commonly accepted for the citrus taxon-
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omy: the system of Swingle (1943, 1967)
and that of Tanaka (1954, 1961).

Despite their collaboration, between
1915 and 1930, the differences in their
ideas are obvious; their classifications rep-

resent two different taxonomic conceptions
and their contrast is clearly emphasized
just by observing the subdivision within the
genus Citrus.

Between 1912 and 1926, W. T. Swingle,
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of the United States Department of
Agriculture, proposed a new system for the
classification of the Aurantioideae, with a
series of publications which were defini-
tively coordinated in ‘The botany of Citrus
and its wild relatives’, which appeared in
the first volume of the The Citrus Industry
edited by Reuther et al. (1967). Swingle
accepted the Engler classification and
divided the genus Citrus into two subgenera:
Citrus (in 1943, 1st edition of the The Citrus
Industry, Eucitrus) and Papeda, which
included, respectively, ten and six species.

The two subgenera were separated
according to their morphological character-
istics and to the chemical components of
flowers, leaves and fruits. To be more pre-
cise, the species of the first subgenus have
flowers with grouped and perfumed sta-
mens, and a small petioles no larger than
three-quarters of the whole leaf; the fruit
has edible flesh with little or no bitter oil.
On the contrary, the Papeda have small
flowers with free separate stamens, large
winged petioles, that can be very big, reach-
ing even larger dimensions than those of
the same lamina; the fruit is inedible due to
the high content of bitter oil in its flesh.

In 1926, almost at the same time as
Swingle’s studies, Marcovitch published
his classification which divided the Citrus
into three groups, Aurantium, Intermedium
and Medica, and 20 species.

From 1915 to 1961, Tyozaburo Tanaka
supplied a considerable contribution to the
classification of the Aurantioideae and pub-
lished a series of information-packed
papers on the taxonomy entitled ‘Revisio
aurantiacearum’.

In 1954, in Species problems in Citrus,
he published a classification of the genus
Citrus in which two subgenera, Archicitrus
and Metacitrus, eight sections, 13 subsec-
tions, eight groups, two subgroups, two
microgroups and 145 species were distin-
guished. Seven years later, in 1961, he
added two new subsections, another group
and 12 new species to his system, taking the
total to 157 species.

He hypothesized that the citrus origi-
nated in Asia about 30 million years ago

from C. hystrix, C. latipes, C. macroptera
and C. combara.

Tanaka’s classification is more com-
plex compared with that of Swingle
because of the far greater number of species
included in each subgenus; on the contrary,
Swingle’s classification appears easier to
understand although it does not provide an
exhaustive description of citrus systemat-
ics. Even so, the Swingle system is the most
used, but there are some cases in which it is
amplified with the inclusion of some
species belonging to Tanaka’s system.

There is a big difference between the
two systems regarding the taxonomic clas-
sification of mandarins. This is particulary
relevant because it concerns a group that
includes many genotypes that are widely
cultivated and of great economic impor-
tance. So, Swingle includes in the species
Citrus reticulata all the mandarins except
C. tachibana, a wild species from Japan,
and C. indica, a wild species from India,
whereas Tanaka separates mandarins into
36 species. Swingle affirms that in some
cases the sole distinguishing characteristic
is the size of the leaves or of the fruits, and
affirms that such differences are easily
influenced by different factors: the root-
stock, the humidity and the soil fertility.

Tanaka gave special consideration to
the cultivated species (not wild) and, in
1928 at the International Congress of
Horticulture of Vienna, he proposed the
adoption of the term Hortulanorum next to
the name of the taxonomist (e.g. Citrus
clementina Hort., ex Tanaka).

In order to heal the rift between the
American school of Swingle and the
Japanese school of Tanaka, Hodgson pro-
posed a new classification in 1961. He
increased the number of the species from 16
to 36, dividing them into four groups: ‘acid
fruits’, ‘orange group’, ‘mandarins group’
and ‘other’.

Modern taxonomic systems

All the citrus taxonomic classifications
elaborated in the past were based only on
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the morphological and anatomical differ-
ences and on the geographical area of
origin.

Subsequently, from the beginning of
the last century, chemical characters have
also been used for this purpose. Swingle
(1943) first mentioned the possibility of
using glycosides as a taxonomic marker, in
addition to classical morphological charac-
ters. After Swingle, several researchers
employed various techniques in order to
analyse the biochemical composition of dif-
ferent parts of the citrus plant i.e. leaves,
flowers and fruits; in particular, these
include long chain hydrocarbon profiles
(Nagy and Nordby, 1972), flavonoids
(Tatum et al., 1974), leaf and rind oils
(Malik et al., 1974), polyphenol oxidase-
catalysed browning of young shoots (Esen
and Soost, 1978) and seed teguments
(Gorgocena and Ortiz, 1988), root peroxi-
dase isoenzymes (Button et al., 1976), leaf
isozymes (Soost and Torres, 1982; Hirai et
al., 1986), and fraction I protein in leaves
(Handa et al., 1986).

Taxonomic studies received a boost
from the work of Barrett and Rhodes in
1976: ‘A numerical taxonomic study of
affinity relationships in cultivated Citrus
and its close relatives’. Barrett and Rhodes
performed a comprehensive phylogenetic
study that evaluated 146 morphological
and biochemical tree, leaf, flower and fruit
characteristics. This study suggested that
only three citrus types, namely the citron,
Citrus medica, the mandarin, Citrus reticu-
lata, and the pummelo, Citrus grandis (now
called C. maxima Burm. Merrill), consti-
tuted true or valid species. Similar results
have been communicated by Scora in 1975
and, in 1988, he added another true species,
the Citrus halimii, a species previously
described by Stone et al. in 1973 as a new
species from Malaya and peninsular
Thailand.

Barrett and Rhodes postulated relation-
ships among citrus, indicating a probable
origin of cultivated citrus and some Citrus
and related genera. In Fig. 3.10, some of the
affinity relationships according to Swingle
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Fig. 3.10. Affinity relationships between some Citrus species and relatives after Swingle (1943) and Barrett
and Rhodes (1976).



(1943) and Barrett and Rhodes (1976) are
listed.

Moreover, modern techniques have
been instrumental in deciphering the taxo-
nomic situation in Citrus; the development
of various biochemical and molecular
markers has provided some answers regard-
ing the relationships of various citrus types.
In particular, DNA markers, with their phe-
notypic neutrality, abundance and impervi-
ousness to environmental conditions, have
been most useful.

The concept of the true valid species
and the other genotypes derived from
hybridization between them has gained fur-
ther support from various studies using bio-
chemical and molecular markers, including
isozymes (Torres et al., 1978; Fang et al.,
1993; Herrero et al., 1996), organelle
genome analysis (Green et al., 1986;
Yamamoto et al., 1993; Luro et al., 1995;
Nicolosi et al., 2000), microsatellites (Fang
and Roose, 1997; Fang et al., 1998), RFLP
(restriction fragment length polymor-
phism), RAPD (random amplified polymor-
phic DNA) and SCAR (sequence
characterized amplified region) analyses
(Luro et al., 1992; Federici et al., 1998;
Nicolosi et al., 2000).

Even though different authors have
studied the phylogenetic relationships in
Citrus, the work carried out by the group of
M. L. Roose, University of California
appears very interesting because of the
large number of genotypes investigated and
the results obtained (Federici et al., 1998).
They analysed the relationships among 88
accessions of Citrus and related genera
using RFLP and RAPD analysis. The main
results obtained suggest that C. maxima has
some affiliation with some papedas; C.
medica clustered with C. indica; Fortunella
is not separate from the genus Citrus; and
mandarin species do not cluster in the
groups Tanaka used. Another important
result is that of C. ichangensis (a Papeda
species in the Swingle classification, but in
the Metacitrus subgenera of Tanaka) that is
assumed to be a distinct species, very dif-
ferent from most other Citrus species,
loosely aligned with C. hystrix and C.

micrantha, but not easily placed in relation
to other species. Moreover, the researchers
arrived at the conclusion that it is not
appropriate to place C. ichangensis into the
subgenus Metacitrus of Tanaka with all the
mandarins.

Many authors have investigated the
relationships in the mandarin group; among
these, the studies carried out by Li et al.
(1987, 1988, 1992) on the basis of isozyme
data are particularly interesting. The authors
suggest that it would be better to divide man-
darins into ‘three primary species’, the wild
species C. mangshanensis, C. daoxianensis
and C. chuana. The mangshan wild man-
darin, C. mangshanensis, should be a transi-
tional wild species of mandarin from one
type of ichang papeda, C. ichangensis.

As also appears from the results of the
literature cited above, the taxonomy of
mandarins is very complex and is in con-
tinual development, so that new species are
still emerging among the wild species
placed in the primary centre of origin.

To clarify phylogenetic relationships
among Citrus and its relatives, Nicolosi et
al. (2000) employed different molecular
markers such as RAPDs, SCARs and chloro-
plast DNA analysis. The analysis based on
the RAPD and SCAR data of the 40 citrus
genotypes, including four related genera,
allowed the elaboration of different dendro-
grams which all indicated that the genus
Citrus is quite distant from the related
genera Poncirus, Microcitrus and
Eremocitrus, but not from Fortunella (Figs
3.11 and 3.12 were obtained, respectively,
by PAUP and polymorphism parsimony).
Moreover, a clear separation between the
two subgenera indicated by Swingle, Citrus
and Papeda, was observed, with the excep-
tion of C. indica and C. celebica.

The three valid species belonging to
Citrus, citron, mandarin and pummelo were
separated into three distinct clusters, and
each one also comprises some other hybrid
genotypes.

In Fig. 3.11, the first cluster, the Citron
cluster, comprises, of course, C. medica and
also C. aurantifolia, C. macrophylla, C.
limon, C. bergamia, C. limettioides, C.
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jambhiri, C. limonia and C. volkameriana.
The second, called the Mandarin cluster,
consists of all the mandarin and mandarin-
like accessions as well as C. tachibana and
C. paradisi, C. aurantium, C. sinensis and
C. junos. The third is the Pummelo cluster
with C. grandis and C. celebica, a papeda
species. Moreover, other clusters were sep-
arated as reported in Fig. 3.11. Analysing
the second dendrogram (Fig. 3.12), that was
elaborated using another analysis system

(polymorphism parsimony), the position of
both C. aurantifolia and C. macrophylla is
different: they moved from the Citron clus-
ter to the Micrantha cluster; C. micrantha is
considered as another species which con-
tributed to the origin of the cultivated
citrus. The clustering differences between
the two phylogenetic trees compared with
several genotypes may be explained by
their hybrid origin. Besides the position of
C. aurantifolia and C. macrophylla, C.
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Fig. 3.11. A 50% majority rule consensus tree (PAUP tree) for 40 genotypes of Citrus and related genera
derived from bootstrap analysis (500 replications) of RAPD and SCAR data with confidence levels for arms
(Nicolosi et al., 2000).
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sinensis, C. aurantium and C. paradisi also
stay in different clusters and form a sub-
cluster of the Mandarin cluster in the first
dendrogram while they stay with Pummelo
in the second one.

The chloroplast DNA (cpDNA) data

resulted in a different phylogenetic tree
which can be explained by the different
nature of the two genomes: nuclear (total)
DNA and cpDNA. The latter is conservative
and maternally inherited and its analysis
permits us to trace backwards to the original
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Fig. 3.12. Dendrogram (PP tree) for 40 genotypes of Citrus and related genera obtained by Polymorphism
Parsimony analysis of RAPD and SCAR data (Nicolosi et al., 2000).



type. Each cluster located in Fig. 3.13, a
phylogenetic tree elaborated by PAUP,
includes accessions ranging from cultivated
types to ancient ones. By analysing the den-
drogram, it is possible to observe that the
four related genera form a single cluster
each and are distant from each other and
from Citrus, as observed in 1986 by Green et
al.

In contrast to total DNA data, in the
analysis of the dendrogram obtained after

the cpDNA data, the Citrus are not sepa-
rated in the two subgenera suggested by
Swingle but most of the Citrus genotypes
analysed fall into two subgenera described
by Tanaka, Archicitrus and Metacitrus,
except for the Citron cluster, including C.
medica and C. indica, which belong to two
separate subgenera, i.e. C. medica to
Archicitrus and C. indica to Metacitrus in
the section Acrumen.

As reported previously, Tanaka sug-
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Fig. 3.13. A 50% majority rule consensus tree for 27 genotypes of Citrus and related genera derived from
bootstrap analysis (500 replications) of cpDNA data with confidence levels for arms (Nicolosi et al., 2000).



gested that citrus originated from C. hystrix,
C. latipes, C. macroptera and C. combara.
The presence in the dendrogram (Fig. 3.13)
of C. latipes, C. hystrix and C. macroptera,
respectively the first species in the
Pummelo cluster and the other two in the
Micrantha cluster, might indicate that the
ancient maternal relationship is in the clus-
ter. Unfortunately, C. combara was not
included in this analysis. Citrus ichangen-
sis, that is considered by Li et al. (1992) to
be an ancestor of the mandarin through an
intermediate genotype, in the result with
cpDNA analysis, is clustered with all the
mandarin accessions and C. tachibana that
is considered to be a kind of wild mandarin
species of Japan.

Origin

Which genotypes are the parents of the
main citrus species? This question has
interested many researchers, and a lot of
hypotheses have been formulated.

It is bound to be a difficult task to go
back to the relationships of different citrus
species, considering the large number of
genotypes that can be found in different
citrus world areas.

A lot of research has already been car-
ried out using both classical and innovative
methods. The citrus germplasm is
immense, and it is important to study the
main centre of origin and spread. Naturally,
in order to get a better understanding of the
genetic origin, it is necessary to know about
those ancestral species.

At this point some results obtained by
different methods with regard to the origin
of some citrus species will be reported. The
species analysed are those considered to be
of primary importance due to their econom-
ical and territorial spread.

The hypotheses of Barrett and Rhodes,
and Scora regarding the three valid species
found support in several other pieces of
research; the pummelo, the citron and the
mandarin are considered to be the ancestors
of most of all the other citrus genotypes.

The group of sweet oranges (C. sinensis

Osbeck), also called by different names
such as Portugal oranges or Malta oranges,
were already known in the past to Ferrarius
(1646) as Aurantium vulgare medulla dulci
and to Volkamer (1708) as Aurantium
fructu dulci (both authors distinguished
them from sour oranges). Linneus (1753)
placed the sweet orange as a variety of sour
orange, naming it Citrus aurantium var.
sinensis. Today, the separate origin of sweet
and sour oranges is well accepted. As
regards the sweet orange, the most widely
distributed citrus species, full agreement on
its hybrid origin has been reached among
different researchers. Although the pres-
ence of a lot of varieties originated by muta-
tions, sweet oranges are thought to be
hybrids between a mandarin genotype with
pummelo (Barrett and Rhodes, 1976; Torres
et al., 1978; Scora, 1988; Fang and Roose,
1997; Nicolosi et al., 2000).

The sour orange (C. aurantium L.) has a
separate, parallel origin; as is well known,
sour oranges are easily distinguished from
sweet varieties by many morphological and
taste characteristics, such as their broadly
winged petioles, the distinctly different
odour of the essential oil, the taste of the
fruit, and so on. Also, different names have
been used for sour oranges: Citrus vulgaris
Risso (1813), Citrus bigaradia Risso and
Poiteau (1818) and others; Citrus aurantium
L. is the scientific binomial adopted after
the description provided by Linnaeus in
1753. A hybrid origin can certainly be
attributed to this species: it is believed by
Barrett and Rhodes to be of predomin-
antly C. reticulata genotype introgres-
sed with genes from C. grandis, and this
idea is further supported by different
molecular analyses. Moreover, cpDNA
analyses have revealed that, as expected,
the pummelo is the maternal parent due to
its monoembryonic nature (Nicolosi et al.,
2000).

In spite of its uncertain geographical
origins, it seems certain that the grapefruit
(C. paradisi Macf.) is very closely related to
the pummelo; in fact, the grapefruit derives
from a backcross between it, or an ancestral
type, and a sweet orange (Barrett and
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Rhodes, 1976; Torres et al., 1978; Scora,
1988; Nicolosi et al., 2000).

It is more difficult to go back to the
exact genetic origin of the lemon. There are
divergent hypotheses regarding it: both
Swingle (1943) and Malik et al. (1974) con-
sidered the lemon to be a hybrid of citron
and lime. Later, Barrett and Rhodes specu-
lated that the lemon is a complex trihybrid
of citron, pummelo and a species of
Microcitrus, but one carrying a greater pro-
portion of citron genes acquired by further
introgression from the citron. Torres et al.
(1978) excluded the hypotheses of Swingle
and Malik et al. because, using isozyme
analyses, they found that the W allele in the
isozyme phosphoglucose isomerase was
absent both in citron and lime, so they indi-
cated the origin of lemon to be sour orange
× lime. The sour orange was also suggested
as a candidate parent by Hirai and Kozaki
(1981), and also molecular marker data
indicate that the lemon originated from
citron and sour orange, the latter being the
maternal parent (Nicolosi et al., 2000).
Using other molecular markers, inter-
sequence simple repeat (ISSR) markers,
Fang et al. (1998) suggested a possible poly-
phyletic origin for the lemon.

Different considerations were also put
forward for the acid Mexican lime (C.
aurantifolia Christm.): a trihybrid inter-
generic cross involving the citron, the pum-
melo and a Microcitrus species was
considered by Barrett and Rhodes (1976),
while Torres et al. (1978) indicated that this
lime may derive from a cross between
citron and a papeda species. Using RAPD
and SCAR markers, Nicolosi et al. (2000)
found that the citron and C. micrantha (a
papeda species that produces inedible fruit)
should be the parents; also RFLP data sup-
port the notion that the citron is a parent
(Federici et al., 1998).

Similar results were obtained for C.
macrophylla: Nicolosi et al. (2000) assumed
that C. micrantha and C. medica were
involved in its origin, while Swingle was of
a different opinion. He considered C.
macrophylla to be a hybrid of C. celebica,
or some different species of the subgenus

Papeda, with C. maxima. Also, the results
obtained by Federici et al. (1998) indicate
that C. macrophylla is closely related to C.
micrantha.

The sweet lime C. limettioides
(Palestine sweet lime) was considered by
Webber (1943) to be a hybrid of the
Mexican lime with a sweet lemon or a
sweet citron. Barrett and Rhodes agreed on
the involvement of the Mexican lime as a
parent, but they thought that a sweet orange
rather than a lemon or citron was involved.
A different hypothesis emerges from molec-
ular marker analysis (Nicolosi et al., 2000)
which indicates that the Palestine sweet
lime might be a backcross hybrid between
sweet orange and citron.

Moreover, the citron is involved in the
origin of other important citrus hybrids
such as the bergamot (C. bergamia Risso
and Poiteau), the Volkamer lemon (C.
volkameriana Ten. and Pasq.), the rough
lemon (C. jambhiri Lush.) and the Rangpur
lime (C. limonia Osbeck). The bergamot
orange is a hybrid of C. aurantium × C.
medica (Scora, 1988; Deng et al., 1996), and
the Volkamer lemon has a similar parallel
origin. However, as reported by Nicolosi et
al. (2000), in this genotype a greater pro-
portion of mandarin genes was observed,
probably due to backcrossing with man-
darin. The citron and the mandarin are
involved in the origin of the rough lemon
and the Rangpur lime.

The highly varied group of mandarin
includes numerous species, most of which
derive from intergeneric and interspecific
crosses, while others, which are surely
commercially important, derive from man-
made crosses.

The clementine is of great importance
in the Mediterranean citrus industry.
Despite fairly divergent theories about its
origin, the consensus is that it is a tangor, a
hybrid between orange and mandarin.
Trabut (1902) referred to the discovery of an
interesting new specimen among the
seedlings bred by Father Clèment Rodier at
the orphanage of the Father of the Holy
Spirit in Misserghin, near Oran, in Algeria.
The Algiers Horticultural Society called it
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clementine, the name suggested by Trabut,
who also put forward the mandarin and the
‘Granito’ sour orange as the parents of the
clementine. Webber (1943) and Chapot
(1963) disagreed with this theory. Webber
held the clementine to be a variant within
the mandarin-like group or, if it were an
interspecific cross, a mandarin and sweet
orange hybrid. Chapot, on the other hand,
found some remarkable similarities to the
Canton mandarin. However, it seems
strange that the Canton mandarin should
have escaped the notice of such an expert
on the far-eastern citrus industry as Tanaka,

who claimed he had only seen the clemen-
tine under cultivation and coined the term
Citrus clementina Hortulanorum for it
(1954). Webber’s hypothesis on the inter-
specific cross between mandarin and sweet
orange is supported by the results obtained
using molecular markers (Deng et al., 1996;
Nicolosi et al., 2000). A similar origin is
considered by these authors for other geno-
types such as tankan and satsuma, while
they have some doubts as to the origin of
Murcott and King, as to whether it is the
sour or sweet orange that is involved.
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Introduction

Plant ‘germplasm’ is living tissue from
which new plants can be grown, containing
the complete and unique genetic informa-
tion that gives plants their individual char-
acteristics and links generations of living
plants to one another. In a broader sense,
‘germplasm’ can refer to the potential
hereditary material within a species or
within related taxa. Plant germplasm
thus constitutes the raw materials for
the creation of new plant types by conven-
tional breeding or biotechnological tech-
niques.

Citrus germplasm is represented by
seeds, pollen, budwood and in some cases
leaves and other vegetative organs of Citrus
and some related genera. The genera of
interest have traditionally been those in the
subfamily Aurantioideae (also called
Citroideae) of the family Rutaceae. This
chapter summarizes the current state of
knowledge of citrus germplasm resources.
The status of current efforts in the conser-
vation of these resources is reviewed, and
the management and use of ex situ collec-
tions is briefly discussed.

General Concepts in Plant Germplasm
Conservation

Plant germplasm is in reality biological
information that is passed down through
generations in an unbroken chain (Wilkes,
1988). Once this chain is broken, for
instance by the destruction of a particular
habitat and the consequent loss of certain
gene pools, that unique information is lost
forever. This has led to the necessity of pro-
tecting and preserving plant genetic diver-
sity for current and future use. 

Habitat or ecosystem destruction or
alteration throughout the world has
resulted in the loss of increasingly large
numbers of plant species, reducing genetic
diversity and threatening the availability of
plant germplasm needed for future genera-
tions (World Wide Fund for Nature and
International Union for Conservation of
Nature and Natural Resources, 1994–1997).
Consequently, preservation of the genetic
diversity represented in all the plant
ecosystems throughout the world has
become a major issue of international con-
cern (Holden and Williams, 1984; Brown et
al., 1989; Holden et al., 1993; National
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Research Council, 1993; Food and
Agriculture Organization of the United
Nations, 1996). Although in some cases
habitat loss may be due to natural events or
‘catastrophes’, in most cases habitat loss is
due to human activities. In historical per-
spective, McNeely et al. (1995) have sum-
marized these losses as paralleling the
human hunter-gatherer, farming, urban and
modern high-energy phases. These phases
of course greatly simplify the actual causes
of (among many others) population growth,
domestication of fire, pollution, exploita-
tion of natural resources, conversion of nat-
ural habitat to agricultural or urban uses,
deforestation, etc. The reader is referred to
McNeely et al. (1995) for an overview, and
to the World Wide Fund for Nature and
International Union for Conservation of
Nature and Natural Resources volumes
(1994–1997) for more specific information
on particular localities.

Ideally, genetic resources should be
conserved in situ. However, the factors
mentioned above make maintenance of
genetic resources in situ somewhat precari-
ous. This is especially true today when
technology makes possible the loss or alter-
ation of large areas of habitat in very short
time frames. Ex situ conservation is there-
fore often necessary to save or conserve
genetic resources. Genetic materials may be
lost through disease, weather, etc., and so
ex situ collections should be maintained in
many cases even when there is not an
immediate threat of habitat loss. Ex situ
collections are also more accessible
for researchers for characterization, evalua-
tion and utilization. Maintenance of
germplasm in a disease-free state is also
desirable, and this is often possible only in
ex situ collections. Unfortunately, losses
can also occur in ex situ plant collections
because of inadequate maintenance, natural
disasters, etc. For more detailed informa-
tion on general aspects of plant genetic con-
servation, the reader is referred to Given
(1994).

Plant germplasm conservation by
humans can be considered to have started
in some ways with early human beings,

who saved seeds of favoured varieties for
food, feed, fibre, and medicinal and reli-
gious purposes, developed grafting (which
allowed perpetuation of specific clones)
and managed natural resources. Although
with a small and technologically limited
population, early human beings had a lim-
ited impact in these areas, they still must
have exerted some pressure upon the par-
ticular varieties or types of plants con-
served. Plants without obviously utilizable
properties would probably not have
received recognition as types being worth
conserving. As humans increased in popu-
lation and technology, this viewpoint led to
the problems noted above.

Involvement of governmental bodies in
germplasm conservation might be consid-
ered to have started long ago with royal gar-
dens, woods, etc. However, as with the
early humans and agriculturally oriented
societies in general, plants were selected for
inclusion in these areas based upon obvi-
ous traits, such as beauty, hunting habitat,
etc. With the development of scientifically
based agriculture, some agricultural types
of plants were conserved almost by acci-
dent as types for use in breeding pro-
grammes and other investigations. This did
lead in some instances to substantial
amounts of crop plant genetic resources
being conserved, but it was not until the
latter half of the 20th century that govern-
ments began making concerted efforts to
conserve crop plant germplasm. Perhaps it
was Vavilov, the seminal figure in plant
genetic resource conservation, who first
recognized the importance of making a con-
centrated effort to conserve not only crop
species but also their wild relatives in ex
situ gene banks. Programmes or systems
with this goal were developed in different
countries and in some cases by intergovern-
mental entities such as the centres of
the Consultative Group on Interna-
tional Agricultural Research (CGIAR) and
some establishments of the Food and
Agriculture Organization of the United
Nations (FAO). 

An example of government-sponsored
conservation of plant genetic resources is
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the United States Department of
Agriculture-Agricultural Research Service
(USDA-ARS) National Plant Germplasm
System (NPGS) in the USA, which had its
origins in the 1970s (Shands et al., 1988;
White et al., 1989; National Research
Council, 1991; Shands, 1995). Efforts
towards conservation of the so-called
‘clonal’ crops (such as citrus) began later, in
the mid- to late 1980s (Brooks and Barton,
1977; Westwood, 1989). Although the USA
has one of the largest and most advanced
systems for plant germplasm conservation,
it is ironic that, with a few notable excep-
tions such as maize, North America is not
home to important crop plant species.
Consequently, most of the materials main-
tained by the NPGS are acquired from other
countries by exchange, plant exploration,
etc.

In recent years, plant germplasm con-
servation and utilization has become com-
plicated by such factors as the Convention
on Biological Diversity, Globalization,
Intellectual Property Rights, Indigenous
Rights, Farmer’s Rights, etc. Discussion of
these controversial and political areas is
beyond the scope of this review, and there
is no current one-volume overview of these
intertwined and complex competing
rights. Some very general information on
these areas as well as on plant germplasm
conservation in general can be gleaned
from popular writings such as Fowler
and Mooney (1990), Busch et al. (1995)
and Raeburn (1995). Perhaps the best
and most complete information was avail-
able in the now-defunct magazine Diversity.
Other sources are various publications
and other disseminations from the
International Plant Genetic Resources
Institute (IPGRI) <http://www.ipgri.org/>
(formerly the International Board for
Plant Genetic Resources, IBPGR) and
the FAO <http://www.fao.org>. Since
most of the international political nego-
tiations regarding plant genetic resources
take place under the auspices of these enti-
ties, these webpages are perhaps the best
place to start for up-to-date basic informa-
tion.

Citrus Germplasm

The genus Citrus is one of 33 genera in the
subfamily Aurantioideae (or Citroideae) of
the family Rutaceae (Table 4.1). Most
Aurantioideae genera are native to and have
their centre of diversity in north-eastern
India, southern China, the Indochinese
peninsula and nearby archipelagos,
although some related Aurantioideae
genera are native to Asia, Africa and
Australia.

Much of the descriptive information on
these genera, as well as the establishment of
one of the most widely accepted taxonomic
systems used therefore, was published in
various places by Walter T. Swingle of the
United States Department of Agriculture
(USDA) in the early decades of the 20th
century. These publications, as well as ear-
lier accounts from various flora, plant
exploration reports, etc. were summarized
in Swingle (1943) and its minor revision as
Swingle and Reece (1967). This is still the
most complete single source of information
in this area and will form the basis for
much of the following information. Except
in the rare cases where new information is
added in Swingle and Reece (1967), refer-
ence will be made to Swingle (1943) with
the understanding that the same material is
available in Swingle and Reece (1967). 

Although some recent information has
been generated on the Aurantioideae, much
of the information on these genera is quite
old and relies heavily on the work of
Swingle, which in turn often refers to even
older materials. In some cases, a species
description by Swingle (1943) is based upon
a single herbarium specimen or previous
description. It is quite probable that not all of
the species described by Swingle (1943) con-
stitute valid taxa, due both to assumptions
made about the materials observed by the
authors and possible loss of species or gene
pools since the original descriptions were
published or herbarium specimens collected.
On the other hand, as will be seen below,
some genera that have had attention paid to
them recently have actually had increases in
the number of species catalogued.
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Review of the Aurantioideae 

The Rutaceae are a family of approximately
160 genera and 1650 species of mostly trees
and shrubs. The leaves are compound, with
glands and without stipules, often thorny;
the flowers are 4- or 5-merous, regular and
perfect, usually with a superior ovary and
3–5 locules; fruit varies, usually a capsule
or berry. The subfamily Aurantioideae is
further characterized by leaves and bark
with oil glands, and most characteristically
a fruit which is a hesperidium, i.e. a berry
whose fleshy parts are divided into seg-
ments surrounded by a rind or hard shell,

the seeds of which are without endosperm
and sometimes with two or more nucellar
asexual embryos.

The Aurantioideae is divided into
tribes. Although Engler (1931) recognized
only a single tribe and Tanaka (1932)
eight, the most commonly used division
is that of Swingle (1938), which recog-
nizes two tribes (the Clauseneae and
Citreae) as shown in Table 4.1 (see
also Swingle, 1943). These two tribes are
further divided into six subtribes, 33
genera, and 203 species as per Swingle
(1943). For a complete but not up-to-date
enumeration of published species, the
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Table 4.1. The Aurantioideae (orange subfamily) of the plant family Rutaceae.

Tribe Subtribe Subtribal group Genus Species Origin

Clauseneae Micromelinae (none) Micromelum 9 S.E. Asia, Oceania
Clauseninae (none) Glycosmis 35 S.E. Asia, Oceania

Clausena 23 S Asia, Oceania
Murraya 11 S. and S.E. Asia, Oceania 

Merrilliinae (none) Merrillia 1 S.E. Asia
Citreae Triphasiinae Wenzelia group Wenzelia 9 Oceania

Monanthocitrus 1 Oceania
Oxanthera 4 Oceania
Merope 1 S.E. Asia, Oceania

Triphasia group Triphasia 3 S.E. Asia, Oceania
Pamburus 1 S. and S.E. Asia, Oceania

Luvugna group Luvugna 12 S. and S.E. Asia, Oceania
Paramignya 15 S. and S.E. Asia

Citrinae Primitive citrus Severinia 6 S. China, S.E. Asia
fruit trees Pleiospermium 5 S. Asia, Oceania

Burkillanthus 1 S.E. Asia, Oceania
Limnocitrus 1 S.E. Asia
Hesperethusa 1 S. and S.E. Asia

Near citrus fruit Citropsis 11 Central Africa
trees Atalantia 11 S. and S.E. Asia
True citrus Fortunella 5 S. China
fruit trees Eremocitrus 1 Australia

Poncirus 2 Central and N. China
Clymenia 1 Oceania
Microcitrus 7 Australia
Citrus 16 S. and S.E. Asia, S. China

Balsamocitrinae Tabog group Swinglea 1 Philippines
Bael-fruit group Aegle 1 India

Afraegle 4 West Africa
Aeglopsis 2 W. Africa
Balsamocitrus 1 Uganda

Wood-apple Limonia 1 S. and S.E. Asia
group Feroniella 3 S.E. Asia



reader is referred to Carpenter and Reece
(1969).

The Clauseneae are considered to be
the most primitive members of the
Aurantioideae. This tribe is distinguished
from the Citreae by never having axillary
spines, having leaves alternately attached
to a non-articulated rachis, and having a
rachis that does not break into segments
when the leaves fall. The Citreae are the
opposite of the Clauseneae: axils have
single or paired spines, leaves are oppo-
sitely attached to an articulated rachis, and
the rachis breaks into segments when the
leaves fall. This is the larger and more eco-
nomically important of the two tribes, and
includes Citrus and its closes relatives. The
Clauseneae and Citreae are further divided
into subtribes, and the subtribes of the
Citreae (but not the Clauseneae) are further
divided into subtribal groups (Table 4.1).
The reader is referred to Swingle (1943) for
more information on the distinguishing
characteristics of these subdivisions.

Recent molecular phylogeny studies
have suggested slightly different relation-
ships within the Aurantioideae and
Rutaceae. Herrero et al. (1996b) suggest that
Swinglea is more closely related to Murraya
than to Afraegle and that Aeglopsis is more
closely related to Fortunella, Microcitrus
and Citrus than to the other hard shell
species, while Chase et al. (1999) suggest
that Luvunga is more closely related to
other subfamilies (Rutoideae and
Toddaliodae) than to other members of the
Aurantioideae. Recent work in molecular
systematics (Samuel et al., 2001) and
karysystematics (Guerra et al., 2000) found
that the traditional division into tribes and
subtribes did not reflect phylogenetic rela-
tionships. Because these arrangements are
less intuitively obvious than the classical
taxonomy of Swingle (1943), the latter will
be utilized for this brief discussion of
Aurantioideae genera. This is not a taxo-
nomic treatment (see Nicolosi, Chapter 3,
for that) but it is convenient for presenta-
tion and discussion.

For the current chapter, the genera of
the Aurantioideae will be briefly discussed

in a somewhat reverse order, starting with
the most important genus, Citrus, and pro-
ceeding to the most distantly related genera
at the end.

Citrus

The taxonomy of the genus Citrus is not
precisely established. There have tradition-
ally been two major systems of Citrus tax-
onomy utilized: Swingle and Tanaka. The
Swingle system (Swingle, 1943) recognizes
16 species in two subgenera (Citrus and
Papeda). Modifications of Swingle recog-
nize 17 species (Bhattacharya and Dutta,
1956; Stone, 1994a), 36 species (Hodgson,
1961) or 31 species (Singh and Nath, 1969). 

The other widely utilized taxonomic
system for Citrus and related genera is that
of Tyôzaburô Tanaka of the University of
Osaka. The Tanaka version of Citrus taxon-
omy was developed more or less concur-
rently with the Swingle system (Tanaka,
1954, 1966, 1969a, b, 1977). The Tanaka
taxonomy recognizes up to 162 species
within 13 primary elements in its most
highly developed form (Tanaka, 1977). This
lack of agreement with Swingle reflects dif-
ferences of opinion as to what degree of dif-
ference justifies species status and whether
or not supposed hybrids among naturally
occurring forms should be assigned species
status. Although Tanaka’s differences with
Swingle primarily involved the genus
Citrus itself, Tanaka also catalogued and
described many related Aurantioideae
genera.

There is no definitive work on Citrus
taxonomy, and the two major systems are
both currently in use. In practice, some
germplasm banks (such as France, Spain
and the USA) use a sort of hybrid system
that is in many ways closer to Tanaka than
to Swingle. In addition, international scien-
tific citriculture societies, such as the
International Society of Citriculture (ISC)
and the International Organization of Citrus
Virologists (IOCV), utilize both systems. 

Recently it has been suggested that only
citron (C. medica), mandarin (C. reticulata)
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and pummelo (C. maxima) constitute valid
species (within the subgenus Citrus) and
that other important types (orange, grape-
fruit, lemon and lime) originated from one
or more generations of hybridization
between these ancestral genera (Scora, 1975,
1989; Barrett and Rhodes, 1976; Mabberley,
1997). Interestingly, the earliest workers
also believed that there were only three or
four valid species of citrus (Linnaeus, 1753;
Hooker, 1875), and recent molecular studies
have supported this concept (Asíns et al.,
1996; Federici et al., 1998; Herrero et al.,
1996b; Nicolosi et al., 2000; Gulsen and
Roose, 2001; Moore, 2001).

None of the systems is ideal, but the
Tanaka system is better adapted to the hor-
ticultural traits of different groups. The
Swingle system is poorly adapted to these
traits, particularly in regard to the man-
darin group. A system with only three
species may be scientifically more rigorous,
but is even less cognizant of horticultural
traits than is that of Swingle. The Swingle
system will be mainly followed here in
order to discuss the various types of Citrus.
A technical discussion of Citrus taxonomy
is found in Nicolosi (Chapter 3).

The three ancestral species only repro-
duce sexually since they are not apomictic.
Consequently, some mandarins, pummelos
and citrons have higher levels of genetic
diversity since many of the cultivars have
arisen through sexual hybridization. On the
other hand, most of the cultivars of orange,
grapefruit, lemon and some mandarin
groups such as satsumas and clementines
originated from nucellar seedlings or bud-
sports. Consequently, the amount of genetic
diversity within these groups is relatively
low, in spite of there being many named
varieties with important differences in hor-
ticultural traits (Herrero et al., 1996a).
Table 4.2 summarizes the current under-
standing of the origin, mode of reproduc-
tion and level of genetic diversity within
certain commercially important species of
the genus Citrus.

Citrus originated and has as its centre
of diversity in the south-eastern region of
Asia, including India, southern China, the
Indochinese peninsula and nearby archi-
pelagos. Tanaka (1954) proposed a theoreti-
cal dividing line (the Tanaka line) that runs
south-eastwardly from the north-west
border of India, above Burma, through the
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Table 4.2. The genus Citrus: a summary.

Probable
Known Year Probable native Seed Genetic

Species Common name age (years) named origin habitat reproduction diversity

C. medica Citron 2300 1753 True species India Sexual Moderate
C aurantium Sour orange 900 1753 Hybrid China Nucellar Low
C. sinensis Sweet orange 500 1757 Hybrid China Nucellar Low
C. maxima Pummelo 2000 (?) 1765 True species China Sexual High
C. limon Lemon 800 1766 Hybrid India Partly sexual Moderate
C. reticulata Mandarin 2000 (?) 1837 True species China Variable High
C. aurantifolia Lime 700 1913 Hybrid Malaya Partly sexual Moderate
C. paradisi Grapefruit 200 1930 Hybrid Barbados Nucellar Low
C. tachibana Tachibana 2000 (?) 1924 Unknown Japan Sexual Moderate (?)
C. indica Indian wild org 2000 (?) 1931 Unknown India Sexual Moderate (?)
C. hystrix Mauritius papeda 2000 (?) 1813 Unknown S.E. Asia Sexual Moderate (?)
C. macroptera Malesian papeda 2000 (?) 1860 Unknown S.E. Asia Sexual Moderate (?)
C. celebica Celebes papeda 2000 (?) 1898 Unknown Celebes Sexual Moderate (?)
C. ichangensis Ichang papeda 2000 (?) 1913 Unknown China Sexual Moderate (?)
C. micrantha Papeda 2000 (?) 1915 Unknown Philippines Sexual Moderate (?)
C. latipes Khasi papeda 2000 (?) 1928 Unknown Assam Sexual Moderate (?)



Yunnan province of China, to south of the
island of Hainan. Citron, lemon, lime,
sweet and sour oranges, and pummelo orig-
inated south of this line, while mandarins,
kumquats and trifoliates originated north of
the line. The mandarins apparently devel-
oped along a line north-east of the Tanaka
line, along the east China coast, through
Formosa and to Japan, while the trifoliates
and kumquats are found in a line crossing
south-central China in an east–west direc-
tion. Yunnan, China, through which the
Tanaka line runs, has recently been pro-
posed as a major centre of origin for citrus
(Gmitter and Hu, 1989, 1990). 

The genus Citrus is by far the most eco-
nomically important in the Aurantioideae
and probably the entire Rutaceae. It
includes the cultivated sweet and sour
oranges, mandarins, lemons, limes, pum-
melos, grapefruits, etc., as well as other
types not commonly consumed. It also
includes the papedas (subgenus Papeda).
The fruits of the latter subgenus are not

edible due to their pulp vesicles having
dense aggregations of acrid oil that give the
juice a bitter, unpleasant flavor. The flowers
are smaller than those of the subgenus
Citrus, and the leaves have elongated peti-
oles with broad wings. 

Since most readers will be well
acquainted with the cultivated types of
Citrus and they are covered in more detail
in a previous chapter, only a few comments
will be made concerning them. For descrip-
tions of some important commercial culti-
vars, the best concise sources are Hodgson
(1967) and Saunt (2000). The use of Citrus
spp. as germplasm resources is, of course,
concerned with more than fruit quality and
characteristics. Such traits as disease resist-
ance and tolerance, adaptation to different
soil and environmental conditions, resist-
ance to insects, tolerance of cold condi-
tions, etc. are important characteristics of
genotypes maintained in germplasm collec-
tions and utilized by scientists. Table 4.3
presents examples of some characteristics
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Table 4.3. Some reported attributes of Aurantiodeae genera.

Genus Attribute References

Aegle Anti-insect properties Roy, 1998
Aegle Food use Allen, 1967; Burkill, 1935; Corner, 1988;

Parmar and Kaushal, 1982; Roy, 1998;
Singh and Roy, 1984; Swingle, 1943;
Swingle and Reece, 1967

Aegle Medicinal properties Allen, 1967; Burkill, 1935; Corner, 1988;
Gupta and Banerjee, 1972; Jain, 1965;
Parmar and Kaushal, 1982; Roy, 1998;
Singh and Roy, 1984

Aegle Reaction to canker Lee, 1918; Peltier, 1918; Peltier and
Frederich, 1920, 1924

Aegle Reaction to citrus tristeza virus Knorr, 1956; Müller and Garnsey, 1984;
Yoshida, 1996

Aegle Reaction to miscellaneous fungal diseases Winston et al., 1927
Aegle Reaction to miscellaneous virus or Iwanami et al., 1993

viroid diseases
Aeglopsis Reaction to canker Peltier, 1918; Peltier and Frederich,

1920, 1924
Aeglopsis Reaction to citrus tristeza virus Knorr, 1956; McClean, 1961; Müller and

Garnsey, 1984; Yoshida, 1996
Aeglopsis Reaction to miscellaneous fungal diseases Winston et al., 1927
Aeglopsis Reaction to nematodes Baines et al., 1960
Afraegle Anti-insect properties Bowman et al., 2001
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Genus Attribute References

Afraegle Leaf characteristics Hirano, 1931
Afraegle Reaction to citrus tristeza virus Knorr, 1956; McClean, 1961; Müller and

Garnsey, 1984
Afraegle Reaction to nematodes Baines et al., 1960; Ford and Feder,

1958
Atalantia Anti-insect properties Luthria et al., 1989
Atalantia As a preserve Swingle, 1943; Swingle and Reece,

1967
Atalantia Dye Burkill, 1935
Atalantia Food use Awasthi, 1991
Atalantia Leaf characteristics Hirano, 1931
Atalantia Medicinal use Burkill, 1935
Atalantia Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924Atalantia
Reaction to citrus tristeza virus
Knorr, 1956; Müller and Garnsey, 1984;
Yoshida, 1996

Atalantia Reaction to miscellaneous fungal diseases Winston et al., 1927
Atalantia Reaction to miscellaneous virus or Iwanami et al., 1993

viroid diseases
Atalantia Reaction to nematodes Baines et al., 1960
Atalantia Salt tolerance Traub and Robinson, 1937
Balsamocitrus Anti-insect properties Bowman et al., 2001
Balsamocitrus Leaf characteristics Hirano, 1931
Balsamocitrus Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Balsamocitrus Reaction to citrus tristeza virus Müller and Garnsey, 1984
Balsamocitrus Reaction to miscellaneous fungal diseases Winston et al., 1927
Balsamocitrus Reaction to nematodes Baines et al., 1960
Citropsis Adaptation to soil conditions Swingle, 1914a
Citropsis Anti-insect properties Bowman et al., 2001
Citropsis Anti-insect properties Swingle, 1940b
Citropsis Disease resistance Swingle, 1940b; Traub and Robinson,

1937
Citropsis Leaf characteristics Hirano, 1931
Citropsis Photosynthesis Khairi and Hall, 1976
Citropsis Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Citropsis Reaction to citrus tristeza virus Müller and Garnsey, 1980; Yoshida,

1996
Citropsis Reaction to miscellaneous fungal diseases Winston et al., 1927
Citropsis Reaction to nematodes Ford and Feder, 1962
Citropsis Reaction to nematodes Ford and Feder, 1960
Citropsis Rootstock use Swingle, 1914a, 1940b
Citrus and hybrids Essential oils Verzera et al., 2001
Citrus and hybrids Salt tolerance Caro et al., 1973; Cooper, 1961; Cooper

and Gorton, 1951, 1952; Cooper and
Peynado, 1954; Cooper and Shull,
1953; Cooper et al., 1958; Douglas and
Walker, 1983; Embleton et al., 1973b;
Kirkpatrick and Bitters, 1969; Levy et al.,
1999; Maas, 1993; Ream and Furr,
1976; Storey and Walker, 1999;
Wutscher et al., 1973
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Citrus and hybrids Adaptation to soil conditions Campbell and Goldweber, 1979; Cooper
and Olson, 1951; Cooper and Peynado,
1954; El-Otmani, 1996; Ford, 1964;
Hilgeman et al., 1966; Rouse and
Wutscher, 1985; Sagee et al., 1992;
Shaked et al., 1988; Wutscher et al.,
1970

Citrus and hybrids Allelopathy Al-Saadawi and Al-Rubeaa, 1985a, b;
Al-Saadawi et al., 1985;
Sinha-Roy and Chakraborty, 1976

Citrus and hybrids Anti-fungal properties Asthana et al., 1992; Stange et al., 1993
Citrus and hybrids Anti-insect properties Back and Pemberton, 1915; Beavers

and Hutchison, 1985; Bhumannavar et
al., 1988, 1989; Bowman et al., 2001;
Cameron et al., 1969; Chowdhury and
Das, 1979; Howard, 1979a, b;
Jacobson, 1989; Mendel et al., 1991;
Nguyen and Fraser, 1989; Pollard et al.,
1983; Sadana and Joshi, 1979; Serit et
al., 1992; Shapiro and Gottwald, 1995;
Shapiro et  al., 1997; Spitler et al., 1984;
Yang and Tang, 1988

Citrus and hybrids Cold hardiness Cooper, 1952; Furr and Armstrong,
1959; Furr et al., 1966; Gardner and
Horanic, 1963; Hearn et al., 1963;
Yelenosky, 1985; Yelenosky and Hearn,
1976; Yelenosky and Young, 1977;
Young, 1963a, b, c, 1966,1977; Young
and Hearn, 1972; Young and Olson,
1963a, b; Young et al., 1960

Citrus and hybrids Fruit composition or development Bitters and Batchelor, 1951; Kefford and
Chandler, 1961; Roose et al., 1985;
Sinclair and Bartholomew, 1944;
Woodruff and Olson, 1960; Wutscher
and Bistline, 1988; Wutscher and Shull,
1975

Citrus and hybrids Growth habit Bowman, 1994
Citrus and hybrids Growth rate Maggs and Alexander, 1969
Citrus and hybrids Hair and scalp preparations Roia, 1966
Citrus and hybrids Insect attractants or stimulants Honda, 1990
Citrus and hybrids Leaf characteristics Azab and Hegazy, 1995; Halma, 1929;

Hirano, 1931; Turrell, 1947, 1961
Citrus and hybrids Level of apomixis Frost and Soost, 1968; Minessy and

Higazy, 1957; Moreira et al., 1947:
Ueno et al., 1967

Citrus and hybrids Medicinal use Attaway, 1994; Awasthi, 1991; Baker,
1994; Benevente-García et al., 1997;
Bracke et al., 1994; Calomme et al.,
1996; Dagar and Dagar, 1991; Eldridge,
1975; Ghazanfar and Al-Sabahi, 1993;
Jain, 1965; Kalt, 2001; Kandaswami et
al., 1991; Lal and Lata, 1980; Lal and
Yadav, 1983; Lam et al., 1994; Manners
and Hasegawa, 1999; Manthey et al.,
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Citrus and hybrids Medicinal use 1999; Middleton et al., 1994; Miller et
al., 1992, 1994; Montanari et al., 1997;
Paul and Cox, 1995; Rouseff and Nagy,
1994; San Martín A., 1983; Shah and
Joshi, 1971

Citrus and hybrids Metaxenia Burger, 1985; Hearn et al., 1969;
Wallace and Lee, 1999

Citrus and hybrids Mineral nutrition Castle and Krezdorn, 1975; Cooper and
Peynado, 1955; Cooper et al., 1952,
1955; El-Shazly et al., 1992; Embleton
et al., 1962, 1973b; Fallahi, 1992;
Fallahi and Rodney, 1992; Haas, 1945a,
b; Hodgson and Eggers, 1938; Intrigliolo
and Starrantino, 1988; Labanauskas
and Bitters, 1974; Lin and Myhre,
1991a, b; Rasmussen and Smith, 1958;
Shannon and Zaphrir, 1958; Sharples
and Hilgeman, 1972; Smith, 1975;
Smith et al., 1949; Sudahono et al.,
1994; Wallace and Mueller, 1972;
Wallace et al., 1952, 1953; Wutscher,
1986, 1989; Wutscher and Dube, 1977;
Wutscher and Shull, 1972, 1975, 1976a,
b; Wutscher et al., 1970

Citrus and hybrids Photosynthesis Iwasaki and Oogaki, 1985; Khairi and
Hall, 1976; Morinaga and Ikeda, 1990;
Syvertsen and Graham, 1985

Citrus and hybrids Reaction to Alternaria Gardner et al., 1986; Kohmoto et al.,
1991; Solel and Kimchi, 1997

Citrus and hybrids Reaction to canker Gottwald et al., 1993; Koizumi, 1981;
Leite and Mohan, 1984; Peltier, 1918;
Peltier and Frederich, 1920, 1924;
Zubrzycki and Diamante de Zubrzycki,
1980

Citrus and hybrids Reaction to citrus tristeza virus Bitters, 1959, 1972; Bitters et al., 1973b;
Carpenter et al., 1982; Costa et al.,
1949; Dornelles, 1976; Garnsey, 1992;
Grant and Costa, 1948; Grant et al.,
1949, 1951; Knorr, 1956; Müller and
Garnsey, 1984; Olson, 1960; Salibe,
1977; Stubbs, 1963; Xueyuan et al.,
1993

Citrus and hybrids Reaction to diseases of Beretta et al., 1992; Donadio and
recalcitrant aetiology Banzato, 1988; Marais and Lee, 1991;

Marais et al., 1993
Citrus and hybrids Reaction to Mal secco Chapot, 1963; Crescimanno et al.,

1973; De Cicco et al., 1984; Russo,
1976/77; Solel and Spiegel-Roy, 1978;
Thanassoulopoulos, 1991

Citrus and hybrids Reaction to miscellaneous Laranjeira et al., 1998; Li et al., 1996a,
bacterial diseases b, c, d, 2000
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Citrus and hybrids Reaction to miscellaneous Bender and Menge, 1986; Ieki, 1981;
fungal diseases Inoue, 1984; Klotz and Fawcett, 1930;

Olson and Godfrey, 1953; Peltier and
Frederich, 1923; Winston, 1923;
Winston et al., 1927

Citrus and hybrids Reaction to miscellaneous Bové et al., 1996a; Fraser and Singh,
mycoplasmas 1969; Garnier et al., 1991; McClean and

Schwarz, 1970
Citrus and hybrids Reaction to miscellaneous virus or Bitters, 1950; Calavan and

viroid diseases Christiansen, 1965; Carpenter
and Furr, 1967; Childs, 1951; Cohen,
1974; Iwanami et al., 1996; Olson et al.,
1962; Rossetti et al., 1965; Salibe and
Moreira, 1965; Vogel and Bové, 1971;
Yamada and Sawamura, 1952

Citrus and hybrids Reaction to nematodes Baines et al., 1960, 1967; Cameron et
al., 1969; Davis, 1984; Feldmesser and
Hannon, 1969; Ferguson et al., 1992;
Ford and Feder, 1958, 1962, 1964,
1969; Ford and Hutchins, 1967;
Hutchison and O’Bannon, 1972; Kaplan,
1981; McCarty et al., 1979; Niles et al.,
1995; O’Bannon and Ford, 1977; Van
Gundy and Kirkpatrick, 1964

Citrus and hybrids Reaction to Phytophthora Baines et al., 1967; Bitters et al., 1973b;
Cameron et al., 1972; Carpenter and
Furr, 1962; Carpenter et al., 1975, 1981;
Davenport and Rouse, 1992; Furr and
Carpenter, 1961; Gondell, 1946; Grimm
and Hutchison, 1977; Hutchison and
Grimm, 1972; Ippoloti et al., 1997; Klotz
and Fawcett, 1930; Klotz et al., 1967,
1968; Lee, 1925; Smith et al., 1987;
Tuzcu et al., 1984; Vanderweyen, 1980

Citrus and hybrids Root characteristics Bevington and Castle, 1982; Castle and
Krezdorn, 1977; Castle and Youtsey,
1983; Cossman, 1939; Ford, 1952,
1954; Luxmore et al., 1971; Savage et
al., 1945; Smith and Wallace, 1954;
Syvertsen, 1981; Syvertsen and
Graham, 1985 

Citrus and hybrids Storability of pollen Ganeshan and Sulladmath, 1983
Citrus and hybrids Tree size control Castle, 1980; Fallahi, 1992; Fallahi and

Rodney, 1992; Phillips and Castle,
1977; Roose et al., 1985; Shannon and
Zaphrir, 1958; Wallace et al., 1953;
Wutscher and Shull, 1975

Clausena Anti-insect properties Yang and Tang, 1988; Jones, 1995
Clausena Essential oils Brown, 1954; Swingle, 1943; Swingle

and Reece, 1967; Molino, 1993
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Clausena Food use Brown, 1954; Burkill, 1935; Swingle,
1943; Swingle and Reece, 1967

Clausena Medicinal uses Anderson, 1986a, b; Brown, 1954;
Burkill, 1935; Jones, 1995

Clausena Quality of wood Burkill, 1935; Jones, 1995
Clausena Reaction to canker Gottwald et al., 1993; Lee, 1918; Peltier,

1918; Peltier and Frederich, 1920, 1924
Clausena Reaction to citrus tristeza virus Müller and Garnsey, 1984; Yoshida,

1996
Clausena Reaction to miscellaneous fungal diseases Winston et al., 1927
Clausena Reaction to nematode Baines et al., 1960
Clausena Rootstock use Swingle, 1943; Swingle and Reece,

1967; Campbell, 1974
Clymenia Anti-insect properties Bowman et al., 2001
Clymenia Food use Swingle, 1943; Swingle and Reece,

1967
Clymenia Reaction to citrus tristeza virus Yoshida, 1996
Clymenia Reaction to miscellaneous virus or Iwanami et al., 1993

viroid diseases
Eremocitrus Anti-insect properties Bowman et al., 2001
Eremocitrus Cold hardiness Chapman and Brown, 1993; Yelenosky

et al., 1978
Eremocitrus Drought tolerance Swingle, 1914b
Eremocitrus Leaf characteristics Hirano, 1931
Eremocitrus Reaction to canker Gottwald et al., 1993; Lee, 1918; Peltier,

1918; Peltier and Frederich, 1920, 1924
Eremocitrus Reaction to citrus tristeza virus Yoshida, 1996
Eremocitrus Reaction to Mal secco Russo, 1976/77
Eremocitrus Reaction to miscellaneous virus Iwanami et al., 1993

or viroid diseases
Eremocitrus Reaction to Phytophthora Carpenter and Furr, 1962; Grimm and

Hutchison, 1972
Feroniella Condiment Traub and Robinson, 1937
Feroniella Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Feroniella Reaction to citrus tristeza virus Yoshida, 1996
Feroniella Reaction to miscellaneous fungal diseases Winston et al., 1927
Feroniella Resistance, tolerance, susceptibility Iwanami et al., 1993

to miscellaneous virus or viroid diseases
Fortunella Anti-insect properties Bowman et al., 2001
Fortunella As a preserve Swingle, 1943; Swingle and Reece,

1967
Fortunella Cold hardiness Hume, 1902; Young and Hearn, 1972
Fortunella Level of apomixis Ueno et al., 1967
Fortunella Reaction to Alternaria Kohmoto et al., 1991
Fortunella Reaction to canker Gottwald et al., 1993; Lee, 1918; Peltier,

1918; Peltier and Frederich, 1920, 1924
Fortunella Reaction to citrus tristeza virus Grant and Costa, 1948; Yoshida, 1996
Fortunella Reaction to Mal secco Russo, 1976/77
Fortunella Reaction to miscellaneous fungal diseases Fulton, 1925; Winston, 1923; Winston et

al., 1927
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Fortunella Reaction to miscellaneous Moll and van Vuuren, 1982
mycoplasmas

Fortunella Reaction to miscellaneous virus or Childs, 1951; Iwanami et al., 1993;
viroid diseases Yamada and Sawamura, 1952

Fortunella Reaction to Phytophthora Carpenter and Furr, 1962; Grimm and
Hutchison, 1972

Glycosmis Anti-insect properties Bandara et al., 1990; Bowman et al.,
2001; Shapiro et al., 1997, 2000

Glycosmis Medicinal use Burkill, 1935; Dagar and Dagar, 1991
Glycosmis Poison Burkill, 1935
Glycosmis Quality of wood Burkill, 1935
Glycosmis Reaction to canker Peltier, 1918; Peltier and Frederich,

1920, 1924
Glycosmis Reaction to citrus tristeza virus Knorr, 1956; Müller and Garnsey, 1984;

Yoshida, 1996
Glycosmis Reaction to miscellaneous fungal diseases Winston et al., 1927
Hesperethusa Condiment Swingle, 1943; Swingle and Reece,

1967; Traub and Robinson, 1937
Hesperethusa Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Hesperethusa Reaction to citrus tristeza virus Müller and Garnsey, 1984; Yoshida,

1996
Hesperethusa Reaction to miscellaneous fungal diseases Winston et al., 1927
Limnocitrus Salt tolerance Swingle, 1940a
Limonia Anti-fungal activity Adikaram et al., 1989
Limonia Food use Allen, 1967; Burkill, 1935; Corner, 1988;

Swingle, 1943; Swingle and Reece,
1967

Limonia Ink Burkill, 1935
Limonia Medicinal use Allen, 1967; Burkill, 1935
Limonia Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Limonia Reaction to citrus tristeza virus Yoshida, 1996
Limonia Reaction to miscellaneous fungal diseases Winston et al., 1927
Luvugna Medicinal use Burkill, 1935
Merope Medicinal use Jones, 1982
Merope Rootstock use Jones, 1982
Merope Salt tolerance Swingle, 1915a
Merrillia Reaction to citrus tristeza virus Yoshida, 1996
Merrillia Rootstock use Swingle, 1918
Merrillia Wood quality Burkill, 1935; Jones, 1995; Swingle,

1918
Microcitrus Anti-insect properties Bowman et al., 2001
Microcitrus As a preserve Swingle, 1943; Swingle and Reece,

1967
Microcitrus Drought tolerance Traub and Robinson, 1937
Microcitrus Essential oil composition Brophy et al., 2001
Microcitrus Leaf characteristics Hirano, 1931
Microcitrus Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
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Microcitrus Reaction to citrus tristeza virus Müller and Garnsey, 1984; Yoshida,
1996

Microcitrus Reaction to Mal secco Russo, 1976/77
Microcitrus Reaction to miscellaneous fungal diseases Fulton, 1925; Winston et al., 1927
Microcitrus Reaction to miscellaneous virus or Iwanami et al., 1993

viroid diseases
Microcitrus Reaction to nematodes Baines et al., 1960
Microcitrus Reaction to Phytophthora Carpenter and Furr, 1962
Micromelum Medicinal use Anderson, 1985b; Brown, 1954; Burkill,

1935; Cassady, 1979; Jain and
Borthakur, 1980; Jones, 1995; Uhe,
1974

Murraya Anti-insect properties Bowman et al., 2001; Dowell, 1989;
Jones, 1995

Murraya Condiment Burkill, 1935; Joseph and Peter, 1985;
Morton, 1984; Swingle, 1943; Swingle
and Reece, 1967

Murraya Dentifrice Brown, 1954; Parmar and Kaushal,
1982

Murraya Essential oils Burkill, 1935; Joseph and Peter, 1985
Murraya Leaf characteristics Halma,1929; Hirano, 1931
Murraya Medicinal use Burkill, 1935; Iyer and Mani, 1990; Jain

and Borthakur, 1980; Jones, 1995;
Joseph and Peter, 1985; Manandhar,
1995; Morton, 1984; Parmar and
Kaushal, 1982

Murraya Quality of wood Jones, 1995
Murraya Reaction to canker Gottwald et al., 1993; Lee, 1918; Peltier,

1918; Peltier and Frederich, 1920, 1924
Murraya Reaction to citrus tristeza virus Knorr, 1956; Müller and Garnsey, 1984;

Yoshida, 1996
Murraya Reaction to miscellaneous fungal diseases Fulton, 1925; Winston et al., 1927
Murraya Reaction to nematodes Baines et al., 1960
Murraya Reaction to Huanglongbing Aubert, 1987
Pamburus Reaction to citrus tristeza virus Knorr, 1956; Müller and Garnsey, 1984
Pamburus Rootstock use Swingle, 1916
Paramignya Medicinal use Burkill, 1935
Paramignya Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Paramignya Reaction to miscellaneous fungal diseases Winston et al., 1927
Pleiospermium Reaction to citrus tristeza virus Yoshida, 1996
Poncirus Adaptation to soil conditions Shaked et al., 1988; Shannon et al.,

1960a, b; Yelenosky et al., 1973
Poncirus Cold hardiness Roose and Kupper, 1992; Traub and

Robinson, 1937; Yelenosky et al., 1973;
Young, 1963b, c, 1977; Young and
Hearn, 1972

Poncirus Fruit composition or development Bitters and Batchelor, 1951; Bitters et
al., 1973a; Kefford and Chandler, 1961;
Roose et al., 1985; Sinclair and
Bartholomew, 1944; Woodruff and
Olson, 1960; Wutscher and Bistline,
1988; Wutscher and Shull, 1975
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Poncirus Growth rate Yelenosky et al., 1968; Maggs and
Alexander, 1969

Poncirus Level of apomixis Frost and Soost, 1968; Khan and
Roose, 1988; Pio et al., 1984; Ueno et
al., 1967

Poncirus Mineral nutrition Castle and Krezdorn, 1975; Embleton et
al., 1973b; Hodgson and Eggers, 1938

Poncirus Photosynthesis Morinaga and Ikeda, 1990; Syvertsen
and Graham, 1985

Poncirus Reaction to canker Gottwald et al., 1993; Peltier, 1918;
Peltier and Frederich, 1920, 1924

Poncirus Reaction to citrus tristeza virus Bitters, 1959, 1972; Costa et al., 1949;
Grant and Costa, 1948; Grant et al.,
1949, 1951; Salibe, 1977

Poncirus Reaction to Mal secco Chapot, 1963; Russo, 1976/77
Poncirus Reaction to miscellaneous fungal diseases Fulton, 1925; Olson and Godfrey, 1953;

Peltier and Frederich, 1923
Poncirus Reaction to miscellaneous McClean and Schwarz, 1970

mycoplasmas
Poncirus Reaction to miscellaneous virus or Childs, 1951; Vogel and Bové, 1971;

viroid diseases Yamada and Sawamura, 1952
Poncirus Reaction to nematodes Baines et al., 1960; Cameron et al.,

1977; Feder, 1968; Ferguson et al.,
1992; Ford, 1969; Hutchison and
O’Bannon, 1972; Kaplan and O’Bannon,
1981; McCarty et al., 1979; Niles et al.,
1995

Poncirus Reaction to Phytophthora Carpenter and Furr, 1962; Davenport
and Rouse, 1992; Furr and Carpenter,
1961; Grimm and Hutchison, 1972;
Laville and Blondel, 1979; Raghavendra
Rao and Prasad,, 1983

Poncirus Root characteristics Castle and Youtsey, 1983; Luxmore et
al., 1971; Smith and Wallace, 1954;
Syvertsen and Graham, 1985 

Poncirus Salt tolerance Embleton et al., 1973b; Kirkpatrick and
Bitters, 1969

Poncirus Tree size control Bitters, 1950; Castle and Phillips, 1977;
Hutton et al., 2000; Phillips, 1969;
Phillips and Castle, 1977; Roose et al.,
1985

Severinia Adaptation to soil conditions Wutscher et al., 1970
Severinia Cold hardiness Young, 1963c
Severinia Fruit composition or development Wutscher and Bistline, 1988
Severinia Leaf characteristics Hirano, 1931
Severinia Mineral nutrition Embleton et al., 1973b; Wutscher et al.,

1970
Severinia Nematode resistance or tolerance Baines et al., 1960; Hutchison and

O’Bannon, 1972; Kaplan, 1981
Severinia Reaction to canker Traub and Robinson, 1937
Severinia Reaction to canker Gottwald et al., 1993; Lee, 1918; Peltier,

1918; Peltier and Frederich, 1920, 1924



of Citrus and other members of the
Aurantioideae that have been reported. It is
by no means complete or exhaustive, but
gives a general overview of some of the
characteristics of the Aurantioideae that
have been reported in the literature.

The citrons, C. medica, are one of the
primal three species of citrus mentioned
above. They are monoembryonic, and so all
seedlings are zygotic. This group represents
one of the greatest pools of genetic diversity

within the genus Citrus. The actual place of
origin of the citrons is not definitively
known. It is assumed to be northern India
or southern China, but Swingle (1943) spec-
ulates that citrons may have arisen in
southern Arabia. In any case, the citron
arrived in the Middle East in ancient times
and became important to the ancient
Hebrews; it is still used in the Jewish Feast
of Tabernacles (Goor and Nurock, 1968).
The citron is also believed to be the
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Severinia Reaction to citrus tristeza virus Grant and Costa, 1949; Knorr, 1956;
Yoshida, 1996

Severinia Reaction to Mal secco Russo, 1976/77
Severinia Reaction to miscellaneous fungal diseases Fulton, 1925; Olson and Godfrey, 1953;

Winston et al., 1927
Severinia Reaction to miscellaneous mycoplasmas Hung et al., 2001
Severinia Reaction to miscellaneous virus or Iwanami et al., 1993

viroid diseases
Severinia Reaction to Phytophthora Carpenter and Furr, 1962; Grimm and

Hutchison, 1972
Severinia Salt tolerance Embleton et al., 1973b; Traub and

Robinson, 1937
Severinia Tree size control Bitters, 1950; Bitters et al., 1977; Castle

and Phillips, 1977; Phillips, 1969;
Phillips and Castle, 1977; Traub and
Robinson, 1937; Xuannan and Dehui,
1989

Swinglea Hair and scalp preparations Brown, 1954
Swinglea Leaf characteristics Hirano, 1931
Swinglea Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Swinglea Reaction to citrus tristeza virus Knorr, 1956; Müller and Garnsey, 1984;

Yoshida, 1996
Swinglea Reaction to miscellaneous fungal diseases Fulton, 1925; Winston et al., 1927
Swinglea Reaction to miscellaneous virus or Iwanami et al., 1993

viroid diseases
Swinglea Reaction to Phytophthora Ríos-Castaño and Tafut, 1972
Swinglea Medicinal use Brown, 1954
Triphasia Anti-insect properties Bowman et al., 2001
Triphasia Food use Burkill, 1935
Triphasia Gum Burkill, 1935
Triphasia Medicinal use Burkill, 1935
Triphasia Reaction to canker Lee, 1918; Peltier, 1918; Peltier and

Frederich, 1920, 1924
Triphasia Reaction to citrus tristeza virus Knorr, 1956; Müller and Garnsey, 1984;

Yoshida, 1996
Triphasia Reaction to miscellaneous fungal diseases Winston et al., 1927
Triphasia Wood quality Burkill, 1935



first type of citrus to arrive in Europe.
Citrons are not a large crop in most areas,
but are locally important in the
Mediterranean area. The most important
food use is of the candied peel in confec-
tions. It is also used as for pickle, and
essential oils are sometimes distilled. The
citron is an attractive and fragrant dooryard
tree; for this use, the famous ‘Buddha’s
Hand’ (C. medica var. sarcodactylis) must
be mentioned. There are also traditional
medicinal uses of citron, which suggest that
it may have medical benefits. Citrons are
sensitive to cold and tend to make small,
shrubby trees, especially when grown from
cuttings.

The pummelos, C. maxima, are also a
primal, monoembryonic species and reser-
voir of genetic diversity. They are native to
South-east Asia and the nearby archipela-
gos, and it is in this area where they have
their greatest use. Pummelo fruit are very
variable in size, shape, and internal and
external colour. They have in common a
thick peel with non-adherent larger, pulp
vesicles than other Citrus species.

The mandarins, C. reticulata, comprise
both monoembryonic and polyembryonic
(apomictic) types. This is a variable group
and is sometimes divided into subgroups
based upon secondary compounds (Scora,
1989). As used by Swingle, this name is
applied to wild or primitive fruits as well as
highly selected or hybridized fruits. The
mandarins include sour types (C. reticulata
var. austera), large-fruited elite selections
and small-fruited types used as rootstocks.
There are distinctive subtypes such as the
satsumas of Japan (usually referred to as C.
unshiu) and the clementines of the
Mediterranean areas (usually referred to as
C. clementina). The mandarins are the most
cold-hardy species of the subgenus Citrus
but are variable in other characteristics.
Some rootstock types are citrus tristeza
virus (CTV)-tolerant but these vary in their
tolerance to salinity, pH and other soil con-
ditions, as well as other graft-transmissible
diseases (Wutscher, 1979; Castle, 1987).
Mandarin trees in general are relatively
small and spindly compared with many

other types of citrus. Many natural and
man-made hybrids of mandarins exist, the
most notable being the tangelos (C. reticu-
lata × C. paradisi, sometimes referred to as
C. × tangelo) and the tangors (C. reticulata ×
C. sinensis, sometimes referred to as C.
nobilis).

The relatively recently described
monoembryonic C. halimii (Stone et al.,
1973), which has characteristics intermedi-
ate between Citrus and Fortunella, is some-
times considered a valid species (Scora and
Kumamoto, 1983), but there is some evi-
dence that this is not actually a Citrus
species at all (Berhow et al., 2000). Recent
molecular studies have supported C. hal-
imii as a distinct species (Luro et al., 1992;
Herrero et al., 1996b; Fang et al., 1998b),
closely related to Fortunella (Herrero et al.,
1996b). Swingle (1943) also accepts the
mandarin-like C. indica and C. tachibana as
valid species. Molecular evidence also sup-
ports species status for C. indica (Fang et
al., 1998a; Federici et al., 1998) and C.
tachibana (Hirai et al., 1990; Herrero et al.,
1996b). These three species are somewhat
obscure and do not often figure in taxo-
nomic schemes.

The other species of the subgenus
Citrus are probably hybrids or successive
hybrids of these primal types. The grape-
fruit, C. paradisi, should probably not be
considered a distinct species but is
accorded species status by Swingle (1943).
Its probably hybrid origin is recognized in
the designation C. × paradisi (Bailey
Hortatorium, 1976). It probably arose rela-
tively recently as a spontaneous hybrid of
pummelo and sweet orange (Scora et al.,
1982). The origin of the grapefruit and its
relationship to the ‘forbidden fruit’ of the
Caribbean region is an interesting story
(Gmitter, 1995). The history of the various
grapefruit cultivars is well documented
compared with most other types. All cur-
rent cultivars arose from the original grape-
fruit type, being selected for seedlessness or
pigmented flesh (Gmitter, 1995).

The lemon (C. limon) probably arose as
a hybrid of citron (paternal) and sour
orange (maternal) (Nicolosi, et al., 2000;
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Gulsen and Roose, 2001), sour orange prob-
ably being in turn a hybrid of mandarin and
pummelo (Scora, 1975, 1989; Berhow et al.,
2000; Gulsen and Roose, 2001; Moore,
2001). Different varieties of mandarin and
pummelo probably gave rise to the sweet
orange (Barrett and Rhodes, 1976; Berhow
et al., 2000; Nicolosi et al., 2000). Limes
probably originated as hybrids between
citron and either a Microcitrus species
(Barrett and Rhodes, 1976; Scora, 1989;
Federici et al., 1998) or a papeda (Nicolosi
et al., 2000). Probably there is little justifi-
cation for according separate status to such
groups as sweet lemon, sweet lime and
limetta (Federici et al., 1998). The situation
with other groups (rough lemons, rangpur
limes) is less clear, but probably there are
contributions to both groups from man-
darin and citron (Scora, 1989; Federici et
al., 1998).

The papedas constitute the subgenus
Papeda. The characteristics of this distinct
group are stated above. Swingle (1943) rec-
ognized C. ichangensis, C. latipes, C.
micrantha, C. celebica, C. macroptera and
C. hystrix, and various subspecies and
hybrids. More recently, a new putative
species, C. hongheensis, has been described
(Yinmin et al., 1976). Although the original
description of C. ichangensis by Swingle
(1913a) was based on only a few specimens,
there are local variants including variously
petioled (Kiang and Zu-Zhao, 1984) and
long- and short-fruited types (Ding et al.,
1990; Gmitter and Hu, 1989, 1990). 

Fortunella

The genus Fortunella contains the
kumquats. Fortunella spp. closely resemble
Citrus spp. and were included in Citrus
until Swingle (1915c) separated them into a
separate genus based on: (i) differences in
the ovary, ovules and stigma of the flower;
(ii) abaxial leaf glands; (iii) small more or
less angular flower buds; and (iv) a sweet,
edible, more or less pulpy skin. It is proba-
bly the last characteristic that most people
consider the most distinctive of the

kumquats. Yamamoto et al. (1993) could
not distinguish between Fortunella and
Citrus using restriction fragment length
polymorphism (RFLP), and Mabberley
(1998) included Fortunella in his revision
of Citrus. However, at this time, Fortunella
is generally considered a separate genus. 

Swingle (1915c) originally described
four species of Fortunella: F. margarita, F.
japonica, F. crassifolia and F. hindsii. In
Swingle (1943), the ‘Meiwa’ and
‘Changshou’ kumquats were considered to
be hybrids and were described but not
accorded species status, removing F. crassi-
folia (‘Meiwa’) as a species. Swingle (1943)
also rejected Tanaka’s (1933) F. obovata
(‘Changshou’) but accepted as a ‘species of
doubtful validity’ the large-fruited F.
polyandra from Malaysia (which is specu-
lated to be a limequat). An updated nomen-
clature that recognizes the hybrid nature of
F. crassifolia and F. obovata is presented in
Fantz (1988). 

One unique facet of Fortunella is the
existence of a wild tetraploid form of F.
hindsii in addition to the diploid forms of
this species. Fortunella hindsii was for-
merly considered to be in the genus
Atalantia, but was placed in Fortunella in
1915 (Swingle, 1915c). Swingle (1940b)
later added the var. chintou, which is a
diploid version of the ‘normally’ (?)
tetraploid species. The tetraploid and
diploid forms have the differences expected
in identical varieties with different ploidy
levels. The existence of both diploid and
tetraploid forms in ex situ collections has
been confirmed by root squash chromo-
some counts and flow cytometry (J. Juárez
and L. Navarro, unpublished).

Fortunella trees are evergreen, small,
and slow growing. Most of the intrageneric
differences are in the fruit size and shape. In
China, kumquats have been cultivated and
eaten since ancient times. Here, different
selections within these cultivars are recog-
nized (Yin-min, 1985; Dashen and
Fangcong, 1989). Kumquats are currently
considered to exist only in cultivation, with
the possible exception of F. hindsii. Their
area of origin in northern China makes them
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one of the most cold tolerant of the
Aurantioideae, partially due to their charac-
teristic winter dormancy. Fortunella spp.
are also slightly precocious and resistant to
canker and Phytophthora (Table 4.3). The
kumquats are attractive plants and recently
there have been introductions of variegated
and seedless types suitable for backyard use.

Kumquats, as with most Aurantioideae,
hybridize readily with their closely related
genera. This has led to their use in breeding
programmes, particularly in programmes for
breeding cold-tolerant citrus. This resulted
in the creation of many different ‘-quats’ in
the early part of the 20th century (see
Swingle, 1943 for additional references).
These were bred with the objective of creat-
ing a ‘citrus-like’ fruit that was cold hardier
than citrus. The ‘-quats’ have not taken this
role in commercial production but now rep-
resent a separate group in many ex situ col-
lections. The procimequat ((C. aurantifolia ×
F. japonica) × F. hindsii), which is found in
ex situ collections, is a triploid resulting
from the hybridization of the tetraploid F.
hindsii and a diploid limequat. 

Fortunella has some interesting rela-
tionships with Citrus as regards
rootstock/scion compatibilities. These two
genera are closely related, but their graft
compatibilities are somewhat less congen-
ial than are those of Citrus and some of the
other closely related Aurantioideae genera.
Fortunella is best propagated on trifoliate
rootstocks, and often develops incompati-
bilities with Citrus and even with citranges.
A study in Florida indicated that after 4.5
years, ‘Calamondin’ ‘Meiwa’, and ‘Nagami’
on ‘Benton’, ‘Cleopatra’, ‘Flying Dragon’,
‘Sun Chu Sha’ and ‘X-639’ were free of bud
union problems, whereas these same vari-
eties showed various bud union problems
on ‘Carrizo’, 80-18 citrumelo, ‘Swingle’ cit-
rumelo, sweet orange and sour orange
(Youtsey, 1997). This seems to be truer of
‘Meiwa’, which is sometimes grown with a
‘Nagami’ interstock. Fortunella hindsii is
sometimes used as a dwarfing rootstock in
China. The recently described citrus leaf
blotch virus (Galipienso et al., 2000, 2001;
Vives et al., 2001), originally found in

‘Nagami’ (Navarro et al., 1984b) and later in
other kumquat sources, produces incompat-
ibility on trifoliate rootstocks and may be
the cause of some incompatibilities of
kumquats described in the past.

The calamondins represent a distinct
group and are sometimes accorded species
status. However, Swingle (1943) does not
accept this as a valid species, stating that it
is an apparent hybrid between a sour man-
darin and a kumquat [C. reticulata var.
austera? × Fortunella spp.?]. When the cala-
mondins are accorded species status, they
are usually referred to as C. mitis or C.
microcarpa. Calamondins are sometimes
referred to as C. madurensis, but this is
incorrect as C. madurensis actually refers to
F. japonica (Swingle, 1943; Wijnands,
1984). Ingram and Moore (1975) and
Wijnands (1984) recognize the hybrid
nature of this taxon with the coinages
×Citrofortunella mitis and ×Citrofortunella
microcarpa, respectively. Calamondin is
extensively reviewed by Mabesa (1990),
with an emphasis on fruit quality and pro-
cessing properties. Although the calam-
ondin is used as a fresh fruit and a
condiment and has some known medicinal
uses, it is not as well characterized as many
other types of Aurantioideae germplasm. It
is graft compatible with Citrus and has been
used as a rootstock, as has its apparent
hybrid the ‘Philippine calamandarin’
(which does not appear to be a calamondin
× mandarin hybrid despite its name).

Microcitrus

The genus Microcitrus is very closely
related to Citrus and was originally
included in that genus. Swingle (1915b)
separated Microcitrus from Citrus and rec-
ognized four species: M. australis, M. aus-
tralasica, M. inodora and M. garrowayii.
Swingle (1943) added M. maideniana and
M. warburgiana. Microcitrus papuana was
published by Winters (1976). Microcitrus
warburgiana and M. papuana are native to
Papua New Guinea, while the remaining
species are native to Australia. Fortunella
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warburgiana may be similar to the ancestral
type from which both Microcitrus and
Citrus evolved.

Recently, an additional species has
been published: ‘Citrus gracilis’
(Mabberley, 1998). Mabberley attempted a
major taxonomic revision of Citrus (see
above) and some closely related taxa in
which Microcitrus as well as Eremocitrus
are re-inserted into the genus Citrus. This
system has not at this point been widely
accepted and the species status of ‘C. gra-
cilis’ may be somewhat in doubt.

Microcitrus differs from Citrus in its
dimorphic foliage, very small juvenile
leaves, the distinct shape and venation of
adult leaves, very small flowers having free
stamens and a very short pistil, a few celled
ovary with numerous ovules in each cell,
and the subglobose stalked pulp vesicles.
Microcitrus spp. are shrubs or small trees.
The fruit of most species except M. aus-
tralasica are round, with green rinds. In the
right environmental conditions, Microcitrus
trees are quite vigorous. This genus has
been reported to be a source of precocity,
drought tolerance, nematode resistance,
Phytophthora resistance and adaptations to
low fertility situations (Table 4.3).
Microcitrus is graft compatible with Citrus.
There has recently been some interest in the
use of Microcitrus fruits in Australia, where
they are among the ‘bush foods’ (Sykes,
2001), and in the USA, where they are
sometimes used as a garnish.

Microcitrus hybridizes readily with
Citrus, Fortunella and other closely related
genera. Swingle (1943) describes trigeneric
hybrids, such as the Faustrimedin
(Microcitrus australasica × (Fortunella sp. ×
Citrus sp.)). Also of note are the ‘Sydney
Hybrid’ (M. australis × M. australasica) and
the red-fruited sanguinea variant of M. aus-
tralasica, both of which are often found in
ex situ collections.

Eremocitrus

Eremocitrus is a monospecific genus (E.
glauca) that is very similar to Microcitrus

(Swingle, 1914b). However, the flowers are
smaller and the fruit has 3–5 locules with
two ovules in each. It is native to central
and northern New South Wales and south-
eastern Queensland in Australia.

As a native of desert habitats, E. glauca
is xerophytic and cold tolerant. Its xero-
phytic qualities include small, thick, grey-
ish leaves with thick cuticles and small
substomatal chambers and an extensive
root system. As with some other species
adapted to hot, arid climates, the leaves
may abscise during severe drought condi-
tions. There is some confusion as to the
cold hardiness of E. glauca due to some
temperature conversion errors in Swingle
(1943) and Swingle and Reece (1967).
However, E. glauca can probably tolerate
temperatures of about –5.5˚C (approxi-
mately +20˚F) or less, consistent with the
original paper (Swingle, 1914b) and more
recent observations (Yelenosky et al., 1978).

Eremocitrus is graft compatible with
Citrus and hybridizes readily with that and
other closely related genera. Eremocitrus is
reported to be a source of tolerance to heat,
boron, salt and Phytophthora root rot (Table
4.3). When grafted to Citrus as a rootstock,
it has some unusual reactions. Two E.
glauca trees were planted in the University
of California Citrus Variety Collection in
1983. One, grafted on ‘Carrizo’ citrange, is a
normal sized tree, while one grafted on C.
macrophylla, not normally a dwarfing root-
stock, was only about 1 m tall in 2003.

Clymenia

The genus Clymenia is another that is
closely related to Citrus and was originally
included in that genus. Swingle (1939) sep-
arated Clymenia from Citrus based upon the
structure of the pulp vesicles, which are
short, plump, blunt, oval or subglobose,
sessile or very short stalked, and attached to
the side walls of the 14–16 locules; this is
not like any species in the genus Citrus.
Furthermore, the leaves of Clymenia are
unlike those of any Citrus species, and the
flowers have enlarged disks with 10–20
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times as many stamens as petals. Recent
chemotaxonomic work (Berhow et al.,
2000) suggests that Clymenia is closely
allied with Fortunella and may be a hybrid
between Fortunella and Citrus. Clymenia is
considered a primitive genus in the ‘true
citrus fruit trees group’ and may be a link
between that group and the ‘near citrus fruit
trees’ group. 

For many years, Clymenia was a mono-
typic genus (C. polyandra). However, Stone
(1985a) described a ‘problematical new
species’, C. platypoda, which differed from
C. polyandra in its leaf form; it was specu-
lated that P. platypoda may actually repre-
sent a hybrid between Clymenia and Citrus.

Clymenia is not a well characterized
genus. The trees are described as being
small and are of small size when cultivated
in ex situ collections. The fruits resemble
sweet limes and are eaten by the natives
(who give it the name a-mulis) of its place
of origin in the Bismarck Archipelago
north-east of Papua New Guinea. Clymenia
is considered rare in the wild (Jones, 1990).
It is graft compatible and hybridizable with
Citrus but has been little studied as far as its
disease reaction and other adaptations. 

Poncirus

Swingle (1943) described the genus
Poncirus as ‘remarkable’ and it is, indeed,
the most remarkable genus of at least the
‘true citrus fruit trees’ and probably the
entire Aurantioideae. In fact, it is difficult
to know how properly to approach
Poncirus.

Poncirus, like the other genera of the
‘true citrus fruit trees’, was for many years
included in Citrus despite its ‘many strik-
ingly aberrant characters’ (Swingle, 1943).
These characteristics were well known at
least by the early part of the 20th century
(Swingle, 1909), but Poncirus was appar-
ently not separated from Citrus and the
name Poncirus reapplied until 1916
(Swingle, 1914–1917). Its early inclusion in
Citrus led to the still used common name
(or misnomer) of ‘trifoliate orange’.

Swingle (1909, 1914–1917) noted the
differences between Poncirus and Citrus.
The leaves are trifoliolate and deciduous,
the tree being winter dormant. The flower
buds are formed in the early summer, and
overwinter protected by bud scales. In the
spring, the flowers are borne on old wood.
They are nearly sessile, with the petals
opening flat, the stamens entirely free, and
the ovary having 6–8 locules. The fruits are
densely and finely pubescent. The pulp
vesicles carry scattered hair-like organs that
bear at their expanded tips thick-walled,
fissured cells secreting a viscous fluid
allowing the pulp vesicles to slip past one
another. Transverse plates composed of
thick-walled cells are found in the pith of
the stem. Poncirus trees are relatively small
and shrub-like. They are very thorny, with
a relatively thick trunk and limbs. 

These pronounced differences make it
difficult to place Poncirus in an orderly
course of evolutionary progress from some
remote common ancestor of Citrus and its
related genera, suggesting that there are
many gaps therein and that Poncirus is the
most ‘isolated and aberrant of the “true
citrus fruit trees” ’ (Swingle, 1943).
Swingle’s (1943) view is that the putative
remote ancestor of the ‘true citrus fruit
trees’ originated in a tropical or subtropical
climate. While the other genera of the ‘true
citrus fruit trees’ remained in those cli-
mates, Poncirus ‘migrated’ to the temperate
climate of north-eastern Asia. In doing so, it
developed the adaptations to winter cold
noted in the previous paragraph. These
adaptations permit Poncirus to survive in
temperate climates that would kill all other
Aurantioideae.

The trifoliate has apparently been cul-
tivated since ancient times in China and
was introduced into Japan several centuries
before the end of the first millennium AD. It
may be the oldest rootstock to be used in
citriculture. It is also used as an ornamental
or hedge in that area. The introduction of
the trifoliate to the Western world was
apparently later than the introduction of
edible types of citrus. In the USA, despite
several suggestions that it was introduced
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during Colonial times and cultivated at
Monticello and other historic sites, its
actual date of introduction was most proba-
bly about 1869 (Swingle, 1909).

The useful characteristics as well as the
limitations of the trifoliate became evident
in the last part of the 19th century. These
are summarized in Table 4.3, and include
resistance to Phytophthora root rot and
CTV; cold tolerance; adaptation to heavy
soils; small size of budded trees; lack of
suitability to calcareous soils; etc. Poncirus
is graft compatible with and hybridizes
with Citrus. While the use of Poncirus as a
rootstock in Asia is very old and it is also
used in current commercial production in
many locales, perhaps its major importance
in this area has been as a parent in inter-
generic hybridization with Citrus. This has
produced the very important citranges (P.
trifoliata × C. sinensis) and citrumelos (P.
trifoliata × C. paradisi), as well as citran-
darins (P. trifoliata × C. reticulata), cit-
remons (P. trifoliata × C. limon) and
citradias (P. trifoliata × C. aurantium).
These have been coined ×Citroncirus
species by Ingram and Moore (1975). While
normally slow growing, when used as a
rootstock Poncirus is stimulated to add
girth more quickly than the scion variety,
causing the characteristic ‘bell’ at the bud
union.

The early observations of Poncirus by
Swingle (1909, 1914–1917, 1943) indicate
that the trifoliates were not considered a
very variable group. This is somewhat mis-
leading. Swingle (1909) indicated that most
trifoliates in the USA had small flowers due
to a stunting of the petals near the base. By
1916 Swingle (1914–1917) had recognized
the small flowered forms as being distinct
from the ‘normal’ large flowers. By the
1930s, the ‘normal small-flowered form and
a large-flowered form of seemingly greater
vigor’ had been recognized (Traub and
Robinson, 1937). These large- and small-
flowered forms were different from the
‘normal’ large-flowered and imperfectly
developed small-flowered forms described
earlier, however, being based upon the size
and structure of the petals (Shannon et al.,

1960a, b).
Shannon et al. (1960a, b) collected

material from suckers of trifoliate root-
stocks used in commercial production in
several areas of California and divided
them into small- and large-flowered vari-
eties. These selections, along with others
from Florida and other areas of the southern
USA, are still the basis for most collections
of trifoliates in the USA and, to a lesser
extent, in other countries. Seedlings of
large- and small-flowered varieties pro-
duced similar biomass, but large-flowered
varieties had an upright habit of growth
with a single trunk whereas small-flowered
varieties produced multiple trunks result-
ing in a bushy growth habit. Suckering of
the multiple shoots of the small-flowered
types reduced the weight of the small-flow-
ered types as compared with the large-flow-
ered types. Fruits from the small-flowered
varieties matured earlier than those from
the large-flowered varieties.

Shannon et al. (1960a, b) reported that
‘Washington’ navel trees on the large-flow-
ered ‘Christian’ trifoliate were larger than
those on the small-flowered ‘Rubidoux’ tri-
foliate. Similarly, Bitters et al. (1973a) com-
pared 24 selections of trifoliates and found
that trees were larger on almost all large-
flowered selections than on small-flowered
selections. However, yields and fruit qual-
ity were similar from trees on both large-
and small-flowered varieties. The small-
flowered types produced slightly larger
fruit and were more efficient on a canopy
volume basis.

This system of dividing the trifoliates
into small- and large-flowered varieties is
used in the USA and many other countries.
Japan, which has a far longer history of cul-
tivation of P. trifoliata, has a somewhat dif-
ferent system (Okamoto, 1935; Iwasaki,
1943; Iwasa and Shiraishi, 1957; Iwasaki
and Nishiura, 1963; Tanaka, 1969). In the
Japanese system, four different strains are
recognized based upon leaf size: diploid
large leaf; tetraploid large leaf; small leaf;
and normal (medium leaf). Iwasa and
Shiraishi (1957) report other strains in
addition to these, including Hiryû (see

66 R.R. Krueger and L. Navarro



below), ‘multi-leaf strain’, ‘P. trifoliata var.
microcarpa’ (which is described as a ‘use-
less fruit – details not known’), a ‘spotted’
strain (i.e. variegated), a purple-flowered
strain and a bent-thorn strain.

Iwasaki and Nishiura (1963) note that
the common (Chûba-kei) strain is superior
to either the large-leaf (Ôba-kei) or small-
leaf (Koba) strains as a nursery tree and
rootstock. Chûba-kei developed a larger
root system with abundant fibrous roots,
whereas Ôba-kei had a root system with few
branches and thick roots, and Koba-kei had
well-branched, slender roots. Chûba-kei
produced a buddable diameter trunk sooner
than the other strains. Tree growth was
greatest and most uniform on Chûba-kei.
Ôba-kei and Koba were considered variants
not suitable for use as rootstocks.

It may be tempting to correlate the
large-flower and large-leaf strains, and the
small-flower and small-leaf strains. Iwasaki
(1943) does correlate flower size and leaf
size in the Japanese strains studied, and
notes differences in growth habit similar to
those reported by Shannon et al. (1960a, b).
However, it is not entirely certain how
these Japanese strains relate to the US
strains studied by Shannon et al. (1960a, b).
There is not enough information on grada-
tions between small- and large-flowered
types in the USA to determine if there
could be an intermediate group. If this
could be done, it might be possible to des-
ignate a third, medium-flowered group and
see where its horticultural characteristics fit
in with the small- and large-flowered
groups. However, the fact that the most
common strain in Japan is medium leafed
and that the strains with small and large
leaves are not suitable for rootstock use
speaks against this. Although there were
differences in performance as rootstocks of
the varieties tested by Shannon et al.
(1960a, b) and Bitters et al. (1973a), the dif-
ferences were small and none of the vari-
eties was apparently unfit for use as
rootstocks. This might be related to disease
status of the scion varieties. The early
Japanese work may well have utilized scion
varieties that were infected with Exocortis

or other viroids (to which trifoliates are sus-
ceptible), which were common in Japan in
those times. The scion varieties utilized by
Shannon et al. (1960a, b) and Bitters et al.
(1973a) were not likely to have been
infected with viroids. These differences in
pathogen status could have influenced hor-
ticultural performance and account for
some of the differences noted.

More probably, the differences between
the USA and Japanese classifications can be
traced to the fact that there were few intro-
ductions of trifoliates into the USA, with a
resultant lack of genetic diversity. Shannon
et al. (1960a, b) took cuttings from rootstock
suckers and developed these into selec-
tions. The original providence of the root-
stocks from which the buds were taken is
unknown, but probably represented very
few introductions of P. trifoliata. This is
supported by recent molecular work (Fang
et al., 1997). Inter-simple sequence repeat
(ISSR) markers revealed that trifoliates in
the UCR/USDA Citrus Variety Collection
clustered into four groups. All small-flow-
ered accessions clustered into group 3 and
all large-flowered accessions clustered into
group 4. Group 2 had only two accessions,
which were apparently derived from
zygotic seedlings of individuals similar to
the common genotype. On the other hand,
three trifoliate accessions introduced from
China more recently had relatively different
fingerprints and probably represented a
more divergent genetic make-up. This
would appear to support the idea that the
genetic base of the US-derived accessions is
relatively narrow. That there is more
genetic variability in Poncirus than previ-
ously thought is demonstrated by the range
of adaptations exhibited by Poncirus
germplasm recently introduced into
Australia from China (Broadbent et al.,
2003).

One variety of P. trifoliata of particular
interest is ‘Flying Dragon’ (P. trifoliata var.
monstrosa), also known as ‘Hiryû’
(Swingle, 1943). This is a dwarf variety,
with very slender leaves and crooked, tor-
tuously curved branches and spines.
Although all trifoliates produce a small tree

Citrus Germplasm Resources 67



when used as a rootstock, ‘Flying Dragon’ is
the only variety that is a true dwarfing root-
stock. Trees budded on ‘Flying Dragon’
seldom exceed 2.5 m in height. Swingle
(1943) stated that he had introduced it to
the USA in 1915 but that it had never flow-
ered or fruited and that if it could be
induced to do so it would be interesting to
‘study the chromosomes … to see if perhaps
they are abnormal’. More recently, Cheng
and Roose (1995) demonstrated that the
dwarfing characteristics were inherited as if
they were a single dominant gene for which
‘Flying Dragon’ is heterozygous. The
curved thorns and trunk appeared to be
pleiotropic effects of the dwarfing gene. The
data also suggested that ‘Flying Dragon’
originated as a mutant of a non-dwarfing
genotype and has not undergone sexual
recombination since. The phenotypic
effects may be tied to plant growth hormone
metabolism, since ‘Flying Dragon’ had sig-
nificantly higher abscisic acid (ABA) in
leaves and roots and significantly lower
indoleacetic acid (IAA) in shoots than
normal types of trifoliates (Xiao et al.,
2001).

The above statements were written
based upon what is normally called ‘Flying
Dragon’ in the USA. This may actually be
different from the ‘Hiryû’ of Japan.
According to some workers, Swingle’s
(1943) description of ‘Flying Dragon’ may
be closer to the Japanese variety ‘Unryû’
(letter from M. Iwamassa to W. P. Bitters,
~1970). On the other hand, Iwasa and
Shiraishi (1957) describe Hiryû as a ‘deco-
rative bonsai plant which has flexible
stems’, a description which seems consis-
tent with that of Swingle (1943). The acces-
sions present in germplasm collections in
the USA (and others which obtained their
material from the USA, particularly from
Riverside) are morphologically similar to
one another and to Swingle’s (1943)
description. That does not mean that the
name was not misapplied. A separate acces-
sion arriving in the USA as ‘Unryû’ did not
establish so it is not possible to compare it
with the existing ‘Hiryû’ accessions.
However, the imported ‘Unryû’ was from

the same source as one ‘Hiryû’ accession, so
several types of confusion are possible. 

Poncirus was for many decades a
monotypic genus. Recently, a putative new
species, P. polyandra, was published (Ding
et al., 1984). This was discovered in 1978 in
Yunnan Province (Duan, 1990). This differs
from P. trifoliata in having larger leaves,
some floral differences and, most strikingly,
in being evergreen (Duan, 1990). Perhaps
this last characteristic is related to its prov-
idence in Yunnan, the southernmost
Province of China. Poncirrus polyandra is
little known in the west (and perhaps in
China). Duan (1990) suggests that it is
dwarfing as a rootstock. Its other character-
istics are not known to the writer other than
possibly being susceptible or tolerant
(rather than resistant) to CTV. Fang (1993)
considered it as deserving of species status
based on isozyme data, while others see it
as a possible hybrid (F. Gmitter, personal
communication, 1998). Recent ISSR data
suggest that P. polyandra is genetically dis-
tinct from the other groups of Poncirus,
falling outside the four groups of Fang et al.
(1997) (Krueger and Roose, 2003). 

Atalantia

The genus Atalantia, along with Citropsis,
constitute the ‘near citrus fruit trees’ of
Swingle (1943). As with many genera of the
Aurantioideae, the taxonomic history of
Atalantia is somewhat confusing; it was
formerly included in Limonia. The back-
ground for the current status of Atalantia
can be found in Swingle (1943). Swingle
(1914–1917) enumerated ten species of
Atalantia; this was expanded in 1940
(Swingle, 1940a, b). Some species of
Atalantia are considered rare (Jones, 1990).

Members of Atalantia are small, attrac-
tive trees with fragrant white flowers and
small, greenish-yellow fruits. The juice
vesicles differ from those of Citrus in being
sessile rather than stalked. These juice vesi-
cles are conical and are arranged radially in
the locules, attaching to the dorsal wall of
the locules and imbedded in the inner layer
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of the rind. Atalantia ceylanica, A. rotundi-
folia, A. guillaumini and A. hainanensis
have few or no vesicles, and large seeds that
nearly fill the locules. These species consti-
tute the subgenus Rissoa. The leaves of
Atalantia are simple or unifoliolate like
those of Citrus, but differ in having more
prominent and numerous lateral veins.

Atalantia is graft compatible with
Citrus. It has been reported to be resistant to
the burrowing nematode (Table 4.3) but is
not as well characterized as some other
genera. Since the trees are attractive, there
has been minor use of Atalantia in orna-
mental plantings. The wood is also very
attractive.

Citropsis

Citropsis was formerly included as a sec-
tion of Limonia until separated by Swingle
(1914a). Additional species were added
several decades later (Swingle, 1940b).
Swingle (1943) recognizes 11 species and
one variety. The members of this genus are
native to the tropical forests of Africa rather
than to South-east Asia. 

Citropsis has fruits similar to those of
Atalantia but has pinnate, trifoliolate or
five-foliolate leaves. Citropsis is graft com-
patible with Citrus and has been experi-
mented with as a rootstock. It has been
tested for nematode and disease reaction, as
well as for several other properties (Table
4.3). Although its fruits resemble those of
Atalantia, Citropsis is not as attractive as a
tree. The leaves of most species are fairly
large and coarse, and the trunk and
branches are quite spiny. The fruits, while
reasonably attractive, have a strong, fetid
odour.

Hesperethusa

Hesperethusa, Limnocitrus, Burkillanthus,
Pleiospermium and Severinia have primi-
tive pulp vesicles, a fact that was not recog-
nized until the middle part of the 20th
century. Swingle (1938, 1943) used this, at

that time new, fact to separate these five
genera into the new group, the ‘primitive
citrus fruit trees’. 

Hesperethusa is a monotypic genus (H.
crenulata) native to the Indian subconti-
nent and the Indochinese peninsula. There
is some controversy as to whether
Hesperethusa or Naringi is the correct
genus name. Naringi has been put forth by
Panigrahi (1975) and is accepted by
Wiersma and León (1999). 

Hesperethusa has leaves that are simi-
lar to those of Citropsis in having odd pin-
nate leaves with broad petioles. Unlike
those of Citropsis, the leaves of
Hesperethusa have prominent, slightly
raised glands. The small black fruits have a
few primitive pulp vesicles in each locule
which are attached to the dorsal wall and
also to the base of the locule. The trees are
medium sized and attractive. Hesperethusa
is described as ‘subdeciduous’ (Swingle.
1943) and, indeed, those in ex situ collec-
tions sometimes lose some or all of their
foliage, apparently with no obvious envi-
ronmental cue.

Hesperethusa is graft compatible with
Citrus. Often an interstock improves com-
patibility. It is used in its native area as a
condiment, but the fruits are not eaten as
they are ‘bitter (not acid)’ (Swingle, 1943). 

Pleiospermium

Pleiospermium was separated from
Limonia by Swingle (1916b). The existence
of the primitive vesicles mentioned above
was not known in some of the other genera
of the ‘primitive citrus fruit trees’ at that
time, and consequently the relationships
between Pleiospermium and other
Aurantioideae genera stated by Swingle
(1916b) were not correct. It was not until
the 1930s that the relationship of
Pleiospermium to the other genera in this
group was published (Swingle, 1938, 1943).

The original paper by Swingle (1916b)
published the trifoliate P. alatum and the
polymorphic (1- to 3-foliate) P. dubium.
Swingle (1939) later added three unifoliate
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species: P. longisepalum, P. sumatranum
and P. latialatum. The leaves of all five
species have long, articulate, winged peti-
oles. The small fruits have small, ovoid or
cylindrical pulp vesicles with bluntly
rounded or acute tips arising from the inner
wall of the ovary. A more or less well-dif-
ferentiated outer cortical layer surrounds a
central portion that disintegrates as the
fruits mature into an oily mass. There are
various anatomical differences in the fruits
between the different species (Swingle,
1943).

Swingle (1943) considers Pleiosper-
mium to be a significant genus from the
evolutionary standpoint, with primitive
pulp vesicles linking the ‘near citrus fruit
trees’ and ‘true citrus fruit trees’ of the
Citrinae with the genera from the other,
more primitive tribes of Triphasiinae and
Balsamocitrinae. The fact that some genera
exhibit the more primitive trifoliolate
leaves and others the more evolved unifoli-
olate leaves is cited to support this con-
tention.

Pleiospermium is graft compatible with
Citrus. It has been shown to be susceptible
to CTV but is otherwise not well character-
ized (Table 4.3).

Burkillanthus

Burkillanthus, represented by only one
species (B. malaccensis), is similar to
Pleiospermium in its leaf characteristics but
is quite different in its fruit. The pulp vesi-
cles of Burkillanthus somewhat resemble
those of Pleiospermium, but are much
larger and less obvious corticate, and the
central core does not disintegrate. The
ovary of Burkillanthus has 22–26 ovules in
each of the five locules; this is the largest
number of ovaries of any plant in the
Aurantioideae. The fruits are much larger
than those of Pleiospermium and have a
thick, leathery rind. This species is not well
represented in ex situ collections and there
has apparently been no characterization
work on it. It is considered rare and threat-
ened by Jones (1990).

Limnocitrus

The monotypic genus Limnocitrus (L. lit-
toralis) was formerly included in several
different genera until separated out by
Swingle (1940a). It is similar to
Pleiospermium but has simple leaves that
are thick and sparingly veiny, with slightly
crenulate margins and straight rigid thorns
in the axils. Limnocitrus also has slender,
fusiform pulp vesicles with acute tips and
slightly narrowed bases. These are different
from those of Pleiospermium and Atalantia.
The fruits resemble small oranges exter-
nally.

Limnocitrus is native to the tidal
marshes of the South-east Asian archipela-
gos and mainland. Because of this habitat, it
probably possesses a high tolerance to soil
moisture and salinity. Although it was said
by Swingle (1943) to be widely distributed,
it is not well represented in ex situ collec-
tions. It is graft compatible with Citrus.
More information on the properties of this
species is needed.

Severinia

Severinia is probably the best known of the
‘primitive citrus fruit trees’ but in actuality
it is only the type species, S. buxifolia, that
is well known. Severinia was generally
included in Atalantia, which it superfi-
cially resembles, until Swingle (1916c) re-
applied the 19th century generic name
Severinia. Severinia differs from Atalantia
in having a dark, usually nearly blackberry-
like fruit at maturity. The pulp vesicles are
quite primitive, in contrast to the relatively
well developed ones found in Atalantia,
and two or three oil glands are found in the
mesocarp of the young ovary. The vesicles
do not break down into a gelatinous mass as
in Pleiospermium. The leaves of Severinia
are somewhat similar to those of Atalantia,
but have non-articulated petioles.

Severinia buxifolia is a relatively
common plant in the southern part of China
and adjacent areas. It is a handsome shrub,
and is sometimes used for hedges. The
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leaves are (or were) used in China for
making yeast cakes. According to Swingle
(1943), there are different horticultural vari-
eties in Asia that differ in height, growth
habit, etc., but have not been recognized as
subspecies or varieties. Even in ex situ col-
lections there are variant forms and multi-
ple accessions. A common variant is the
‘brachytic form’ with shortened internodes
and dense foliage.

Severinia buxifolia has received more
horticultural attention than the majority of
citrus relatives (Table 4.3). It is graft com-
patible with Citrus and the resultant plants
are generally long lived. The dwarfing effect
of S. buxifolia as a rootstock is well known.
It has been tested for reaction to diseases
and nematodes more than most other citrus
relatives. It is known to be tolerant of cold,
boron and salinity. Probably the main
reason for its more extensive characteriza-
tion than other related genera is simply the
fact that it is commonly found in ex situ
collections and is easy to grow.

The other species of Severinia include
S. disticha, S. linearis, S. paniculata, S.
retusa, S. trimera and S. lauterbachii. These
were named or re-named by Swingle (1938)
from other species (mostly Atalantia). Of
these, S. disticha is the one most similar to
S. buxifolia and the other most common
Severinia accession in ex situ collections.
Some species of Severinia are considered
rare by Jones (1990).

Luvunga

Luvunga, Paramignya, Pamburus,
Triphasia, Merope, Monanthocitrus and
Wenzelia are the ‘minor citroid fruit trees’.
These genera do not have pulp vesicles, but
the fruit often contains mucilaginous gum. 

Luvunga, along with the very similar
Paramignya, comprises the Luvunga group
of the ‘minor citroid fruit trees’. Luvunga is
a genus of 12 rather non-diverse species,
which are not well known or characterized.
Unlike many other genera within the
Aurantioideae, it has retained the same

generic name since the 1830s (Swingle,
1943). Luvunga is known mostly from the
work of Swingle (1943), which relies
mainly on old descriptions from herbaria
specimens. A new species, L. minutiflora,
was proposed by Stone (1985c). Luvunga is
undoubtedly one taxon that, when defini-
tively studied, will end up being different
from the present description. 

All species of Luvunga are woody vines
of the south and South-east Asian continent
and archipelagos. These vines cling to the
forest trees by recurved thorns borne in the
leaf axils. The leaves are usually trifoliolate
with long, wingless clusters. Occasionally
Luvunga bears unifoliolate leaves, which
have shorter petioles than usual and thus
resemble normal Paramignya leaves. The
smallish fruits are yellowish and filled with
mucilage. The rough skin has small oil
glands on the peel and there are larger ones
between the peel and the locules. 

Paramignya

Paramignya is closely related to Luvunga
and resembles it in general appearance.
Surprisingly, most species were formerly
included in Atalantia despite such pro-
nounced differences as the lack of pulp
vesicles in Paramignya. It is native to the
same geographical area as Luvunga and
shares its vinous habit. The main vegetative
difference is that Paramignya has unifolio-
late leaves borne on short petioles. The
leaves have a well-defined pulvinus so that
they can maximize interception of sunlight.
The fruits of Paramignya and Luvunga are
very similar.

Also like Luvunga, Paramignya is not a
well characterized genus. The 15 species
are apparently not very diverse and
most are known mostly from herbari-
um specimens. Several species were added
to Paramignya by Swingle (1938, 1940a).
Like Luvunga, Paramignya will undoubt-
edly be very different from what is cur-
rently thought when it is definitively
studied.
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Triphasia

Triphasia and Pamburus comprise the
Triphasia group of the ‘minor citroid fruit
trees’. In the work of Swingle (1943), this
group differs from the Luvunga group pri-
marily in leaf and spine characteristics. The
Triphasia group are small trees or shrubs
rather than vines, and do not have recurved
thorns. The petioles are not articulated and
there are no pulvini. They are native to the
south-eastern Asian archipelagos.

Triphasia has small reddish or pink
fruits with 3–5 locules of one or two ovules
apiece in the ovaries. They are sometimes
used for marmalade. The best-known
species, T. trifolia, was for many years the
only species in the genus. It is an attractive
small tree or shrub with trifoliate leaves,
and is grown as an ornamental in some
tropical and subtropical regions. It is some-
what sensitive to cold, but has been said to
show some salt tolerance. It is also the only
species usually found in ex situ collections.
Despite this relative commonality,
Triphasia is not well characterized (Table
4.3). It is graft compatible with Citrus.
Small (1933) and Brizicky (1962a) state that
it has become naturalized in some areas of
south Florida; however, current Floridians
are not acquainted with this (K. D.
Bowman, personal communication, ~2001).
Observations in Riverside suggest that
Triphasia is fairly tender. A 4n form, T. tri-
folia forma tetraploidea, was described by
Swingle (1940c).

Other species are less well known.
They include T. grandifolia, which appar-
ently differ mainly in having large, simple
leaves. Triphasia brassii was renamed by
Swingle (1938) from the Paramignya brassii
of White (1926).

Pamburus

Pamburus is a monotypic genus (P. missio-
nis). It differs from Paramignya in the leaf
characteristics and growth habit cited
above, and from Triphasia in having single,
rather than paired, spines; longer anthers;

and lacking an inflation at the base of the
filaments. Pamburus missionis is a robust,
thorny tree with dark green foliage. It is
native to southern India and Sri Lanka,
where its wood is sometimes used for fur-
niture. Swingle (1943) stated that it was
almost as cold tolerant as commonly culti-
vated citrus, but it sometimes has been dif-
ficult to establish in the field in subtropical
climates. Although it is not uncommon in
ex situ collections, little more has been
published on Pamburus since the old
Swingle treatments (1916a, 1943).

Wenzelia

The Wenzelia group of the Triphasiinae
consists of the genera Wenzelia,
Monanthocitrus, Oxanthera and Merope.
They have 4–8 ovules (most commonly six)
in each locule, and simple or unifoliolate
leaves. All four genera are native to the
South-east Asian archipelagos; only Merope
has been reported from the
mainland (Myanmar/Burma). These genera
constitute some of the least known of
the Aurantioideae. They are not well
represented in ex situ collections and
little is known of their horticultural
properties.

Wenzelia has large, simple leaves,
unique in the ‘minor citroid fruit trees’
except for Monanthocitrus. The fruits are
ellipsoid with 6–8 seeds per locule
immersed in a mucilaginous substance. All
species of Wenzelia were described and
published in the 20th century, but some-
times from little material. Swingle (1943)
recognized nine species divided into two
subgenera (Wenzelia and Papualimo),
which are perhaps somewhat dubious as
valid subspecies (Stone, 1985b). Stone
(1985b) reviewed the paucity of material
with which Swingle was able to work and
indicated a need for a modern revision
based upon additional specimens as well as
field collections. Unfortunately, Stone died
before being able to accomplish this, so the
genus remains somewhat confused. The
‘clearly distinct’ (Swingle, 1943) W. palu-
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dosa was transferred to Monanthocitrus
paludosa by Stone (1985b). 

Wenzelia species are shrubs. As stated,
little is known of their horticultural proper-
ties. However, their graft compatibility with
Citrus is somewhat problematic.

Monanthocitrus

Monanthocitrus is very similar to Wenzelia,
with the main difference being the spotted
seeds of the former (Swingle, 1943). This
seems a somewhat questionable character-
istic upon which to separate genera, partic-
ularly since Swingle had little material to
work with and not all specimens examined
had seeds. Stone (1985b) states that ‘The
distinctness of Wenzelia and Monan-
thocitrus remains somewhat problematical’
and ‘needs reconsideration’. Monan-
thocitrus was construed as a monotypic
genus (M. corniculata) by Swingle (1943).
Monanthocitrus grandiflora was transferred
to Wenzelia by Swingle (1938, 1943). Stone
(1985b) believed that it belonged better to
Monanthocitrus but did not publish that
combination. Swingle also assigned W.
grandiflora and W. dolichophylla to
Wenzelia rather than Monanthocitrus even
though seeds were not available for inspec-
tion. More recently, two new species have
been published: M. bispinosa (Stone,
1985b) and M. oblanceolata (Stone and
Jones, 1988). This genus is little known nor
collected.

Oxanthera

Oxanthera is a distinctive genus of 4–5
species. The leaves of these shrubs or small
trees are glabrous and glaucous, usually
rather blunt at the tip and cuneate at the
base, and borne on thornless branches. The
leaves of three of the four species are thick
and coriaceous, but O. undulata has thin
leaves. The flowers are large and fragrant.
The fruits are distinctive in appearance,
being elongate and longitudinally ribbed. In
at least one species (O. neo-caledonica), the

fruit rind is fragrant. There are usually six
(sometimes 4–8) ovules per locule. A new
putative species, O. brevipes, was recently
published (Stone, 1985b). Although appar-
ently not extremely rare in its native south-
east Asian archipelagos, this genus is not
often found in ex situ collections and is
consequently not well characterized horti-
culturally. Swingle (1943) speculated that it
is xerophytic based upon its leaf morphol-
ogy.

Merope

Merope is a monotypic genus (M. angulata)
distinguished from Wenzelia and
Monanthocitrus by having four ovaries per
locule and large seeds in the triangular (in
cross-section) fruit. Merope angulata is a
spiny, salt-loving shrub with thick, leathery
leaves that grows in tidal marshes in Java,
Burma and the East Indian Archipelago.
This species is considered salt tolerant due
to its habit; this was confirmed in green-
house tests by Swingle (1915a). This genus
is not well represented in ex situ collec-
tions but probably has useful properties.
Jones (1982) reported briefly on habitat loss
affecting this species, as well as certain
medicinal uses. Merope is considered
threatened by Jones (1990).

Swinglea

Swinglea, Aegle, Afraegle, Aeglopsis,
Balsamocitrus, Limonia and Feroniella con-
stitute the Balsamocitrinae, or ‘hard-shelled
citroid fruit trees’. This curious branch of
the Aurantioideae has large, heavy fruits
with a hard, mostly wood-like exocarp. The
locules are filled with resinous gum and the
seeds are sometimes covered with fine
hairs.

Swinglea comprises the Tabog group of
this subtribe. ‘Tabog’ is a name used for this
species in the Philippines. Swingle (1913b)
published his description of this monotypic
species with the name Chaetospermum
glutinosa. It was renamed Swinglea gluti-
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nosa by Merrill (1927), who pointed out
that Chaetospermum had already been used
as a name for a genus of fungus.

Swinglea glutinosa is distinct within
the ‘hard-shelled citroid fruit trees’ in
having a tough, leathery shelled fruit rather
than a hard, woody shelled fruit. The cells
of the fruits are lined with spongy tissue
and the walls of the locules are lined with
large mucilage glands, features not found in
other members of the Balsamocitrinae. The
seeds are hairy. Swinglea and Burkillanthus
are somewhat similar in some external
attributes, but have different fruit
anatomies.

Swinglea is a small, thorny tree with
trifoliolate leaves that is native to Luzon
Island in the Philippines. It has been spread
throughout many tropical areas, and is not
uncommon in ex situ collections. Swingle
(1943) states that it is cold-hardy to 35˚F
(1.67˚C), but it has been difficult to estab-
lish in the field in Riverside, where winter
temperatures are rarely lower than that.
Swinglea glutinosa is graft compatible with
Citrus, and there has been some horticul-
tural characterization over the years (Table
4.3).

Aegle

Aegle, Aeglopsis, Afraegle and
Balsamocitrus comprise the Aegle group of
the ‘hard-shelled citroid fruit trees’. They
all have hard, woody fruits without longitu-
dinal ribs. The locule walls do not have
large, evident mucilage glands, but
mucilage glands are present. Leaves are
simple, unifoliolate or trifoliolate. The
ancestral type was presumably from south
Asia, but three of the genera (Aeglopsis,
Afraegle and Balsamocitrus) ‘migrated’ to
Africa, while none ‘migrated’ eastward to
the South-east Asian archipelagos.

Aegle is distinct from the other mem-
bers of the group in having very numerous
(>30) stamens, a large number (up to nearly
20) of locules in the ovary, and wooly
seeds. The leaves are trifoliolate but vari-
able in size and other anatomical features.

A monotypic genus (A. marmelos), it is
deciduous when cold temperatures occur
during the winter. It is native to India and
has spread from there to adjacent areas.
Aegle marmelos can grow to 15 m or more
in height in the proper conditions.

Aegle marmelos is the bael fruit of
India and adjacent areas. It has a long his-
tory of cultivation and use. It is a sacred
tree to Shiva and its leaves are used as offer-
ings. In addition to being edible, various
medicinal uses have been ascribed to the
bael (Table 4.3). Swingle (1943) describes
large-fruited, cultivated varieties and small-
fruited, wild varieties, and speculated that
there are different strains of varieties. In
fact, in India, there are named varieties; the
names are derived from the localities in
which it is grown (Singh and Roy, 1984;
Roy, 1998). Differences in levels of sugar,
mucilage, phenolics and tannins are docu-
mented, as well as physical differences
such as shell thickness/hardness, fruit size,
seediness, etc. Positive qualities are associ-
ated with larger fruit, some of which have
shells that can be broken with only finger
pressure.

Although there is apparently genetic
diversity present in India, the genetic diver-
sity of A. marmelos in ex situ collections is
much lower. There have been few introduc-
tions to the USA and other Western coun-
tries. Most A. marmelos in these collections
represents very hard-shelled, medium-
fruited examples. Aegle is graft compatible
with Citrus and its horticultural properties
have been documented (Table 4.3).

Aeglopsis

Aeglopsis differs from Aegle in having
fewer locules in the ovary, fewer stamens,
and simple leaves. The fruits are smaller
(and the shell less hard?) than those of
Aegle and are pyriform. The two species,
A. chevalieri and A. eggelingii, are both
native to Africa. Aeglopsis is graft com-
patible with Citrus but has otherwise had
only limited horticultural evaluation (Table
4.3).
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Afraegle

Afraegle is also native to Africa, but is more
confined to the western portion of the con-
tinent than is Aeglopsis. Afraegle is similar
to Aeglopsis, but has (mostly) trifoliolate
rather than simple leaves, a larger number
of locules per ovary and slightly less woody
shells. Afraegle trees are vigorous. Afraegle
is graft compatible with Citrus. There has
been little horticultural evaluation done
(Table 4.3).

Balsamocitrus

The monotypic genus Balsamocitrus (B.
dawei) is native to central Africa. It is simi-
lar to Aeglopsis, but has trifoliolate leaves
and larger fruit. Both Aeglopsis and
Afraegle were formerly included in
Balsamocitrus until split off at different
times (Swingle, 1912). Although its geo-
graphic distribution in Africa is apparently
fairly limited, B. dawei appears to grow
well in a fairly wide range of climates when
maintained in ex situ collections. It is vig-
orous and exhibits more vertical growth, as
compared with the more spreading growth
of Afraegle. However, it has not had much
horticultural evaluation. This is possibly
due to the somewhat erratic fruit produc-
tion (at least in Riverside). It is graft com-
patible with other hard-shelled citrus
relatives and is probably graft-compatible
with Citrus.

Limonia

Limonia and Feroniella constitute the dis-
tinctive wood-apple group of the ‘hard-
shelled citroid fruit trees’. They are
distinguished by the fact that the locules
fuse during development into a single
cavity, which becomes lined with parietal
placentae bearing many ovules. The leaves
are odd pinnate with paired opposite
leaflets.

Although confusion regarding generic
names is by no means rare in the

Aurantioideae, the case with Limonia is
perhaps one of the least clear. This is a
monotypic genus. Swingle (1914c, 1943)
argued for Feronia limonia, stating that
Limonia was ambiguous. Airy-Shaw (1939)
supported the name Limonia acidissima.
Since Swingle wrote the book (Swingle,
1943), Feronia limonia has generally been
used. More recently, Panigrahi (1977)
accepted Limonia as the genus name but
rejected L. acidissima, instead substituting
the older species name elephantum, result-
ing in L. elephantum. Stone and Nicolson
(1978) rejected this and supported L. acidis-
sima. Feronia limonia, with F. elephantum
as a synonym, is supported by Hortus Third
(Bailey Hortatorium, 1976), while Wiersma
and León (1999) support L. acidissima.

In any case, these thorny trees are
native to India, where they grow in the hills
but not to the same elevation as Aegle. The
growth habit is curious and somewhat vari-
able. The branches often are clustered
towards the top of the tree, with drooping
branchlets. Other trees have the branches
and branchlets spaced at regular intervals
up the trunk. The fruits are edible and also
have medicinal uses. Limonia is deciduous.
Swingle (1943) states that the leaves are
dropped in cold weather. However, in ex
situ collections the leaves have been
observed to drop during the warm periods
of the year and even in greenhouses, so per-
haps it is more of a generalized stress reac-
tion. Although Limonia is present in many
ex situ collections and is graft compatible
with Citrus, it is not well characterized hor-
ticulturally (Table 4.3).

Feroniella

Feroniella is very similar to Limonia in its
leaf and fruit characteristics. It differs in the
form of its stamen and in having glabrous
rather than pilose seeds. The stamens are
unique among the Aurantioideae in having
pilose, partly free, appendages at the base of
the filaments, which are much longer than
the anthers. This difference is not readily
apparent and it is difficult to distinguish
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between Limonia and Feroniella.
The four species of Feroniella are

native to the South-east Asian peninsula
and archipelagos. It is rare (Jones, 1990).
Although Swingle (1943) does not state that
it is deciduous, in ex situ collections it
appears similar in this regard to Limonia.
Like Limonia, Feroniella is graft compatible
but is not well characterized (Table 4.3).

Micromelum

The tribe Clauseneae (Very Remote and
Remote Citroid Fruit Trees) contains 5
genera: Micromelum, Glycosmis, Clausena,
Murraya and Merrillia. The first and last
constitute the subtribes Micromelinae and
Merrilliinae, respectively; the remaining
genera, the subtribe Clauseninae. Swingle
(1943) considered the Clauseneae to be
primitive members of the Aurantioideae,
primitiveness being characterized as: small,
semi-dry or juicy berries; odd-pinnate
leaves with alternately attached leaflets;
and a lack of spines in the leaf axils.
Chemotaxonomy (Kong et al., 1988) suggest
that Micromelum is a primitive species that
gave rise to the two branches of Murraya
and subsequently to other taxa (Glycosmis
and Clausena from the Bergera section and
Merrillia from the Murraya section).

Micromelum is a genus of about nine
species distributed from Pakistan through
south and South-east Asia to the archipela-
gos. They are shrubs or trees, with com-
pound leaves of up to 23 leaflets. They are
distinguished from other members of the
‘very remote and remote citroid fruit trees’
by having cotyledons that are flat and
folded rather than thick and plano-convex.
The ovaries have a twisting of the radial fol-
licle walls. Both of these characteristics are
unique in the Aurantioideae.

Swingle (1943) spelled out the species
problem in Micromelum as being the vari-
ability of characteristics in the described
species. In spite of Swingle’s (1943) asser-
tion that ‘new characters are being found
that promise to make possible the satisfac-
tory definition and the easy recognition of

the species’, little more has been written or
published in the last 60 years, and the
genus remains obscure. Although
Micromelum species are reported in various
flora, there is little information about their
distribution and a lack of references to tax-
onomic advances. This genus is not well
represented in ex situ collections and needs
horticultural characterization.

Glycosmis

Glycosmis, Clausena and Murraya are the
Clauseninae, or ‘remote citroid fruit trees’.
These three genera have very simple and
primitive flowers and fruits, which are usu-
ally borne in large terminal panicles. This
subtribe is ‘typical’ of the Clauseneae, with
the Micromelinae and Merrillinae being
aberrant.

Glycosmis differs from the Clausena
and Murraya in having a persistent rather
than deciduous style, in usually having
only one rather than two ovules per locule
and in having rust-coloured, ferrugineous
puberulence on new vegetative growth,
inflorescence axes and buds. In addition,
Glycosmis has equilateral leaflets rather
than the non-equilateral leaflets of most
Clausena and Murraya species.

In contrast to his treatment of most
genera, Swingle (1943) presents a truncated
view of Glycosmis. Rather than his usual
thorough treatment of even questionable
species, he presents only a ‘tentative list of
species of Glycosmis’. This list is simply an
enumeration of published names and
reported locations. Swingle (1943) admits
in his treatment ‘The species of Glycosmis
are still very inadequately described and
need study more urgently than those of any
other genus of the orange subfamily … the
taxonomy of Glycosmis is in such a state of
confusion that it is not yet possible to key
out all the species or even to tell with cer-
tainty how many should be recognized as
valid.’

Fortunately, relatively recently there
has been an extensive revision and updat-
ing of Glycosmis by Stone (1978a, 1985b,
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1994b). The first paper (Stone, 1978a) gives
a review of the 95 published species of
Glycosmis and the confusion surrounding
this genus over several centuries. Much of
the confusion revolves around obscure
rules for taxonomic nomenclature and the
ambiguity in the identity of G. pentaphylla.

Stone (1978a) reviews earlier work on
Glycosmis by Tanaka (1937),
Narayanaswamy (1941), Brizicky (1962b)
and Mitra and Subramaniam (1969), after
which it is concluded that some older mate-
rials and descriptions of G. pentaphylla, the
type species, were based instead upon G.
mauritiana. This was due to the incorrect
application of G. pentaphylla (and its older
identification as Limonia pentaphylla) by
Roxburgh. The correct name of G. penta-
phylla in the sense of Roxburgh is thus G.
mauritiana. The G. pentaphylla (and its
older identification as L. pentaphylla) of
Retzius is considered to be the ‘real’ G. pen-
taphylla. Stone (1978a) is supported in this
identification by Panigrahi (1985), who also
argued that G. pentaphylla and G. arborea
are synonyms, and by Huang (1987). The
reader is referred to these works for the
complete (and complicated) rationale
behind this.

The result of the ambiguity in the iden-
tity of G. pentaphylla is that, according to
Stone (1978a), many specimens identified
as G. pentaphylla will have to be re-identi-
fied. It is also noted by Stone (1978a) that
due to the ambiguity in the identity and
description of G. pentaphylla, the concept
(his italics) of this species had expanded
over time and it became a sort of warehouse
for any unidentified Glycosmis collected.
Stone (1978a) identifies at least four species
that he believed were mistakenly identified
as G. pentaphylla: G. mauritiana, G. citrifo-
lia, G. parviflora and G. cochinchinensis. In
addition to casting doubt on the identity of
herbarium specimens of G. pentaphylla,
this information also calls into question the
identity of some G. pentaphylla (and per-
haps other Glycosmis species) found in ex
situ collections. The fact that Swingle
(1943) correctly identified G. pentaphylla
as being the G. pentaphylla of Retzius might

mean that G. pentaphylla as introduced as
by the USDA is correctly identified. The
identification of G. pentaphylla in ex situ
collections needs to be verified.

In the second part of his revision, Stone
(1985b) presents a systematic treatment of
Glycosmis. In this treatment, he recognized
43 species, of which seven were new (some
of these were published previously by
Stone). A number of new varieties were also
published. Stone (1985b) excludes G.
africana, G. bonii, G. cambodiana, G.
crenulata, G. harmandiana, G. spinosa and
G. subvelutina. Stone (1994b) discusses
some further aspects of his conspectus and
also analysed three additional Glycosmis
species published by Huang (1987).
The conspectus (Stone, 1985b) includes a
key to Glycosmis species, which Stone
admitted is only ‘fairly close to being a
usable key’. The key divides Glycosmis into
five groups based upon leaf and floral char-
acteristics.

The monumental tripartite work of
Stone (1978a, 1985b, 1994b) remains the
most thorough treatment, with little or
nothing being published after that. The
death of Stone and other factors make it
unlikely that much more will be written
definitively about this genus in the near
future.

Glycosmis is distributed throughout
south and South-east Asia, from India
through the archipelagos. The species are
shrubs and have varying habitats, including
limestone soils and riparian areas.
Observed Glycosmis species are generally
attractive plants, with shapely leaves and
small, pinkish-red berries. Most of the pub-
lished information on this species seems to
involve the taxonomic issues. Glycosmis is
represented in many ex situ collections, but
species maintained are often limited to G.
pentaphylla (but which one?) and in some
cases G. parviflora. There has been little
horticultural characterization of this genus.
Small (1933) and Brizicky (1962a) report
Glycosmis (but which species?) as being
naturalized in south Florida, but this is
somewhat doubtful (K. D. Bowman, per-
sonal communication, 1999).
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Clausena

Clausena and Murraya differ from
Glycosmis in the characteristics noted in
the previous section. These species are very
similar, but differ from one another in cer-
tain ways. Clausena has flower buds that
are globose or broad-ovoid, never long and
slender, while Murraya has cylindrical or
long-ovoid flower buds. Similarly, the style
of Clausena is short and thick, whereas that
of Murraya is long and slender. A distinc-
tive feature of Clausena is the large, hour-
glass-shaped gynophore. This, however, is
a somewhat variable characteristic
(Swingle, 1943). Molino (1994) bases the
key on the same stylar characteristics, the
structure of the gynophore and the struc-
ture of the stamen.

Swingle (1943) notes some of the same
challenges in Clausena taxonomy and
nomenclature as in that of Glycosmis: a lack
of specimens for examination and variabil-
ity within taxa. He was able to borrow and
examine nearly a thousand herbarium spec-
imens in his study of Clausena. Based upon
this study, Swingle (1943) recognizes 23
genera, some of which he had published
within a few years of his monograph
(Swingle, 1940b, 1942). His key is divided
into four parts based upon geographic dis-
tribution (basically the Indian subconti-
nent; the Indochinese peninsula; the
archipelagos; and Africa). To this, a new
species (C. calciphila) was added by Stone
(1978b).

Molino (1994) based a revision of
Clausena on new collections and a greater
emphasis on floral characteristics, resulting
in a collapsing of the genus to 15 species
divided into four sections based upon floral
structure. A new species was described (C.
poilanei) and several new names and com-
binations were proposed (for instance, the
C. calciphilla of Stone, 1978a, became C.
sanki var. calciphila). Most notable was the
establishment of synonymy for some of the
species. This was especially pronounced in
the case of C. anisata, which absorbed four
species and seven varieties of Swingle’s
(1943) treatment. Clausena anisata became

the only Clausena species to be found in
Africa and was considered to have
‘migrated’ there relatively recently.
Additional species noted by Swingle (1943)
were also pulled into other species.

Clausena is widely distributed geo-
graphically, from the South-east Asian arch-
ipelagos, through the South-eastern and
south Asian regions, and north to the sub-
tropical parts of China. There are two ‘satel-
lite’ areas: Africa, where C. anisata (in the
sense of Molino, 1994) is widespread, and
north-eastern Australia, where C. brevistyla
and the recently published C. smyrelliana
(Forster, 2000) are found. Some species are
reported to grow at elevations of up to 3000
m, while others are decidedly tropical.

Clausena species range from small
shrubs to 20 m tall trees. Molino (1994)
states that in areas that are climatically mar-
ginal, particularly the two satellite areas,
the leaves may be deciduous; this is not
noted by Swingle (1943). Observations in
Riverside, California, would seem to indi-
cate that there is at least some deciduous
aspect to the leaves. However, as with the
other deciduous types maintained there,
the trigger for leaf drop is not apparent.
Likewise, flowering at Riverside is erratic. It
is possible that this is due to climatic fac-
tors, but Molino (1994) states that flowering
occurs throughout the year in many areas,
but with a peak in the dry season. The flow-
ers are borne on bunches and produce small
fleshy berries surrounded by mucilage.

Several species of Clausena deserve
particular mention. Although several
Clausena species produce edible fruits, the
only one commercially cultivated is C. lan-
sium, the Wampee. Clausena lansium is
actually quite distinctive among Clausena
species, having a star-shaped bud and a
five-angled ovary that has hairs on the lat-
eral walls of the locules. In addition, there
is a central gum canal in the twigs. For
additional distinctive characteristics, see
Swingle (1943). The Wampee is native to
southern China, and that is its main area of
cultivation. Cultivation has spread to a very
limited extent to the countries around
China. The golden-yellow berries, which
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are borne on large panicles, are the largest
of any Clausena species and are eaten fresh
as well as being used for preserves. The
Wampee is relatively common in ex situ
collections, but it is sometimes difficult to
obtain seeds since the fruits are so irre-
sistible to birds. Most ex situ collections
have only a small representation of
Wampee, but in China there are many local
varieties. A few found in Kwantung
Province are listed in Swingle (1943), while
different named varieties are found in
Fujian and Guangxi Provinces (Shu Yuan,
personal communication, 1984); there are
doubtless others. Wampee is graft compati-
ble with Citrus but there are apparently
some incompatibility problems since the
resulting trees are small and weak (Swingle,
1943; Campbell, 1974). Campbell (1974)
stated that cold winters can kill Wampees
in southern Florida, but limited experience
in the harsher climate of southern
California indicates that they can survive
temperatures near 0˚C. In fact, C. lansium
seems to be more cold tolerant than other
Clausena accessions maintained in
Riverside (C. anisata and C. excavata). The
Clausena accessions seem more sensitive
than the closely related Murraya accessions
maintained. It is possible that it is some
environmental factor other than cold that
makes establishment in the field difficult.

A few other species will be mentioned
in passing. Several other species produce
berries that are harvested from wild trees
and consumed locally. These include C.
dentata var. dulcis of Madras, India; C.
indica of India and Ceylon; and C. dentata
var. henryi of south-western China. In the
treatment of Molino (1994), C. indica was
absorbed into C. sanki and both varieties of
C. dentata were absorbed into C. anisata.
Clausena anisum-olens (incorporated into
C. sanki by Molino, 1994) is native to the
Philippines, where it grows up to elevations
of 1500 m. It is used in the preparation of
anisado, an alcoholic beverage, and has a
very high concentration of the essential oil
anethole, the true anis oil. See Molino
(1993) for more information on various
specimens of this throughout the world.

Occasionally Clausena species other
than C. lansium are found in ex situ collec-
tions. However, C. lansium is by far the
most common. Consequently, although
there has been some horticultural charac-
terization of this genus, most of that work
has been done on C. lansium, and on a
rather limited genetic range of material at
that.

Murraya

Murraya is closely related to Clausena with
the differences noted above. Swingle (1943)
describes 11 mostly closely-related species.
Huang (1978) added M. kwangsiensis. More
recently, data of various types has sup-
ported the division of Murraya into two
species, Murraya and Bergera.
Chemotaxonomic studies with alkaloids
(Kong et al., 1986) and terpenes (Li et al.,
1988) divided Murraya into two groups.
The first group (Murraya) possesses yellow-
ish stems and roots; flowers with larger
petals (1–2 cm long); and red, ovoid to
ellipsoid fruits. The other group (Bergera)
possesses brown stems and roots; flowers
with smaller petals (4–7 mm long); and pur-
plish-black, globose to ellipsoid fruit
(Jones, 1995). Kong et al. (1986) state that
this division supports that of Swingle
(1943); however, no division of Murraya is
noted in either Swingle (1943) or its revi-
sion (Swingle and Reece, 1967). This is con-
firmed by Jones (1995), who then gives the
group names cited above, even though they
do not appear in Swingle (1943), Swingle
and Reece (1967), nor Kong et al. (1986).
Recently, this division was reinforced with
molecular (Samuel et al., 2001) and kary-
otypic (Guerra et al., 2000) analysis. M.
koenigii and M. siamensis were separated
into the genus Bergera, with the remaining
Murraya species being retained in Murraya.
This division of Murraya seems valid and
will probably become increasingly
accepted.

The type species, M. paniculata, is the
well known ‘Orange jessamine’ or
‘Hawaiian mock orange’ (among other
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names) that is sometimes cultivated as an
ornamental in locales with a suitable cli-
mate. The flowers are large and fragrant, the
fruits small and attractive, and the overall
appearance pleasing. The distinctive vari-
ety M. paniculata var. ovatifoliolata is
sometimes cultivated as well, but is decid-
edly less common. There are various horti-
cultural selections of M. paniculata, and
there are obviously wild ones as well. 

There is some confusion with the
status of M. exotica vis-à-vis M. paniculata.
Swingle (1943) lists M. exotica as a syn-
onym of M. paniculata. Huang (1959) con-
siders this a variety (M. paniculata var.
exotica). Stone (1985c) and Jones (1995) list
M. exotica as a separate species, although
Stone (1985c) states ‘There is merit in
Huang’s proposal for subspecific status but
at least equal merit in regarding them as
species.’ Huang later elevated them to
species status (see discussion and citation
in Kong et al., 1986), so perhaps lacking a
definitive treatment M. exotica should be
considered a provisional species. 

The main differences are the larger,
more ovate and acuminate leaves and larger
flowers of M. paniculata (Stone, 1985c).
Thus, M. exotica would apparently become
synonymous with Swingle’s (1943) M. pan-
iculata, while M. paniculata in the sense of
Stone (1985c) and Jones (1995) would
apparently become synonymous with the
M. paniculata var. ovatifoliolata of Swingle
(1943) based upon the descriptions.
However, neither author establishes the
synonymy. Swingle limited M. paniculata
var. ovatifoliolata to Australia, while Stone
(1985c) and Jones (1995) divide the geo-
graphic area of Swingle’s (1943) M. panicu-
lata between the two species. Mabberley
(1998) considers ‘M. exotica var. ovatifolio-
lata’ to be the ‘wild plant … distinguished
from the cultivated forms in its straggling
habit, rather hairy shoots and broadly oval
or ovate leaflets’. Molecular studies by
Ranade et al. (2006) found M. paniculata to
be less heterogeneous than M. koenigii and
that M. exotica did not represent a distinct
species from M. paniculata but rather mor-
phologically distinct forms of M. panicu-

lata. Thus, this particular species complex
(?) remains somewhat in doubt.

More distinct is M. koenigii, ‘Curry
Leaf’. As its name implies, the aromatic
leaves of this species are used as condi-
ments in the preparation of curries and
other Indian/South Asian foods. It is found
both wild and in cultivation from the
Indochinese peninsula through the Indian
subcontinent. It has been taken and estab-
lished as a cultivated type by diasporaed
Indians in areas with suitable climates,
such as the south-east Asian archipelagos
and east Africa. In addition to the leaves,
there are various medicinal uses of M.
koenigii, and the small black berries are
edible. Essential oils are also sometimes
distilled. Murraya koenigii is a small
spreading shrub up to 2.5 m high. In south
Asia, it is found as an understorey plant up
to 1500 m elevation. In ex situ collections,
it seems fairly hardy and can be established
in the field in Florida and southern
California. For more information on M.
koenigii, the reader is referred to Parmar
and Kaushal (1982), Morton (1984) and
Joseph and Peter (1985).

Murraya is commonly found in ex situ
collections. However, commonly only a few
accessions of M. koenigii or M.
paniculata/M. exotica are maintained.
Because of the importance of M. koenigii,
there has been more horticultural character-
ization of this genus (or at least of M.
koenigii) than of most other Aurantioideae.
Murraya is reported to be graft compatible
with Citrus, but its reaction in this area is
not as well established as with some other
genera.

Merrillia

The monotypic genus Merrillia (M. caloxy-
lon) has some unique characteristics com-
pared to other genera in the Clauseneae.
Swingle (1918), in his original description
and naming, calls M. caloxylon ‘the most
aberrant of the citrus fruits’. Recent molec-
ular phylogeny work (Samuel et al., 2001)
suggests that Merrillia should be included
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in Murraya s.s. rather than being consid-
ered a separate species.

It is similar to Murraya but with some
unique flower and fruit characteristics. The
pale yellow-green flowers are the largest in
the Aurantioideae; however, they do not
open completely and thus become trumpet-
shaped. The oblong, yellow-green fruits are
also very large, with a thick, leathery,
lacunose epicarp and narrow, flattened,
hairy seeds. Merrillia caloxylon is an attrac-
tive plant in its floral characteristics and
wood; but the fruit is best described as
‘interesting’. Tree heights of over 30 m were
reported by Swingle (1943); this is much
larger than most other specimens. The
usual height is apparently half or less of the
30 m figure. 

Merrillia caloxylon is native to
Malaysia, where it is called ‘ketenggah’. It is
considered rare or at least endangered
(Jones, 1987, 1990; Stone and Jones, 1988).
In 1988, it had only been collected three
times in the wild since 1969 (Stone and
Jones, 1988). Because it is rare, Merrillia is
not encountered very often in ex situ col-
lections and has not been well character-
ized horticulturally (Table 4.3).

Conservation Status of Citrus Genetic
Resources

Citrus is one of the most ancient crop
species domesticated by humans. The long
history of selection and vegetative propaga-
tion has led to the perpetuation of ‘elite’
germplasm lines. This has often led to the
neglect and disappearance of progenitor
wild types. In addition, Citrus hybridizes
readily, and in many cases possesses nucel-
lar embryony. These factors can also reduce
genetic diversity. Consequently, ‘wild’
citrus are relatively rare, mostly existing as
scattered trees in remote areas rather than
as pure stands. Where ‘natural’ populations
are located, it is often difficult to determine
whether they represent wild ancestors or
are derived from naturalized forms of intro-
duced or selected varieties. 

Agricultural utilization of citrus has

involved a narrow range of genetic material,
making this a genetically vulnerable crop.
Genetic diversity in the centres of origin is
also threatened or severely threatened by
habitat loss caused by deforestation, popu-
lation pressure, fire, hydroelectric develop-
ment, clearance for agriculture or other
development, tourism, etc. (World Wide
Fund for Nature and International Union
for Conservation of Nature and Natural
Resources, 1994–1997). These factors may
be especially important in countries such as
India and China, which have rapidly
expanding populations coupled with rapid
economic/industrial development. This can
result in very rapid losses of habitat and
genetic diversity. This situation makes ex
situ conservation of genetic resources of
citrus and related genera imperative. This
statement is not meant to diminish the
importance of in situ conservation and
habitat preservation, but to put into per-
spective the very real potential for loss of
citrus genetic resources in situ.

Aurantioideae genera related to Citrus
are utilized much less frequently and there-
fore exist most often as ‘wild’ unselected
types. These 32 genera are mostly tropical
and of limited commercial importance.
Therefore, there has been less attention
focused upon them except by local inhabi-
tants. These areas are also often in danger of
habitat destruction, and therefore the threat
of losing genetic diversity is also present for
these genera, particularly since their repre-
sentation on ex situ collections is very lim-
ited.

Assessment of the genetic vulnerability
of any crop requires knowledge of the
extent and distribution of genetic diversity.
This is acquired by systematic sampling
and mapping of the flora of the geographical
areas in which the species in question are
found, as well as an assessment of ex situ
collections. Unfortunately, information on
natural and semi-natural Citrus and other
Aurantioideae germplasm is limited on the
international level. This is due to the
remoteness of some of the material, a lack of
resources devoted to assessing these areas,
and in a few instances political unrest or
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other unsettled conditions. In some cases,
information may be available at the local or
national level, but not to the international
genetic resource conservation community.

The information that is available is
often simply a catalogue (sometimes quite
old) of plants present in an area, with little
more than names and phenotypic descrip-
tions. Often even information on the fre-
quency of occurrence is lacking. More
detailed characterization and evaluation
data are needed to assess adequately the
actual amount of genetic diversity present.
These data should include both descriptive
phenotypic data and molecular genetic
analysis of germplasm existing both in situ
and ex situ (Albrigo et al., 1997; Gmitter et
al., 1999). 

The status of citrus genetic resources
and their conservation has been reviewed
by Reuther (1977), the International Board

for Plant Genetic Resources (1982), Albrigo
(1997, 2001) and Broadbent et al. (1999). A
limited amount of information is found in
Food and Agriculture Organization of the
United Nations (1996). Rouse (1988) and
Bettencourt et al. (1992) have summarized
the world citrus collection situation, identi-
fying major and minor citrus collections.
Outside of the centres of origin/diversity,
collections consist mostly of advanced
lines and commercial varieties. Large ex
situ citrus collections of this sort are found
in Argentina, Australia, Brazil, Corsica
(France), Morocco, New Zealand, South
Africa, Spain, Turkey and the USA. Some
of the larger collections contain many selec-
tions of the same variety, and so the genetic
diversity is less than might be expected
from the number of accessions. 

Specific information on the status of
citrus genetic resources in many countries

82 R.R. Krueger and L. Navarro

Table 4.4. Information sources for citrus germplasm status in various countries and areas.

Country or geographic area References

South East Asia Mehra and Sastrapodja, 1988; Jones, 1990; Verheij and Coronel, 1991;
Coronel, 1995; Osman et al., 1995; Saamin and Ko, 1997a, b; Hor et
al., 1999

Thailand Anupunt, 1999
Philippines Garces, 1999
Malaysia Santiago and Sarkawi, 1962; Allen, 1967; Jones, 1985, 1989, 1991;

Jones and Ghani, 1987; Saamin and Ko, 1997a, b; Ko, 1999
Vietnam Ca, 1999; Le et al., 1999
China Yin-min, 1985; Hu, 1989; Gmitter and Hu, 1989, 1990; Zhaomin, 1989;

Zhang et al., 1992; Xueqin, 1995; Zhusheng, 1997, 1999; Zhusheng et
al., 1996; Deng et al., 1997a, b; Weidong et al., 2000

India Bhattacharya and Dutta, 1956; Dutta, 1958; Singh, 1981; Singh, 1985;
Dass, 1990; Singh and Chadha, 1993; Chadha, 1995; Singh and Uma,
1995; Chadha and Singh, 1996; Rai et al., 1997a, b; Ghosh, 1999

Nepal Chaudhary, 1999
Japan Nishida et al., 1981; Iwamasa, 1988; Omura, 1996, 1997; Nito et al.,

1999
Australia Armstrong, 1975; Forsyth, 1988; Sykes, 1993, 1997, 1999; Mabberley,

1998
Spain Ortiz et al., 1988
Turkey Tuzcu, 2001
Cyprus Georgiou, 2001
Morocco El-Otmani et al., 1990
Latin America Anderson, 2001
Brazil Machado, 1997
USA Cameron, 1974; Reuther, 1988



and geographical areas is available from
various sources, as referenced in Table 4.4.
There is undoubtedly more information
available in governmental or non-govern-
mental organization (NGO) offices in some
countries, but this is not generally available
to the public. Table 4.4 includes informa-
tion on countries that have only ex situ col-
lections, as well as countries having in situ
resources. These ex situ collections may
maintain elite lines, undeveloped material
or both. In addition, they may contain
breeding lines, synthetic hybrids and
related genera. All these are sources of
genetic material for the breeder or biotech-
nologist. The following brief comments
summarize some of the information from
the sources in Table 4.4, with an emphasis
on areas near the centre of origin. 

Southern PR China is one of the centres
of diversity for Citrus and related genera
and a wide range of genetic diversity is
apparently still present in situ. However,
some (though not all) areas are threatened
with habitat degradation or lack of proper
management that could result in decreases
in genetic diversity. In PR China, explo-
ration and collection of indigenous citrus
genetic resources began in the 1950s and
1960s, but was interrupted by the Cultural
Revolution of 1967–1972. Governmental
surveys resumed during the 1970s and
1980s and uncovered a number of new
putative species, including Citrus
hongheensis, C. mangshanensis, C. daoxia-
nensis and Poncirus polyandra. These puta-
tive new species are mostly incompletely
known outside of PR China. Areas that have
been explored include Guangxi district,
Guangzi province; Shennon Jia, Hubei
province; Sichuan, Gansu and Shanxi
provinces; Hainan Island and Tibet. There
are also a number of indigenous
Aurantioideae in southern China. There is
exploitation (use) of indigenous germplasm
and some attempts at in situ preservation
have been made. However, conservation of
citrus genetic resources in PR China is
mostly ex situ at present. Beginning in the
early 1960s, a National Citrus Germplasm
Repository was established at Beibei,

Chongqing, Sichuan province. This is a
large collection with over 1000 accessions.
Regional citrus germplasm repositories
were also established in Huangyan,
Zhejiang province; Guiling, Guangxi
province; Zhangsa, Hunan province;
Guangzhou, Guangdong province; Jiangjin,
Sichuan province; Wuzhung province and
Hubei province. The exact composition of
these collections is mostly unknown out-
side PR China, but a high percentage is
indigenous germplasm and undoubtedly
represents a substantial amount of diver-
sity, although some of the germplasm,
indigenous and otherwise, consists of
advanced lines or selections. The acces-
sions at the repositories have had a limited
amount of characterization and evaluation
done on them. There have apparently been
some difficulties in maintenance owing to
such factors as lack of funds, disease and
weather (freezes and floods). Recently the
Chinese government has provided
increased resources for the support of the
Beibei collection and it is again in a stable
condition. The Beibei collection currently
has slightly over 1000 accessions, including
296 local selections and 116 wild selec-
tions. Huazhong Agricultural University
maintains collections of 280 accessions in
vivo and 110 accessions in vitro (X.X. Deng,
personal communication, 2007). Regional
Citrus Research Institutes in Shantou,
Guangdong; Ichang, Hubei; Thouyang,
Hunan; Ganzhou, Jianxi; Yuchi, Yunnan
and Wu, Jiangsu maintain small amounts of
citrus germplasm, as do botanic gardens
such as Xithanbanna and Guanzhon.

In India, the north-east region is the
centre of origin/diversity. Unfortunately,
this region has sometimes experienced civil
unrest, making evaluation of genetic diver-
sity and plant exploration difficult. There
are apparently a few stands of ‘wild’ citrus
in these areas, but many of the ‘wild’ popu-
lations apparently consist of dooryard
plantings. A long history of cultivation and
selection has produced many
genotypes/landraces, which are difficult to
separate from ‘wild’ citrus. Still, a wide
range of genetic diversity undoubtedly
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exists in these areas. There is an in situ gene
sanctuary for citrus in the Garo Hills of the
north-east, which is a field gene bank
reported to have over 600 accessions. Other
regions of diversity include the central and
northwest Himalayas, Maharashtra and the
southern peninsula. Ex situ conservation of
citrus germplasm began in the 1950s in
India, and there are now collections at eight
sites (Chetalli, Bangalore, Rahuri, Tirupati,
Abohar, Bhatinda, Yercaud and New
Delhi), with smaller collections at 14 addi-
tional sites (Akola, Barapani, Birouli,
Hessaraghatta, Katol, Ludhiana, Nurpur,
Parbhani, Pantnagar, Pedong, Periyakulam,
Sirmour, Srirampur and Tinsukia). Total
accessions are probably in the neighbour-
hood of 600 accessions. The ex situ collec-
tions in India are mostly of rootstock
varieties and a few local cultivars, repre-
senting less genetic diversity than might be
expected. Many of the indigenous types
described in historical accounts such as
Bonavia (1890) and later works such as
those of Bhattacharya and Dutta (1956) and
Dutta (1958) are apparently not in any of
the collections. As in China, there are
apparently problems with the maintenance
of these collections. The intention of the
Indian government is to concentrate acces-
sions from the various collections at the
National Research Centre for Citrus in
Nagpur and/or at regional research centres
at Bangalore Tirupati (south),
Ludhiana/Abohar (north), Rahuri (central),
and Shillong and Assam (north-east).

South-east Asia (including Malaysia) is
rich in indigenous germplasm and, with
chance seedlings, semi-wild and wild
types. Most indigenous types of citrus are
grown in the hot lowlands. One species (C.
halimii) is still found wild in the highlands,
while the majority of the others are culti-
vated. Some introduced Aurantioideae
species (e.g. Aegle marmelos and Limonia
acidissima) have become naturalized. This
genetic diversity is threatened by deforesta-
tion, development and disease. In
1983–1988, IBPGR coordinated four collect-
ing missions to Thailand, Malaysia,
Indonesia and Brunei. The materials are

maintained in Japan, the organizer of the
missions. There are four collections in
Malaysia, the main one being the
University of Malaya (Rimba Ilmu)
Botanical Garden. This was established at
the request of IBPGR in 1986. Other
Malaysian collections at Jerangau Station,
Trengganu, Kuala Kangsar and Cameron
Highlands are maintained by the Malaysian
Agricultural Research and Development
Institute. There are also some in situ con-
servation efforts, such as at the Taman
Negara National Park in Pahang and the
Danum Valley in Sabah. There are appar-
ently three collections in Thailand with
over 500 total accessions. The most impor-
tant are Phichit Horticultural Research
Center, which has a collection of mostly
native pummelos; and Nan Horticultural
Research Station, which has approximately
70 accessions of mandarins, sweet oranges
and citrus relatives, of which approxi-
mately 25% are native. In the Philippines,
the main collection of citrus genetic
resources is maintained by the national
Plant Genetic Resources Laboratory of the
Institute for Plant Breeding in Los Baños,
and consists mostly of commercial and
imported varieties; there are said to be two
other collections with slightly over 100
accessions. There are also three collections
in Indonesia (~500 accessions) and at least
two in Vietnam (National Institute of
Agricultural Science and Technology and
Phu Ho Fruit Research Center), which con-
tain materials collected by an IBPGR-spon-
sored programme in 1992.

Asia’s largest collections, outside of the
centres of origin discussed above, are in
Japan. Citrus entered Japan in ancient times,
compared with its appearance in countries
farther away from the centres of origin, and
some types became semi-naturalized. There
is a limited amount of in situ preservation of
these naturalized types but, as in other
areas, development is a threat. The Fruit
Tree Research Stations in Tsukuba, Okitsu
and Kuchinotsu have large collections that
have a number of citrus relatives. Total
accessions were said to be over 1200 in
1996. Of interest are the large numbers of
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mandarin types, especially satsumas. There
are also three other collections of citrus
germplasm in Nagasaki, Kagoshima and
Okinawa. Japan has been active in collect-
ing in South-east Asia (see above), Nepal
(1983–1985) and Vietnam (1996) in IBPGR-
coordinated cooperative programmes.
Accessions collected from these ventures
are maintained in Japan.

Australia has several ex situ collections
maintained by State Government
Departments of Primary Industries and the
Commonwealth Scientific and Industrial
Research Organization (CSIRO) that consist
primarily of cultivated types. However, this
island country is the centre of origin for
several related genera (most notably
Eremocitrus and Microcitrus), that are
included in the collections, as well as in
certain botanic gardens (e.g. Royal Botanic
Garden, Sydney, and Brisbane Botanic
Gardens) and arboreta (e.g. Waite Research
Institute, University of Adelaide
Arboretum). Also of interest are hybrids of
these native types. 

The situation with the related
Aurantioideae genera is less well known,
particularly from outside the
southern/south-east Asian region. Although
these genera are sometimes repre-
sented in collections, there is little informa-
tion available about their status in situ.
However, as many of them originated in
countries which are currently rapidly
developing, experiencing population
growth and pressure, or being bothered
with civil unrest, it is probable that at least
some native populations exist in habitats
which may be threatened. These factors
also make assessment of the situation diffi-
cult.

Overall, the genetic diversity of Citrus
and related Aurantioideae is vulnerable.
Habitat loss is common in areas in which
these plants are endemic, and eco-geo-
graphic assessments of these areas are often
lacking. Although some efforts are being
made in the areas of in situ and ex situ con-
servation, it is probable that there has been
considerable genetic erosion for these
species. Due to the lack of eco-geographic

information, as well as characterization and
evaluation data from the ex situ collections,
it is impossible to say to what extent this
erosion has occurred. It is imperative that
more resources be devoted to these areas in
the future.

Due to these factors, it has recently
become evident that more intensive interac-
tions and coordination between the various
entities dealing with citrus germplasm con-
servation is necessary (Albrigo, 1999;
Ramanatha Rao and Arora, 1999). A pro-
posal to establish a global network on citrus
genetic resources conservation and utiliza-
tion was recommended during the meeting
of the FAO Intergovernmental Group on
Citrus in April 1996. Accordingly, this pro-
posal was followed up and further elabo-
rated during the Symposium on the
Conservation of Genetic Resources of Citrus
and its Relatives, held in South Africa in
May 1996, where the major technical issues
to be addressed by a global cooperative pro-
gramme were analysed (Albrigo, 1997). 

The Global Citrus Germplasm Network
(GCGN) was formally constituted under the
aegis of the FAO. The GCGN will function
on a voluntary basis and will involve
national institutions as well as existing
regional and inter-regional networks deal-
ing with citrus genetic resources conserva-
tion and utilization (Global Citrus
Germplasm Network, 1998). It will serve to
link different initiatives in different parts of
the world dealing with citrus genetic
resources exploration, conservation and
utilization. The GCGN will also play a role
in harmonizing and strengthening ongoing
networking initiatives that are dealing with
citrus germplasm conservation and utiliza-
tion, and in promoting new undertakings in
different regions of the world. The existing
regional and inter-regional citrus networks
(IACNET (Americas), MECINET (Medi-
terranean region)) and those under consti-
tution (Asia-Pacific and sub-Saharan
Africa) will participate in the GCGN. The
Global Network will be guided by a
Coordinating Board chaired by the General
Coordinator of the Network, and will
include the coordinators of the technical
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working groups and representatives of
the different regional and inter-regional
citrus networks. More information is
available in Broadbent et al. (1999), Global
Citrus Germplasm Network (1998),
Albrigo (2001), and on the Internet
(<http://www.lal.ufl.edu/CONGRESS/Gcgn
rept.html>). It is hoped that this sort of
international cooperation will increase the
efficiency of citrus genetic resource conser-
vation efforts.

Conservation of Citrus Germplasm

Although conservation of citrus genetic
resources in situ is valuable and extremely
important, conservation ex situ is vital for
the utilization of these resources by breed-
ers, horticulturists, phytopathologists, etc.
The establishment of ex situ collections of
citrus germplasm permits the efficient
maintenance of appropriate amounts of
specific true-to-type, (potentially)
pathogen-tested varieties. 

The composition of ex situ collections
of citrus genetic resources varies with the
mission of the collection. Some collections
consist solely of commercial varieties,
which provide propagative material to
growers. Varieties maintained in these col-
lections may be pathogen tested and uti-
lized in a certification programme, or they
may simply be trees of local varieties. These
collections cannot be strictly considered as
germplasm banks since they have very little
variability and their objective is not the
conservation of genetic resources. Other
collections have the specific mission of
conserving genetic resources. These collec-
tions also include non-commercial types of
Citrus for utilization in agricultural
research, as well as other genera or species
within the Rutaceae (generally within the
Aurantioideae).

This section reviews some concepts in
the management of citrus ex situ collec-
tions. Some general information regarding
conservation of the so-called ‘clonal’ crops
(at least as practised in the USA) was
reviewed some time ago by Westwood

(1989). However, as with many other
aspects of citriculture, management of
citrus genetic resources differs from that of
most other crops, including other clonals.
The intent of this section is to provide an
overview with general information on man-
agement of citrus germplasm resources. An
in-depth discussion of the many subjects
involved in citrus germplasm resource
management is beyond the scope of this
chapter. Due to the focus of this book, more
information will be provided in the areas
utilizing biotechnological techniques.
Other areas will be discussed and some
general references provided. 

Much of this section is based upon the
collections with which the authors are most
familiar, the USDA-ARS National Clonal
Germplasm Repository for Citrus and Dates
(NCGRCD)/UCR Citrus Variety Collection at
the University of California, Riverside, and
the Citrus Germplasm Bank of the Instituto
Valenciano de Investigaciones Agrarias
(IVIA) in Moncada, Valencia, Spain. Some
aspects of the Repository’s functioning
have been described by Krueger (1997a, b,
1999) and Williams (1991, 1992a, b); more
information about the IVIA germplasm
bank can be found in Navarro (1976),
Navarro et al. (1980, 1981, 1988, 2002), and
at the webpage <http://ivia.es/deps/
biot/germop.htm >.

Overview of citrus genetic resource
conservation

Conservation of citrus genetic resources
may be thought of as a series of six main
steps, not all of which are mutually exclu-
sive or in strict sequence: acquisition; intro-
duction; maintenance; characterization and
evaluation; documentation and databases
and utilization. The basic relationships
between these various steps are shown in
Fig. 4.1. 

In order to establish a collection of ex
situ citrus genetic resources, acquisition of
germplasm resources is necessary. This can
occur by plant exploration in an area of
genetic diversity; by selection of cultivated
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or new genotypes originating in an area; or
by exchange of germplasm between cooper-
ating persons, programmes or agencies.
Introduction of germplasm into a
germplasm bank has the attendant risk of
also introducing exotic pests or pathogens
for the area where the germplasm bank is
located. If germplasm is introduced from
another country, the importation may be
regulated by a phytosanitary legislation that
could include a mandated quarantine
system to protect the phytosanitary health
of a country, crop or industry. Even when
the germplasm is acquired from within the
country where the bank is located, it is
advisable to apply therapy methods in
order to introduce only healthy plant mate-
rial, thus avoiding the presence of

pathogens that may cause the loss of geno-
types and/or interfere with their evaluation
and utilization. 

After introduction, citrus germplasm is
maintained in various types of collections
in order to conserve it and to make avail-
able propagative or other type of material
for distribution and utilization. Efficient
utilization is based upon thorough charac-
terization and evaluation of pertinent traits.
Adequate documentation (nowadays usu-
ally in a database) of the germplasm, its
provenance and its characteristics is neces-
sary for these activities. Because citrus
germplasm is generally maintained as
living trees, it is appropriate to have back-
up collections or plantings. Ideally, long-
term preservation of a base collection of
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citrus germplasm as a back-up to the active
or working collection is desirable.

Acquisition of citrus germplasm

The first step in the acquisition of citrus
germplasm is the identification of the source
of the desired genotypes, either domesti-
cally or in a foreign country. In this last
case, it will be necessary to satisfy legal and
political requirements for its introduction,
including possible property rights according
to international agreements on germplasm
exchange. In addition, the phytosanitary
and/or quarantine regulations must be met
during the following introduction phase. 

Identification of citrus germplasm for
introduction as new accessions may occur
by several means. When a particular type of
citrus germplasm is maintained by govern-
mental or academic researchers or institu-
tions, its existence is often public
knowledge. This does not necessarily imply
that its existence is widely known, but
rather that it is knowable. That statement is
meant to contrast the existence of citrus
genetic resources in collections (both ex
situ and in situ) with those that might be
found in the wild or under local cultiva-
tion. In the latter circumstances, the exact
nature of citrus genetic resources may be
known only in very general terms or poten-
tially not at all. This is particularly true for
areas in which there may be civil unrest or
political instability. New and interesting
citrus germplasm may also originate by
spontaneous budsport mutations in the
field.

Citrus germplasm in governmentally or
academically maintained collections
should be well documented as to its back-
ground, availability, disease status and
other pertinent facts. Unfortunately, this is
not the case in many instances, particularly
when a collection has its beginnings in the
remote past. The germplasm and its charac-
teristics, use, etc. may be discussed at sci-
entific meetings, during exchange
programmes, in correspondence and other
similar professional activities. The same is

true of commercial plantings. The public
nature of information concerning these
types of citrus germplasm makes identifica-
tion of useful new accessions a matter of the
citriculturist keeping up with events in
their field. Obviously, a single individual
cannot know of the existence of all types of
germplasm. However, an informed
researcher will make an attempt to know in
general terms of the existence of these
resources and will utilize their network of
professional contacts to broaden the range
of materials with which they are
acquainted.

Acquisition of genetic resources from
established persons, organizations or enti-
ties is termed exchange. There is an impli-
cation here of free exchange; however, this
is becoming less clear-cut in recent years
due to the political factors discussed previ-
ously. There have always been legal
requirements in germplasm exchange as far
as obtaining the necessary permissions,
appropriate permits or licences, payment to
donors or governmental entities, etc.
However, the political factors noted have
complicated matters further, and exchange
of genetic materials is becoming less free in
general than it has been in the past. In many
instances, special permission, a Material
Transfer Agreement spelling out conditions
of use, or other documents must be signed
and adhered to where in the past materials
were sent freely and could be used without
restriction. These requirements are some-
times complicated and may interfere with
the acquisition of genetic resources.
However, the laws of the countries ‘owning’
the genetic resources must be adhered to.
An in-depth discussion of these ever-
changing issues is beyond the scope of this
review, but up-to-date information is avail-
able at the IPGRI website
(<http://www.ipgri.cgiar.org/>).

Acquisition of citrus genetic resources
in a foreign country from wild populations
or local plantings owned by indigenous
groups is more complicated. As stated, it is
often difficult or impossible to determine the
nature of the genetic resources present in an
area. Sometimes information is found in gov-
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ernmental surveys, flora and other writings.
However, these are often not available to
researchers from outside the country or, in
some cases, outside the immediate area. In
this case, it is valuable to have cooperators in
the ‘exporting’ country or region who can
help identify the potential resources. In
some cases, the existence of wild popula-
tions is not known to the government or to
scientists but only to local inhabitants, and
identification of genetic resources in an area
becomes almost a matter of serendipity. This
is the case in countries such as China and
India, where ex situ collections are main-
tained but remote sources of uncollected
germplasm may still exist.

When genetic resources are to be
acquired by plant exploration in a foreign
country, it is perhaps even more important
to adhere rigidly to whatever guidelines are
applicable. It is advisable to secure permis-
sion to collect plants from the local author-
ities as well as from established
governments. Guidance on some of these
issues, along with information on the exten-
sive planning necessary for a plant collect-
ing expedition, are available in Guarino et
al. (1995). The remoteness of some desir-
able types of germplasm also complicates
the physical act of acquiring new materials.
This is especially true of germplasm that is
often best obtained as perishable vegetative
material (i.e. budwood), as is often desir-
able with Citrus and related taxa.

Form of propagative material

Citrus germplasm has usually been
acquired as either budwood or seed. There
are advantages and disadvantages to both
forms, and there are often different phy-
tosanitary legal requirements for the intro-
duction from other countries of seed as
compared with budwood. Recently it has
been possible in special cases to exchange
citrus germplasm as nucellar embryogenic
callus cultured in vitro.

Budwood is in many cases the pre-
ferred form for exchange. Budwood will be
true to type and will not have juvenile char-
acteristics associated with it. However,

citrus budwood potentially harbours pests
and graft-transmissible pathogens.
Therefore, the risk of introducing exotic
pests and diseases is much greater with
budwood than with seeds. Consequently,
introduction of budwood is highly regu-
lated, and often an extensive, expensive
and time consuming post-entry quarantine
process is legally required (Frison and
Taher, 1991). This may limit the introduc-
tion of new germplasm. This is particularly
true in the case of monoembryonic types,
which will not come true to type from seed,
and for elite varieties or types with unique
characteristics, which are best acquired as
budwood.

Introduction of new citrus germplasm
by seeds is simpler from the phytosanitary
standpoint, since systemic seed-borne dis-
eases of citrus are very rare (Garnsey, 1999;
Timmer et al., 2000). (In addition to the old
reports on psorosis transmission through
seeds (Childs and Johnson, 1966), there
have been recent reports of seed transmis-
sion of citrus leaf blotch virus (Guerri et al.,
2004) and citrus variegated chlorosis (Li et
al., 2003).) However, the extended juvenil-
ity period of seed-introduced material
delays and complicates the use of acces-
sions introduced in this form. In addition,
monoembryonic types, including the basic
species of citron and pummelo, several
mandarin types and most species of related
genera, will not come true to type.
However, if the goal of an introduction is to
increase the amount of genetic diversity
present in a collection rather than a specific
type, this may be acceptable. Even polyem-
bryonic types may have off-types present
that must be carefully rouged. Recently, it
has been possible to identify nucellar
seedlings using molecular markers (Ruiz et
al., 2000; Krueger and Roose, 2003; Krueger
et al., 2003). However, this is somewhat
complicated and may be beyond the
resources available to some programmes.

Citrus germplasm can also be
exchanged in the form of embryogenic
nucellar callus that can be recovered by
ovule culture in vitro (Button and Bornman,
1971; Kobayashi et al., 1983; Grosser and
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Gmitter, 1990; Pérez et al., 1998, 1999).
This type of material has the advantage of
being free of pests and diseases. Another
advantage is that it can be used directly for
breeding through protoplast fusion (Grosser
et al., 2000; Olivares-Fuster et al., 2000) or
genetic transformation (Fleming et al.,
2000). The disadvantage is that recovered
plants have juvenile characters and that
tissue culture laboratory facilities are
needed for exchange. 

Minimizing phytosanitary risks in the
collection and shipping of citrus germplasm

All possible measures should be taken to
avoid collecting propagative material that is
infested with pests or pathogens, either if
selected in the country or imported from
other areas. This is not always possible,
particularly when collecting material from
wild populations or when relying on a col-
laborator who may or may not be able to
comply with this concept. However, as far
as possible, this principle should be
adhered to.

If possible, germplasm should be
obtained from a ‘healthy collection’. If this
is not possible, material should be obtained
from the area with the lowest phytosanitary
risk. When possible, source trees should be
identified to allow future observation. If
maintained in a formal collection, any infor-
mation on the disease status or pathogen
testing of the trees should be documented,
as well as the prevalence of pests and dis-
eases. Germplasm should not be collected
from high risk areas: areas with diseases for
which no indexing procedures are available;
areas where background information on
donor trees is lacking or very limited; areas
with diseases of high economic threat; and
areas with diseases that are known or sus-
pected to be vector transmitted.

When collecting citrus seeds, sound,
healthy appearing, true-to-type fruit should
be collected from parts of the tree more than
1 m above the ground. The seeds should be
extracted from the fruit and treated if nec-
essary to remove the pulp from the seed,
and then surface sterilized. When collect-

ing citrus budwood, collecting tools should
be sterilized by dipping in a dilute solution
of sodium hypochlorite between each tree
from which budwood is collected.
Budwood should be labelled, packed in
plastic bags and maintained at 25˚C or
lower until it can be further processed. The
budwood should be rinsed, surface steril-
ized, re-rinsed, and air- or towel-dried com-
pletely. If possible, the budwood should be
dipped in a solution containing a fungicide,
insecticide and miticide. The ends of the
budsticks or the entire stick can be dipped
in melted paraffin wax to help reduce des-
iccation. It is important that both budwood
and seeds be completely dry before packag-
ing or storing.

Movement of citrus germplasm

Acquisition of citrus germplasm involves
movement from one location to another. In
a few instances, the distances involved may
be short, but often the movements are inter-
national in nature. Germplasm may be
shipped by several different means, or hand
carried if possible. It is important to take all
possible measures to prevent deterioration
or loss of propagative materials during tran-
sit. This is particularly true of budwood,
but seeds are also vulnerable to deteriora-
tion. Some of the phytosanitary considera-
tions in this area are discussed in a later
section.

Citrus budwood deteriorates rapidly at
even moderately warm temperatures.
Therefore, after collection (whether from an
ex situ collection or from the wild), citrus
germplasm should be stored if possible at
refrigerator temperature (3–5˚C) prior to
packaging and shipment. If this tempera-
ture is for some reason unobtainable, the
germplasm should be kept at as low a tem-
perature as possible under the circum-
stances. Contamination from pathogenic
organisms can also result in the deteriora-
tion of budwood, and for this reason it is
important to maintain as high a state of
cleanliness as possible. Generally it is
desirable to pack budwood in sealed bags
within a sturdier container, such as card-
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board boxes. The budwood should be kept
as cool as possible by using insulated con-
tainers, ‘blue ice’ or other appropriate
means.

Citrus seeds are less prone to deteriora-
tion than budwood. Their lower sensitivity
to temperature makes shipping seeds less
complicated than shipping budwood. Seeds
should be stored at 3–5˚C after surface ster-
ilization. They can then be taken from stor-
age and shipped immediately or after a
short period of drying (to remove surface
moisture from condensation during stor-
age). Citrus seeds can generally be success-
fully shipped in an envelope or padded
envelope at ambient temperature. When
transit times are long, it may be a good idea
to use an insulated container. Maintaining a
low temperature whenever possible is
advisable but is not as critical as it is for
budwood.

Citrus germplasm should be packaged
with permanent identification labels or
tags, the package should be marked to indi-
cate that plant material is enclosed, and
required documents should be included in
the package (see below). Citrus germplasm
should be shipped as soon as possible after
packaging, using the most rapid and reli-
able form of transport available. Clear
instructions should be given to the carrier
to avoid exposure to extremes of tempera-
ture. The receiver (both the consignee and
any relevant inspection stations) should be
notified in advance of all shipping details.

In some cases, such as collecting
germplasm in the wild, it is not possible to
adhere to all appropriate packaging and
shipping concepts. However, the closer that
it is possible to adhere to these concepts,
the greater the chance that the citrus prop-
agative materials will arrive at their desti-
nation in a viable condition.

All required documentation should be
included in the shipping container. In some
cases, it is required that permits and other
documents be affixed to the outside of the
container. Required documentation will
vary with the regulations of the importing
country or political subdivision thereof. In
some cases, no legal documents may be

required. However, movement of citrus
between countries (and sometimes between
political subdivisions within a country) is,
in general, highly regulated. In fact, citrus is
one of the most highly regulated crops in
regards to restrictions on its free movement.
Usually, at a minimum, a phytosanitary cer-
tificate is required. In many cases, an
import permit issued by the importing
country or a political subdivision is
required. In some cases, these imports spell
out specific requirements that must be sat-
isfied before the citrus germplasm is
allowed in. These requirements may be
either pre-entry or post-entry. Pre-entry
requirements may include cutting material
from pathogen-tested stock, area freedom
from a particular pest or disease, specific
testing results, pesticide treatment, etc.
Post-entry requirements may include a spe-
cific quarantine protocol or test, establish-
ment in an isolated area for observation,
etc. In addition to the required legal docu-
ments, germplasm movements should
include identification, passport data and
other information required or useful to the
consignee or end-user.

Introduction of citrus germplasm

Phytosanitary considerations play a very
important role in the conservation of citrus
genetic resources since in the majority of
cases they determine how new accessions
can be introduced in a germplasm bank and
also have a strong influence in their man-
agement and utilization. Of all the tree and
fruit crops of the world, citrus is affected by
the greatest number of graft-transmissible
pathogens in addition to pathogenic fungi
and bacteria and pests. These graft-trans-
missible pathogens can debilitate trees and
devastate industries, due to their virulent
nature and transmission by use of infected
budwood for propagation, mechanical
transmission and insect vectors. 

In the 1930s, the viral nature of psoro-
sis was demonstrated by Dr Howard S.
Fawcett, the father of citrus plant pathol-
ogy, and soon thereafter many other impor-

Citrus Germplasm Resources 91



tant diseases of citrus were shown to be
caused by viruses. Since those early years,
many if not the most important graft-trans-
missible diseases of citrus have been estab-
lished as being caused by viruses, viroids,
mycoplasmas or bacteria. However, the
causal agents of some diseases of quaran-
tine significance of citrus have not yet been
established. New diseases of citrus caused
by graft-transmissible agents are occasion-
ally reported, as are the causal agents of
conditions previously thought to be genetic
or physiological. 

Citrus is native to the southern/South-
east Asia region of India, China and sur-
rounding areas. It has spread outward from
this centre of origin for many centuries as
seed, budwood or small plants. For most of
this period, there were no restrictions upon
movement of propagative materials, and,
along with the citrus material, pathogens
and some of their vectors were undoubtedly
moved to different parts of the world in
which they had not been previously estab-
lished. In addition, new severe diseases
have appeared in several countries that are
not present in the areas of origin.

Graft-transmissible pathogens and cer-
tain other plant pathogens of quarantine
significance are unable to move on their
own, and are not spread by environmental
factors. Their dispersal is primarily by
humans or insects. Humans may knowingly
or unknowingly spread these pathogens by
movement of plant parts. The pathogens
may be moved inadvertently in the course
of normal trade, travel or scientific
exchange. This may occur either directly
(i.e. in plant parts) or indirectly (i.e. in an
insect contaminating a shipment of com-
modity). Once moved to a new area, these
plant pathogens may infect previously
uninfected plants through human activities
(e.g. propagation with infected materials) or
insects. Under appropriate conditions,
these pathogens can become established as
endemic diseases and in some cases may
cause epidemics of plant diseases.

Accidental introduction of pathogen-
infected citrus budwood can have cata-
strophic consequences. For instance, prior

to the 1920s, the citrus industries of
Argentina and Brazil flourished despite the
use of tristeza-susceptible rootstocks.
However, 20 years after tristeza-infected
nursery stock was imported from South
Africa and Australia, 20 million trees had
perished. Another example is the case of
Spain, where tristeza was probably intro-
duced in the 1930s with nursery trees of
navel oranges imported from California; up
to now, the disease has killed over 40 mil-
lion trees grafted on sour orange (Cambra et
al., 2000). These and similar catastrophes
led to restrictions on the movement of
citrus propagative materials and the estab-
lishment of quarantines and other regula-
tions controlling the movement and
propagation of citrus. 

The risk of introductions of previously
unestablished pests and pathogens is mini-
mized by completely prohibiting introduc-
tion of the pest or pathogen either directly
or indirectly. However, when regulatory
agencies have considered the benefits of
accepting new material into a country, they
may allow the entrance of materials under
an approved series of safeguards designed
to minimize the risk of introducing exotic
pests and pathogens. This generally applies
to an introduction of limited amounts of
material, initially for research purposes and
only later released to the general public.
The risks associated with large-scale com-
mercial importations are unacceptably high
in most instances. 

In general terms, the steps usually
taken to prevent introduction of exotic
pests and pathogens include regulation of
importations which may result in the intro-
duction of an exotic pest or pathogen; for-
eign certification of materials before entry;
post-entry inspection by domestic plant
health authorities; and in some cases post-
entry quarantine. Some general information
on issues pertinent to quarantine has been
reviewed recently by Foster and Hadidi
(1998), Frison and Diekmann (1998) and
Kahn (1999a, b).

As a consequence of these safeguards,
introduction of new accessions from other
countries to a germplasm bank often has to
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be done through post-entry quarantine sta-
tions, which are usually operated by agen-
cies different from those operating the gene
banks. This may pose important limitations
to the germplasm bank’s ability to acquire
new germplasm. There are only a few coun-
tries in which the quarantine facilities are
located in the germplasm banks. In these
cases, it is much easier to schedule the
importation of new germplasm from other
countries. A few countries have post-entry
quarantine stations for citrus that do not
have any direct relationship with the
germplasm banks, e.g. Australia, Brazil,
Japan and New Zealand. These programmes
are generally concerned more with importa-
tion of commercial varieties than with
germplasm per se.

Citrus propagative material is highly
regulated as compared with propagative
material of most other crops. Generally,
citrus and other commodities carrying sim-
ilar risks require import permits that spell
out the requirements for accepting new
material and for releasing it. Phytosanitary
certifications are usually required or pre-
ferred. Post-entry inspection is generally
required. Some general aspects for the safe
introduction of citrus propagative materials
from other countries are found in
Broadbent (1999), Frison and Diekmann
(1999), Frison and Taher (1989), Knorr
(1977), Lee et al. (1999), Roistacher (1977),
Roistacher et al. (1977), Lee et al. (1999),
Navarro (1992, 1993), and Navarro et al.
(1984a, 1991).

In some countries without post-entry
quarantine stations, budwood not known to
be virus free is completely prohibited from
entering a country. Therefore, the mainte-
nance of pathogen-free materials is critical
not only for phytosanitary health, but also
to make possible or facilitate exchange of
citrus germplasm. In any case, pathogen-
free budwood is highly desirable for
exchange as compared with budwood of
unknown disease status. This situation
complicates the exchange of germ-
plasm and has led to the establishment of
different collections around the world,
since needed germplasm would not be

readily available from a single source. In
some instances, importing countries allow
the importation of citrus germplasm
from programmes which are recognized
by the importing country as maintaining
high-quality, pathogen-tested, usually
protected collections. In these cases, there
is usually a periodic review of the
programme and re-certification (or de-
certification).

A brief comment should be made
regarding scientific exchange of plant mate-
rial or germplasm. Although it may seem
that this sort of exchange would be less
likely to result in the introduction of exotic
pathogens than would commercial importa-
tions, this is not necessarily the case. It is
unlikely that an exotic virus of citrus would
be introduced on a shipment of fruit
(although pests and other types of
pathogens might be). However, most citrus
pathogens of quarantine significance are
graft transmissible in budwood, which is
the preferred medium of exchange for
research purposes in most instances. In the
USA, introductions of budwood through
approved channels for scientific research
were routinely contaminated. During the
period 1954–1966, 70% of budwood enter-
ing California was infected (Roistacher and
Nauer, 1968), and from 1968 to 1978, 100%
of the budwood entering the USA was
infected (Kahn et al., 1979); overall from
1958 through 1993, 65% of the budwood
entering the USA was infected
(Waterworth, 1993). Although the percent-
age of introduced budwood that is infected
has decreased somewhat as knowledge of
these diseases has increased and more
clean stock programmes have been estab-
lished, the threat of introduced budwood
harbouring pathogens is still very real. 

Scientists shipping plant germplasm to
other scientists may be expected to be more
aware of potential phytosanitary issues
than commercial interests, but there are
times when these issues may not be com-
pletely known. There is also a risk when
exchanging cultures of pathogens, and in
exchanging insects that may harbour
viruses. Although generally there are regu-
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lations regarding handling of these types of
materials both pre- and post-entry, no
system is perfect. For scientists, there is a
higher standard for careful and safe intro-
ductions of plant material than there is for
the general public. 

Introduction of accessions from other
countries: the quarantine process

There are two different concepts for citrus
quarantine procedures. The classical
approach involves propagation of imported
material, followed by observations and
indexing for the presence of pests and
pathogens; infected material can be
destroyed or subject to a therapy proce-
dure. The biotechnology-based approach
(Navarro et al., 1984a, 1991) involves cul-
turing in vitro the imported budwood, the
recovery of plants by shoot-tip grafting in
vitro, and observations and indexing for the
presence of pests and pathogens. This tech-
nique is covered in detail in Chapter 17.
The material is released from quarantine
only when no pests and pathogens are pres-
ent. This sometimes involves repeated
cycles of testing, therapy and re-testing.
It is important to note that the concept
of ‘releasing’ also includes the planting
of the imported material in the field collec-
tion of the germplasm bank. Citrus seeds
are not quarantine items in the USA and
Spain. Although usually not strictly
required from a regulatory standpoint,
accessions received as seed are in some
cases also routinely pathogen tested before
release.

Introduction of new accessions from the same
country: sanitation 

Usually there are no legal restrictions on
the introduction of new accessions from the
same country where the germplasm bank is
located. However, an uncontrolled intro-
duction of pathogen-infected accessions
may cause serious problems for the man-
agement, characterization, evaluation and
utilization of the genotypes included in the
repository. To avoid these problems, it is

advisable that all materials introduced from
the same country will be subject in
germplasm bank facilities to a sanitation
programme for pathogen elimination
(Navarro, 1993). Even if there are no regula-
tions for within-country movement of prop-
agative material, sometimes the risk of
introducing new severe pathogens in the
areas where the collection is located, or
new and more severe strains of existing
pathogens, is even higher with local mate-
rial than with imported material. This is the
case in countries or areas with severe
endemic diseases. In some cases, obtaining
propagative materials from a reliable source
of pathogen-tested material outside the
country would result in less risk than
obtaining material from within the country.
For these reasons, and despite the higher
cost, some citrus germplasm banks, like
those of the USDA-ARS and IVIA, have
among their objectives to maintain only
healthy genotypes, even for those acces-
sions selected in the country.

Quarantine and sanitation technology:
pathogen elimination

The quarantine and sanitation programmes
share practically the same technical needs
and facilities. The relationships between
these various areas of plant health are dia-
grammed in Fig. 4.2. The two main areas
are pathogen testing (see following section)
and pathogen elimination.

Pathogens can be eliminated from
citrus by nucellar embryony in vivo or in
vitro (Weathers and Calavan, 1959; Navarro
and Juárez, 1977, 1981a, b; Roistacher,
1977), by thermotherapy (Roistacher, 1977)
and by shoot-tip grafting in vitro (Navarro et
al., 1975; Navarro, 1992). This last tech-
nique is recommended because it is effec-
tive in eliminating all citrus pathogens, and
recovered plants do not have juvenile char-
acters.

Thermotherapy is the older of these
pathogen elimination techniques. Initial
attempts to use high temperatures to elimi-
nate viruses from citrus materials were
unsuccessful. Finally, Grant (1957) was
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able to eliminate tristeza and psorosis from
infected budwood using hot air chambers.
Later, various other viruses were elimi-
nated using similar techniques (see a
review in Roistacher, 1995). Calavan et al.
(1972) further developed the use of ther-
motherapy for elimination of viruses by
identifying appropriate rootstocks that were
better able to withstand the high tempera-
tures, and Roistacher and Calavan (1972)
demonstrated the importance of pre-condi-
tioning prior to heat treatment. There are
many variations in thermotherapy tech-
niques, but a commonly used diurnal tem-

perature regime is 40/30˚C (16/8 h). While
thermotherapy has proven to be very effec-
tive in eliminating viruses from citrus, the
work of Calavan et al. (1972) and that of
various other workers (summarized in
Roistacher, 1977, 1995) indicated that in
many instances non-viral infectious agents
(e.g. viroids and mycoplasmas) were not
eliminated using this technique. This short-
coming led, in part, to the development of
the other major method for pathogen elimi-
nation used with citrus, shoot-tip micro-
grafting, which is at this time more widely
used (see Chapter 17).
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Following therapy, the material is
indexed (see below). If the results indicate
that one or more graft-transmissible
pathogens are still present, the material must
be subjected to another cycle of therapy. The
alternate cycling of therapy and indexing
continues until the material tests negative for
all known graft-transmissible pathogens.
Infected materials from previous cycles are
destroyed by incineration or autoclaving.

Quarantine and sanitation technology:
pathogen testing

Pathogen testing of citrus for graft-transmissi-
ble pathogens is one of the central points of
the entire quarantine process. Detection of
graft-transmissible pathogens is based prima-
rily upon biological indexing on specific
citrus indicator plants, supplemented with
laboratory tests. Specific graft-transmissible
pathogens have been reported from certain
countries. Indexing for these pathogens
should be added to the normal indexing pro-
gramme when germplasm is introduced from
these countries. New citrus pathogens are
reported periodically. As they are identified
and assay procedures developed, these dis-
eases should be added to the indexing pro-
gramme. In addition, as additional diseases
are newly reported from different countries
or geopolitical areas, indexing for these
pathogens should be added to the normal
indexing programme.

Biological indexing is based upon dis-
tinctive pathogen-specific symptoms (usually
foliar) which develop in specific plants (indi-
cators) when infected tissue is inoculated
therein. This is generally done by the grafting
of bark tissue (phloem). Biological indexing
is done by comparing symptom expression in
indicators inoculated with tissue from the
plants to be tested with the symptoms devel-
oped in indicators inoculated with tissue
from plants known to be infected with spe-
cific pathogens and with uninoculated, virus-
free asymptomatic controls. Most
graft-transmissible pathogens produce symp-
toms best at cool temperatures, whereas a
lesser number produce symptoms best at
warm temperatures. Growth chambers are

inadequate for indexing, and therefore a well-
constructed, properly functioning green-
house facility is critical (see the following
section).

The first report of the use of seedling
indicator plants for the diagnosis of citrus
diseases was apparently the report of Wallace
(1945) on the use of sweet orange for the
detection of psorosis. Previous to this, diag-
nosis was made either on the basis of symp-
toms on field trees or inoculation and
long-term observations. Since then, a number
of additional citrus diseases have been
reported, demonstrated to be caused by graft-
transmissible pathogens, and biological
indexing methods developed. For a historical
perspective on these matters for most major
graft-transmissible diseases of citrus, see
Roistacher (1995). 

A comprehensive set of protocols for
biological indexing of graft-transmissible
pathogens is beyond the scope of this chap-
ter. Rather than listing a complete list of pub-
lished reports, it is better to refer to the
published compendiums or handbooks in
this area: International Organization for
Citrus Virologists (1968, n.d.), Calavan et al.
(1978), Frison and Taher (1991), Roistacher
(1991, 1998) and Lee et al. (1999). Additional
information on the application of indexing to
importation and certification programmes
can be found in Navarro (1993), Roistacher
(1977) and Roistacher et al. (1977). 

More recently, various types of labora-
tory tests have become available for graft-
transmissible pathogens. These include
serologically based tests, such as enzyme-
linked immunosorbent assay (ELISA), dot
immunobinding assay (DIBA) and
immunospecific electron microscopy (ISEM);
nucleic acid-based assays, such as sequential
polyacrylamide gel electrophoresis (sPAGE)
and polymerase chain reaction (PCR)-based
assays; culture of pathogens on media; and
microscopy. A complete discussion of the
theoretical bases behind these techniques is
beyond the scope of this chapter, and the
reader should refer to such works as
Hampton et al. (1990), Dhingra and Sinclair
(1995), Singh and Singh (1995) and Schaad et
al. (2001). 
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In some cases, laboratory-based assays
offer advantages over biological indexing.
They are more rapid, require fewer human
resources and greenhouse space, and are
therefore generally cheaper, and a large
number of samples can be processed in a
short time. A disadvantage is the need for a
well-equipped laboratory with specialized
equipment and additional training for the
technicians. In some cases, there is the poten-
tial for the production of false-positive and
false-negative reactions, particularly when
using PCR methods on a large scale with dif-
ferent genotypes. 

In some cases, laboratory tests can pro-
vide additional information, such as titre
levels or (to some extent) isolate identity.
However, laboratory tests do not so far pro-
vide information as to the severity of the iso-
late, the reaction of the indicator to the
isolate, and other biological characteristics.
Furthermore, if a disease is of unknown aeti-
ology, it may be possible to detect it with an
indicator but not with a biological assay.
Only analysis of double-stranded RNA
(dsRNA) will detect unknown viruses that
produce dsRNA during their replication
cycle. In this way, greenhouse and laboratory
tests complement but do not replace each
other. As mentioned, in some cases, labora-
tory tests can be performed when it is not
possible to perform biological indexing for
some reason. For the purpose of a complete
index, if a biological test is available for a
pathogen, a laboratory test can be used as an
adjunct to the biological test but should not
entirely replace it. In many cases, laboratory-
based tests are not accepted by the regulatory
authorities, and the ‘index of record’ is the
biological index. On the other hand, for pur-
poses of re-testing a large number of
pathogen-tested germplasm accessions, labo-
ratory tests are often the only feasible
method.

Most laboratory tests specific for citrus
pathogens have been developed since the
1970s. The earliest true ‘laboratory-based’
tests for citrus pathogens were serological
tests (ELISAs) developed in the middle to late
1970s for CTV (Bar-Joseph et al., 1979, 1980;
Garnsey et al., 1979, 1981). Serological tests

offer the advantage of permitting the process-
ing of large amounts of samples in a rela-
tively short time. As such, this technique is
often preferred for routine re-testing of acces-
sions that have tested ‘clean’ and for large-
scale surveys of productions areas. One
agency in California routinely performs over
400,000 ELISA tests a year for CTV. This is
the pathogen most commonly assayed in
these types of large-scale surveys. The ELISA
test for CTV, particularly the immunoprint-
ing ELISA modification, remains one of the
standard and most widely accepted tests for a
citrus pathogen. It is accepted in many
instances where all other pathogens must be
assayed by biological indexing. Probably the
only other serological test that has been
proved to be of real value for diagnosis at this
point is that developed recently for psorosis
(García et al., 1997; Martín et al., 2002).

More recently, assays based upon
nucleic acid analysis have been developed.
The first of these were developed in the
1980s for the characterization and later detec-
tion of various viroids of citrus. In particular,
the sPAGE assay for citrus viroids (Rivera-
Bustamante et al., 1986; Duran-Vila et al.,
1991, 1993) is widely used and accepted by
regulatory agencies.

Since the development of PCR-based
techniques in the early 1990s, these have
become more common as they are simpler to
perform than hybridizations. PCR-based
techniques have the advantages of being
more sensitive than serological techniques;
however, they are more complicated to per-
form and require a more expensively
equipped laboratory and personnel, and
sometimes they have problems of producing
false-negative and false-positive results.
However, PCR-based technologies are in con-
stant development, and performing these
types of assays has become easier in recent
years due to the development of kits and
more automated instruments. At this point,
however, nucleic acid-based techniques are
less suited to large-scale and rapid testing
than are serological techniques.

Other laboratory techniques include
hybrid serological–nucleic acid techniques,
classical culturing and electron microscopy.
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The culture technique for detection of
Spiroplasma citri, the causal agent of stub-
born disease, is probably the most widely
used and accepted assay for this pathogen,
although biological assays and other labora-
tory-based techniques are available.
Appropriate culturing is also useful for
detection of other bacterial diseases.

Facilities

Quarantine and sanitation programmes for
citrus have some very specific requirements
with regard to facilities. Any facility used
for these purposes must be inspected and
approved by the regulatory authorities. A
thorough discussion of the technical
aspects of design for these facilities is
beyond the scope of this chapter, but a few
general comments will be made.

In classical quarantine procedures, the
basic facilities are greenhouses for propaga-
tion and indexing, and laboratories for
pathogen diagnosis, although facilities for
therapy are highly advisable. In the biotech-
nology quarantine procedure, a tissue cul-
ture laboratory is also a requirement. These
facilities are also used for elimination of
pathogens from local accessions. The
design of facilities for quarantine pro-
grammes is very important. General consid-
erations in the design of quarantine
facilities are reviewed by Mears and Kahn
(1999) and Roosjen et al. (1999), while
some considerations specific to quarantine
of citrus are discussed by Roistacher (1991,
1998) and Gumpf (1999). 

Ideally, the facilities should be located
in an area with a climate suitable for grow-
ing citrus, but remote from areas of com-
mercial production. This is almost
imperative when the classical procedure is
used, but as a practical matter is not always
possible. It is therefore important that the
facilities are designed and built in a manner
which minimizes the risk of pathogens
‘escaping’ from the quarantine facilities and
infecting commercial (or even dooryard)
citrus. This may be extremely expensive.
The biotechnology procedure has the
advantage that pathogens (particularly

pests, fungus and bacteria which are the
more difficult organisms to contain) are
eliminated at the initial step of introduc-
tion. This allows the quarantine facility to
be located in citrus research stations where
trained personnel and facilities are avail-
able. Of course, facilities design is insuffi-
cient for this purpose unless personnel are
well trained in handling plants, soil, etc., so
as to minimize this risk. This includes sup-
port personnel as well as the scientists
actively engaged in the indexing. 

The size of facilities will vary depend-
ing upon the size and scope of the quaran-
tine or sanitation programme. However,
certain general principles apply whether
the facilities are large or small. Most of
these concern exclusion of pests, preven-
tion of the ‘escape’ of pathogens, and main-
tenance of environmental conditions
suitable for indexing. In some cases, regula-
tory agencies will have specific require-
ments for facilities design. In general, the
facilities belong to federal or state agencies
involved in plant protection; alternatively,
these agencies may have an agreement with
a research institution. The facilities,
processes and records must be available for
inspection by the phytosanitary authorities
at any time. 

Ideally, facilities should include green-
houses, a screenhouse and a laboratory. The
greenhouses are used for the production of
indicator plants, rootstocks, etc., and for
biological indexing; the screenhouse is
used for protected maintenance of plants;
and the laboratory is used for tests such as
ELISA, PCR, culturing, etc.

The greenhouse facilities are a very
important part of the quarantine facilities.
However, a detailed discussion of green-
house facilities for indexing of citrus
pathogens is outside the scope of this chap-
ter. A few general points will be made
below. If a more thorough treatment is
needed, the reader is referred to Roistacher
(1991, 1998) and Gumpf (1999).
Greenhouses used for indexing must have
at least two and preferably three chambers
with independently controlled tempera-
tures. A room maintained at cool tempera-
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tures is used for the detection of most graft-
transmissible pathogens. A room main-
tained at higher temperatures is used
mainly for the detection of viroids and S.
citri. If at all possible, a third room of inter-
mediate temperature should be used for the
production of indicator plants and propaga-
tion of trees for other purposes. 

Because of the importance of the main-
tenance of these temperatures, the heating
and cooling systems are vital to a properly
designed greenhouse. The cooling system is
particularly critical due to the great effect
that a higher than optimal temperature can
have on symptom expression. In some
cases, cooling systems will not be able to
maintain the appropriate temperatures
during the hottest months of the year, and
this can dictate the time of the year in
which indexing takes place. The construc-
tion of the greenhouse is less critical than
the environmental control systems.
Greenhouses should be constructed so that
they are insect proof, and should have
double doors with vestibules for this
reason.

Screenhouses may be constructed of
metal or wooden frames and screened with
nylon or stainless steel. It should be empha-
sized that ‘screen’ refers to anti-insect
screen, not shade screen. The roof of the
screenhouse should be at least 3 m from the
ground (preferably 4.0–5.0 m) for adequate
headroom for vigorously growing trees.
Screenhouses should also have a vestibule
with double doors.

The design and construction of the lab-
oratory depends on the extent of its use. If
only a limited number of laboratory tests
are carried out (e.g. ELISA and sPAGE), a
fairly small laboratory may be suitable. If
larger numbers of materials are handled, or
a larger number of laboratory tests carried
out, a larger laboratory will be needed. The
types of tests carried out will determine the
equipment needed, as well. A minimalist
indexing laboratory would include an
ELISA plate reader and the apparatus for
sPAGE. If PCR-based tests are utilized, a
thermal cycler and perhaps a gel imaging
system will be necessary. Culturing tests for

bacteria and fungi necessitate the appropri-
ate supplies and incubators. The biotech-
nology approach also requires a facility or
portion of the facility devoted to tissue cul-
ture. This would include a laminar flow
hood, incubation facility, etc. 

In addition to the construction of the
facilities, measures should be taken to min-
imize the phytosanitary risks such as
escape of pathogens that may be present in
the quarantine material; the access of
insects to the interior of the facilities; and
the spread of fungal pathogens within the
facilities. Except under controlled situa-
tions, plants should not be introduced into
the quarantine facilities from other facilities
and especially from the field; this is partic-
ularly true of other citrus plants of
unknown disease status. Normal phytosan-
itary precautions regarding sterilization of
soil and equipment, avoiding contact with
soil, maintaining the overall cleanliness of
the facilities, etc. are also important.

Certain steps concerning access to the
facilities can also reduce phytosanitary
risk. These basically include restricting
access to the facilities to all except those
who are authorized and trained in proper
phytosanitary conduct. The facilities
should be kept locked as much as possible,
and should also be behind a locked fence.
Appropriate behaviour regarding ingress
and egress is also vital. 

Maintenance of citrus germplasm

The germplasm of citrus, as well as of many
other perennial crops, is generally main-
tained in the form of living trees. This is in
contrast to germplasm of most field crops
and vegetables, which is generally main-
tained in a seed bank, distributed as seed,
and regenerated by grow-outs as needed.
The term ‘maintenance’ should be con-
trasted with ‘preservation’, which refers to
long-term conservation and is discussed
below.

The accessions of living trees are the
source of propagative materials for distribu-
tion as well as often being able to serve as
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resources for a limited amount of character-
ization and evaluation. As such, these col-
lections of living trees are often very similar
to working or active collections of
germplasm. However, depending on the cir-
cumstances and use of the collections, they
may also serve as base or even inactive col-
lections. Citrus materials which are pre-
served cryogenically or in vitro are not
generally used as active collections since
they are costly to regenerate, but embryo-
genic callus is being exchanged after thaw-
ing and regrowth. 

All citrus germplasm banks have a field
collection that is needed for characteriza-
tion and preliminary evaluation. A few
germplasm banks have a duplicate pro-
tected collection that is mainly used to
maintain healthy genotypes and to dimin-
ish risks of losses of plants due to biotic or
abiotic stresses. On rare occasions the
germplasm bank also holds a cryostored
collection for long-term maintenance.

There are certain principles that apply
to both protected and field collections.
Collections should include at least two
copies of each accession. This creates at
least one replicate for observations made
directly from trees in the collections as well
as providing a back-up in the event that one
of the trees dies. However, for genotypes of
low use, only one plant can be maintained
in the protected collection. This reduces
cost, and trees in the field collection can be
used as back-up. Accurate maps or lists of
locations should be maintained and
updated in a timely manner. Trees should
be observed periodically for signs of pests
or pathogens, abiotically induced problems,
injuries, off-types or budsports, etc.
Problems should be rectified or the tree
repropagated and replaced if appropriate.
Proper phytosanitary precautions should be
taken. This includes the use of a bleach
solution on instruments or tools used on all
trees of the collections. 

Accuracy of identification is critical.
Despite best efforts, accessions are occa-
sionally misidentified. Sometimes this is
immediately apparent and sometimes not.
This points out the need for constant

review of records and checking them for
accuracy. Misidentified accessions should
be removed from the collection and either
discarded (if identity is known and is
duplicated) or re-propagated for further
study and (it is hoped) identification. 

Field collection

Most collections of germplasm of citrus
(and, for that matter, most perennial crops)
have as their base a field collection or plant-
ing. These are necessary for characteriza-
tion and evaluation activities, and may or
may not serve as sources of germplasm for
distribution purposes. From the conserva-
tion point of view, the field collections have
the risk of losing genotypes due to diseases
and abiotic stresses such as freezes, floods
or strong winds. Because of these threats,
but more because of the possibility of
becoming infected with a graft-transmissi-
ble disease, field collections of citrus
germplasm do not normally serve as
sources of vegetative propagative material.

Propagation of trees for field collec-
tions generally follows practices for pro-
duction of commercial trees for use in the
area. The same is true of cultural practices
in most instances. Generally, these prac-
tices were developed in order to produce a
healthy and thrifty tree, and this type of tree
is desirable in a field collection. However,
there are some differences regarding field
collections of citrus germplasm as com-
pared with commercial plantings. 

Commercial spacings are not necessar-
ily needed, but there should be sufficient
space between and within rows that a rela-
tively normal or natural form of growth may
be observed and documented. Cultural
practices which may affect fruit set, quality,
etc. should be avoided if one of the goals is
to observe or characterize flowering, fruit-
ing and other similar characteristics.
Likewise, pruning and other manipulations
should be avoided if one goal is to charac-
terize normal growth habit. Commercial
harvesting practices are often not possible
or desirable. In many instances, fruit is left
on the trees as long as possible so that it is

100 R.R. Krueger and L. Navarro



available for observation. 
Cross-pollination is a common feature

of these collections and this does not allow
proper characterization of the production of
seeds, particularly for self-incompatible but
fertile genotypes. Similarly, proper charac-
terization of parthenocarpic genotypes is
not possible in these collections. The only
way to solve these problems is to exclude
pollination insects (mainly bees), for exam-
ple by covering trees with nets during the
flowering period. 

Some type of fenced enclosure is often
desirable to prevent both theft of fruit and
taking of possibly contaminated budwood.
Access to the field collection, like access to
quarantine facilities and protected collec-
tions, should be restricted to those having
legitimate business in the collection.
Visitors should be accompanied by scien-
tists or workers.

When possible, field collections should
be replicated in more than one location.
This helps ensure the perpetuation of the
accessions since they are backed up at more
than one location. In addition, establish-
ment of field collections in locations with
different environmental or climatic condi-
tions can help with the evaluation of geno-
type × environment interactions.

Even if field collections are periodi-
cally re-tested for diseases, as a general rule
budwood should not be distributed from
field trees unless the recipient has an ade-
quate phytosanitary programme in place to
prevent introduction of pathogens from this
source. Seeds and pollen may be distrib-
uted in most instances. Propagative mate-
rial for replacement trees should if at all
possible be taken from a pathogen-tested
source of budwood rather than directly
from a field tree. If such a source is not
available, budwood may be taken from the
field tree. Trees should not be placed in a
collection when propagated from non-local
budwood unless the phytosanitary health
of the budwood is acceptable.

Protected collection

A protected collection is maintained under

screen or (rarely) in a greenhouse. The pro-
tected and field plantings may or may not
be located near each other. Ideally, a pro-
tected collection, particularly one con-
nected with a certification programme,
would be located away from commercial
areas with their associated higher risk of
contamination or infection. However, this
is not always possible in practice.

Protected collections are costly to
establish due to the investments in screen-
houses, and more expensive to maintain
than field collections, since they need to be
cared for by labour with higher specializa-
tion. However, they are highly recom-
mended for germplasm conservation. They
are the only way to maintain healthy geno-
types in areas with naturally spreading dis-
eases. This is needed in order to release
material for certification programmes and
for a safe exchange of germplasm. A pro-
tected collection is the only way to guaran-
tee germplasm conservation in areas with
severe naturally spreading diseases that
may kill field trees. In addition, plants can
be much more easily protected against abi-
otic stresses. An additional advantage of
these collections is that parthenocarpy can
be easily evaluated.

Protected collections vary somewhat.
Some general information on suitable facil-
ities and phytosanitary and security prac-
tices was presented above. Within the
facilities, the manner in which the trees are
grown may vary somewhat. Maintaining
trees in pots has some obvious advantages
with regard to disease prevention, fertiliza-
tion, frost protection, the ability to manipu-
late and move the trees, etc. However, use
of pots limits the size of the tree to a certain
extent. The largest practical size for pots for
this use is about 25 l. Pot sizes larger than
this are more difficult to move, and trees
maintained therein would be more difficult
to trim and train. In other words, at a cer-
tain point, it is probably more efficient to
maintain large trees planted directly in the
soil rather than in extremely large contain-
ers. Spacing of trees under screen needs to
balance the need for adequate space for
growth (mainly, providing enough space
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such that crowding and shading is not a
problem) with the need to maintain acces-
sions in a limited area. Spacing will depend
on tree size and vigour.

Trees maintained in pots do not have to
be propagated exactly as if they were to be
planted in the field. The increased phy-
tosanitary standard that is possible in a pro-
tected facility makes a suitable tree for a
protected collection somewhat different
from a tree destined for field planting.
Rootstock selection is not as important as
with field trees, but in many, if not most,
cases, the rootstocks of choice for field trees
are also very well suited and perhaps the
best choice for a protected collection. A
rootstock that produces a compact, long-
lived tree is preferred. Excessive distance
between bud union and crown is undesir-
able in a protected collection both due to
height limitation from the structure and
from the standpoint of ease of manipulation
of the trees. Therefore, the crown of the tree
should be formed closer to the bud union
than for a tree for the field. The use of a ster-
ilized soil mix makes practical a lower bud-
ding height. Regular pruning creates a more
compact tree as well as stimulating produc-
tion of budwood. Pruning has to be done so
as to allow fruit production, which is nec-
essary to ascertain trueness to type. Re-pot-
ting to larger pots may be necessary as the
trees increase in size. Even when pot size is
no longer increased, periodic re-potting is
useful in order to prune excessive root
growth and observe abnormalities in the
roots.

With training such as that described
above, it is possible to maintain for a con-
siderable period of time a citrus tree at a
size suitable for maintenance under screen.
Currently, the oldest and largest trees main-
tained under screen at Riverside are
approximately 15 years old and are main-
tained in 20 l pots. In Spain, the oldest trees
are 22 years old; they have been maintained
in 25 l containers without re-potting and
they grow and produce fruits normally. Of
course, at some point, it will be necessary to
re-propagate these trees. 

Trees maintained under screen are gen-

erally not suitable as sources of fruit for
accurate characterization and evaluation
purposes. However, they help greatly in
ascertaining the trueness to type of geno-
types, detecting possible misidentified
accessions and detecting possible chimeras.
These are very important considerations
when releasing budwood for certification.
Similarly, due to the relatively large
amount of manipulation to which they are
subjected, trees in a protected collection are
not suitable for characterization of most
vegetative characteristics. These types of
observations should be made on field-
grown trees. Trees in a protected collection
should only be propagated or repropagated
from pathogen-tested budwood from a reli-
able source. 

Long-term preservation

Genetic resources of most plant species are
stored in seedbanks. Seeds are dehydrated
and stored in sealed containers at low tem-
peratures (usually about –20˚C). This is a
very safe and inexpensive procedure but
requires that seeds be tolerant to desicca-
tion and freezing temperatures. These are
the so-called ‘orthodox’ seeds, as opposed
to ‘recalcitrant’ seeds that lose viability
when the moisture content is reduced. For
many years, citrus seeds were considered
recalcitrant because they could be stored
only for short periods of time. As a conse-
quence, citrus genetic resources are main-
tained as living plants in field or protected
collections, with the associated high cost
and the risk of losing genotypes due to cli-
matic or biological hazards. 

This situation is common to many veg-
etatively propagated crops, particularly
fruit trees. During the last two decades,
there have been investigations into the use
of tissue culture methods, including slow
growing vegetative shoots and cryopreser-
vation of several tissues, for dealing with
the problem of long-term conservation of
genetic resources of these crops (Withers,
1992; Engelmann, 1997). In citrus, most
approaches have been investigated with
variable results (Duran-Vila, 1995, 1997)
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and they are briefly reviewed in the follow-
ing sections.
SLOW GROWTH OF in vitro VEGETATIVE TISSUES. With
some species, it is possible to establish pro-
cedures for slow growth of shoots, usually
using low temperatures and decreased light
intensity in conjunction with some modifi-
cations in the culture medium. Re-culture of
the explants is done at intervals of about one
year. This procedure allows a routine con-
servation of germplasm of several species in
vitro (Engelmann, 1997). Attempts to follow
this approach in citrus were not successful,
because the procedure developed for juve-
nile material involved a complicated cycle of
producing shoots from nodal segments, root-
ing of the shoots and re-culturing of nodal
segments (Marín and Duran-Vila, 1991). In
addition, there was a low efficiency in both
rooting and shoot production from nodal
explants, and this procedure could not be
used with adult material.

CRYOPRESERVATION OF APICAL SHOOT-TIPS. Shoot-
tips of adult material are the best tissue for
cryopreservation of citrus genetic resources,
because regenerated plants will not have
juvenile characteristics and will be readily
available for breeding. Recently the success-
ful cryopreservation of shoot-tips from juve-
nile plants of P. trifoliata using the
encapsulation dehydration technique has
been reported (González-Arnao et al., 1988).
However, this work could not be applied at
IVIA to other species or adult material (M.
T. González-Arnau et al., unpublished
results). The main limitation is that follow-
ing freezing and thawing, only a portion of
the shoot-tip may survive. In citrus, small
shoot-tips do not regenerate in vitro (with
the exception of some species such as P. tri-
foliata) and it is necessary to regenerate
plants by shoot-tip grafting, which cannot
be done with only a portion of the shoot-tip.

CRYOPRESERVATION OF SEEDS. Although citrus
seeds were considered recalcitrant, some
limited studies have demonstrated that
there are Citrus species tolerant to desicca-
tion, others partially tolerant and still
others recalcitrant (i.e. they lose viability

very quickly with desiccation) (Mumford
and Grout, 1979; King et al., 1981; Pérez,
1995). Seeds of species tolerant to desicca-
tion, such as lemon, Mexican lime and sour
orange, can be cryopreserved with good
survival rates by direct immersion in liquid
nitrogen after desiccation. Seeds of species
partially tolerant to desiccation (e.g. sweet
orange and common mandarin) have vari-
able survival rates depending on the degree
of dehydration and are difficult to establish
on a large scale. No survival was obtained
with recalcitrant species (e.g. Cleopatra
mandarin, P. trifoliata) (Pérez, 1995).
Cryopreservation of seeds has not been
used in practice for conservation of citrus
genetic resources.

CRYOCONSERVATION OF OVULES. Under-
developed ovules are possibly a good tissue
for conservation of genetic resources of
citrus polyembryonic genotypes. They are
easily excised from immature fruits and
efficient plant regeneration can be
achieved. There was an early report claim-
ing survival of ovules by direct immersion
in liquid nitrogen (Bajaj, 1984). However,
survival of ovules has not been achieved in
several experiments done at IVIA using dif-
ferent freezing protocols, including fast and
slow cooling rates, and vitrification (unpub-
lished results). Following the encapsula-
tion–dehydration technique, occasionally a
few ovules have survived (1–16%) but not
at a rate high enough for practical applica-
tion (González-Arnao et al., 2003).

CRYOPRESERVATION OF SOMATIC EMBRYOS.
Cryopreservation of somatic embryos pro-
duced by ovules of sweet orange cultured in
vitro was achieved some time ago (Marín
and Duran-Vila, 1988; Marín et al., 1993).
However, survival rates were low and
erratic, and a careful selection of embryos
in early developmental stages was needed
to achieve survival. The procedure was dis-
carded as a practical method for germplasm
preservation. Recently, cryopreservation of
somatic embryos of several Citrus species
produced by ovule culture in vitro has been
accomplished by the encapsulation–dehy-
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dration technique with high survival rates
(75–100%) (Gonzalez-Arnao et al., 2003).
This method does not require a careful
selection of embryos. Recovery of plants
was rapid, since the whole embryo sur-
vived the treatment and germinated readily.
In addition, somatic embryos of polyembry-
onic varieties are easily produced by ovule
culture in vitro. Although additional exten-
sive work with a wider range of genotypes
needs to be done, this procedure is very
promising for the conservation of citrus
germplasm. However, there is still the limi-
tation that regenerated plants have juvenile
characters.

CRYOPRESERVATION OF EMBRYOGENIC CALLUS.
Embryogenic callus produced by ovules
cultured in vitro of several citrus species
and some related genera have been success-
fully cryopreserved, either directly or in
cell suspension cultures, in a number of
laboratories using several procedures,
including slow cooling and vitrification
(Kobayashi et al., 1990; Sakai et al., 1990,
1991a, b; Aguilar et al., 1993; Engelman et
al., 1994; Pérez et al., 1997, 1999; Xiancai,
1997). Survival rates are very high, and nor-
mally 100% of the calluses included in the
cryotubes produce embryos and plants after
thawing and reculture. The disadvantage of
this procedure is that the production of
embryogenic callus by ovules cultured in
vitro is genotype dependent and time con-
suming (Pérez et al., 1998) and that recov-
ered plants have juvenile characters. The
advantage is that germplasm is maintained
as embryogenic callus, a very valuable and
difficult to obtain tissue that is the basic
material for somatic hybridization (Grosser
et al., 2000). Maintaining embryogenic
callus under normal growing conditions
requires monthly subcultures. This is a
time-consuming procedure that may result
in problems associated with somaclonal
variation, decrease or even loss of their
embryogenic potential, and risk of loss by
contamination due to in vitro manipula-
tions. After thawing, cryopreserved callus
has been proved to be excellent material for
protoplast isolation (Olivares-Fuster et al.,

2000) and has been used for exchange with
other laboratories. Embryogenic callus also
can be used for genetic transformation
(Fleming et al., 2000). Taking into account
these advantages and the fact that somatic
hybridization and genetic transformation
programmes are being carried out at IVIA,
this method has been adopted to establish a
collection of cryopreserved embryonic
callus of more than 40 accessions. 

The standard cryopreservation proto-
col used at the IVIA germplasm bank was
described by Pérez et al. (1997). Briefly,
150–200 mg of loose cells are cryoprotected
in 1.8 ml of liquid basal medium supple-
mented with 10% (v/v) dimethylsulphox-
ide (DMSO) and maintained at 4˚C for 30
min. Cryoprotected cultures are frozen by
slow cooling in 2 ml cryotubes using a pro-
grammable freezing unit. Samples are
cooled from 4 to –40˚C at –0.5˚C/min in
order to obtain a smooth cooling curve. The
samples are fast cooled from –40 to –150˚C
at –20˚C/min and then placed in liquid
nitrogen and stored. Cultures are thawed by
immersion of the cryotubes in a 37˚C water
bath for 5 min. The cryoprotectant solution
is removed from the cryotubes and cells are
washed three times with 1.8 ml of liquid
basal medium and transferred to solid basal
medium for production of embryos and
plants.

Characterization and evaluation

The efficient and effective utilization of
citrus germplasm requires sound and accu-
rate knowledge and documentation of its
traits, i.e. it entails a description of what is
in a collection. Descriptions of a germplasm
resource are conveyed by descriptors based
upon passport data, characterization, and
evaluation of the germplasm. Passport data
include basic information on the origin and
type of the germplasm. Management data
trace the history of an accession, the han-
dling of its propagative units, its distribu-
tion, regeneration, etc. This ensures that
users of germplasm are handling the mate-
rials that they believe they are. 
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A distinction between characterization
and evaluation is sometimes made, although
this is somewhat arbitrary and the bound-
aries somewhat blurred. Characterization
refers to documentation of characters that
are highly heritable, are easily identified
(usually qualitative) and are expressed in all
environments, while evaluation consists of
documentation of additional characters
(often quantitative) which are thought desir-
able by a consensus of users of the crop.
Traditional phenotypic and modern molec-
ular characterization of citrus is discussed
by Gmitter et al. (1999), and some of the
extensive documentation of characteriza-
tion and evaluation data of citrus and
related genera that has been generated over
the last century is shown in Table 4.3. 

Responsibility for characterization and
evaluation varies. The curator is usually
involved with characterization (usually the
more basic attributes), while advanced or
complex evaluations may be beyond the
curator’s capabilities and/or resources.
Curators have the primary responsibility for
documentation, which increasingly is via
computerized databases, such as the
Germplasm Resources Information Network
(GRIN) system (Germplasm Resources
Information Network, 1995; Mowder and
Stoner, 1989), or the specific citrus data-
bases GERMO developed at IVIA
(<http://www.ivia.es/deps/biot/germop.ht
m>) and EGID developed at CIRAD, France
(<http://www.corse.inra.fr/sra/>).

The descriptors most widely used for
citrus are those developed by the
International Board for Plant Genetic
Resources (IBPGR) (1988; recently revised
as International Plant Genetic Resources
Institute (IPGRI), 1999), which are a slightly
modified and expanded version of the
‘Fruit Description Outline for Citrus’ devel-
oped many years ago by H. J. Webber of the
University of California Citrus Research
Center (Webber, 1943; Hodgson, 1967).
These descriptors are chiefly concerned
with documentation of passport data and
basic morphological traits. Other systems of
descriptors developed independently are
often fairly similar to these standardized

descriptors, since the basic attributes to be
described are fairly intuitive and obvious.
These basic descriptors fall under ‘charac-
terization’.

The descriptors are adequate for
describing the basic morphology of citrus.
However, they do not address some very
basic characteristics (e.g. growth rate), and
their treatment of important physiological,
pathological, horticultural and genetic
characteristics is limited to a few items
tacked on to the bottom of the morphologi-
cal descriptors. One obvious example is
that, except for one item dealing with one
specific scion/rootstock compatibility, root-
stock characteristics or other traits that
might influence an accession’s suitability as
a rootstock are not dealt with. Yet, for many
accessions, these would be the traits of
most interest and importance. Another
issue with the IBPGR/IPGRI descriptors is
their utility for the citrus relatives. 

Some of the shortcomings of the
descriptors are due more to their applica-
tion than to the descriptors themselves.
There are two major considerations in
assessing the value of descriptor data: geo-
graphical area and time. Geographical area
can affect citrus morphology and growth
via environmental (climatic) effects, soil
conditions, water quality, air quality, pest
and/or disease endemism, etc. Climatic fac-
tors (including temperature, photoperiod,
rainfall, humidity and soil temperature)
affect vegetative growth, flowering, fruit set,
fruit composition, fruit growth and fruit
morphology (Reuther et al., 1969; Reuther,
1973; Germaná and Sardo, 1988). Soil con-
ditions interact with water quality in affect-
ing citrus morphology via fertility level
(Embleton et al., 1973a; Reitz and
Embleton, 1986); presence or absence of
vesicular-arbuscular mycorrhizae (Menge et
al., 1977); salinity (Bernstein, 1968; Maas,
1993); and water relations (Kriedemann
and Barrs, 1981; Syvertsen and Lloyd,
1994). Air pollution can also affect the mor-
phology of citrus (Thompson and Taylor,
1969; Olszyk et al., 1988; Yelenosky, 1991).
Time can also affect morphological obser-
vations. Due to patterns of seasonal growth,
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the time of the season in which an observa-
tion is made will affect such characteristics
as fruit maturity and composition, flower-
ing, percentage fruit set, size of various
organs, etc. There are probably also less
obvious effects on such parameters as pest
and disease resistance, physical properties,
etc. that are mediated more by environmen-
tal conditions than the time of season per
se. The age of the trees upon which the
observations are made are another facet of
the effects of time which should be taken
into account. 

Another weakness of much descriptive
work is that it is performed in one (or a lim-
ited number of) site(s) and for one (or a lim-
ited number of) year(s). Repetition of
observations over time is easily done given
adequate resources. However, dealing with
the effects of location (i.e. climate) is less
easily accomplished due to the fact that
germplasm collections usually exist in only
one location, and due to cost and other con-
straints it is often not feasible to replicate
collections in a number of diverse climates.
In any case, evaluation of perennial crop
germplasm is a long-term endeavour. It
would also be difficult to account for differ-
ences in cultural practices, pests and dis-
eases, etc. 

Another constraint caused by resource
limitation is the small number of trees that
can be maintained and hence evaluated.
Many germplasm collections maintain only
a few trees of each accession. This is proba-
bly sufficient to make general morphologi-
cal evaluations, but not for more complex
types of evaluations that require replicated
trials. These include such important traits
as pest and disease resistance, rootstock
characteristics, responses to environmental
conditions or cultural practices, etc. These
types of trials, while important in evaluat-
ing germplasm and determining its value,
are sometimes outside the scope of what
can be evaluated within a germplasm col-
lection. Most such collections consist of
only a few specimens of each accession,
and destructive (or potentially destructive)
trials compromise the integrity of a collec-
tion. Although these investigations are out-

side the scope of what can be investigated
within a germplasm collection, they may
not be outside the responsibility of the
repository scientists, depending upon the
areas of expertise. However, they would
have to be performed on trees planted
specifically for trials and not on trees in the
collection. More complex evaluations (dis-
ease resistance, physical properties, etc.)
are very important but often have to be
investigated as stand-alone research proj-
ects outside of an established repository or
germplasm conservation system. These
types of investigations require more
resources than the initial characterizations,
since they are complex, intensive, multi-
year projects in many different areas. These
types of investigations are by nature open
ended and often yield new questions to
investigate, all requiring adequate
resources. Obviously a complete evaluation
of genotypes in germplasm banks is a huge
task that usually requires replication trials
over a period of time and that is far beyond
the responsibilities and resources of
germplasm banks. Evaluation is the respon-
sibility of all the citrus scientific commu-
nity. The main problem is how to
coordinate and place all the scattered infor-
mation together in order to make it easily
available. Evaluation is the black hole of
genetic conservation. 

Despite the limitations of phenotypic
descriptors, they are quite useful for man-
agement of germplasm. They are currently
the only means to differentiate accessions
of certain groups of species that have been
produced by natural budsport mutations
(e.g. sweet oranges, satsumas or clemen-
tines), and likewise to identify duplications
in the collection. Elimination of duplicates
is very important because this reduces the
cost of maintenance. Molecular markers
have not at this time been developed to the
point that they can be utilized for these
purposes.

The last several decades have seen the
evolution of biochemical and molecular
markers as tools with great potential appli-
cation to germplasm characterization. In
contrast to morphologically based pheno-
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typic characterization, molecular markers
are generally unaffected by the many fac-
tors able to influence plant or organ charac-
teristics. This allows comparisons between
accessions within a collection or among
collections at different locations at any time
of year, while phenotypic characteristics
can be masked by environmental or cultural
affects.

Molecular characterization has a
number of applications in the management
of germplasm collections. These include
elucidating systematic relationships
between accessions; assessing gaps and
redundancies in the collection; develop-
ment of core subsets; characterizing newly
acquired germplasm; maintaining trueness
to type; monitoring shifts in population
genetic structure in heterogeneous
germplasm; monitoring genetic shifts
caused by differential viability in storage or
in vitro culture; exploiting associations
among traits of interest and genetic mark-
ers; and genetic enhancement (Bretting and
Widrlechner, 1995; Ayad et al., 1997). One
of the most important potential uses of
molecular markers is their use in breeding
programmes. Identification of genes and
markers associated with quantitative traits
will greatly increase the efficiency of a
breeding programme.

The use of molecular markers for char-
acterization and management of citrus
germplasm is currently in its early stages.
There are many reports on the development
or use of molecular markers in citrus breed-
ing, phylogenetic studies, etc., but many of
these do not deal with citrus germplasm
collections per se. Some of the work that
has been done in this area includes the use
of ISSR markers to analyse trifoliate acces-
sions (Fang et al., 1997), certain mandarin
accessions (Fang et al., 1998b) and miscel-
laneous accessions (Fang and Roose, 1997),
and the use of isozymes, ISSR and simple
sequence repeat (SSR) markers to analyse
lemon germplasm (Gulsen and Roose, 2001)
maintained by the University of California
and USDA in Riverside, California.
Isozymes have also been used to analyse a
large number of accessions of the IVIA

germplasm bank (Herrero et al., 1996a, b)
and copia-like retrotransposon sequences
to study clementine accessions of this bank
(Bretó et al., 2001). Some of these studies
suggested that there is less diversity among
certain groups of accessions than previ-
ously believed, as noted in the discussion
of Poncirus above. However, at this point,
the technology of molecular analysis of
germplasm accessions is not sufficiently
developed to ‘fingerprint’ accessions. Many
methodologies yield inconsistent results.

These reports deal with an analysis of
genetic diversity among groups of acces-
sions. Potentially, larger subsets and even
entire collections can be analysed. In
Riverside, Barkley et al. (2003) surveyed
approximately 400 apparently sexually
derived accessions using 25 SSR markers.
This is an extremely robust data set that,
when fully analysed, revealed a great deal
about various aspects of the genetic diver-
sity and relationships among these acces-
sions. The information generated in some
cases confirmed existing ideas derived from
other types of observations, and in other
cases called this into question. The molecu-
lar data have to be looked at in a broad con-
text in combination with other types of
observations and data. 

Molecular markers potentially have a
number of other uses in the management of
citrus germplasm collections, but are per-
haps less developed for these uses than for
other crops. This is due to the small size of
the worldwide citrus industry as compared
with, for instance, wheat and maize.
However, these types of uses are bound to
increase for citrus. Krueger et al. (2003) and
Krueger and Roose (2003) reported the use
of various molecular markers to reduce
redundancies in potential new accessions
received as seed, resolve the identity of
mislabelled accessions and detect
pathogens. One can conceive of many other
potential uses for molecular markers, and
their use will undoubtedly increase in the
future. They will never replace, but rather
will complement, traditional morphologi-
cal, horticultural and phytopathological
evaluations.
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The main limitation today of molecular
markers for germplasm management is that
they are not able to differentiate and finger-
print close genotypes within species, par-
ticularly in the case of cultivated sweet
oranges, clementines, satsumas or lemons,
where cultivars have been produced by
spontaneous budsport mutations in the
field. Most markers used today in citrus are
the so-called neutral or anonymous, which
are not related to specifically known genes.
As citrus genomic projects taking place in
several countries advance, many sequence-
based markers will be available and this
probably will allow a more efficient molec-
ular genotyping of most accessions, facili-
tating both germplasm management and
utilization.

As molecular methodologies improve,
identification of redundancies and gaps in
collections will improve. A more complete
understanding of the relationships between
accessions will make it possible to identify
more accurately accessions that are com-
pletely or basically the same. There is an
interaction here between molecular and
‘traditional’ data. In some cases, traditional
observations may indicate that accessions
are very similar or identical, whereas
molecular analysis may reveal differences
that may or may not be significant.
Conversely, molecular analysis may show
differences that have no practical signifi-
cance. This is an area of inquiry in which a
great deal of progress remains to be made.

Documentation and databases

There is sometimes a tendency to think of
documentation of germplasm resources
being associated only with ex situ collec-
tions, but this is too narrow a viewpoint.
Documentation of germplasm resources in
the broad sense includes documentation
both of the overall status of a particular
species and its local status, as well as
formal collections. Various publications by
entities such as IPGRI, IUCN, various gov-
ernmental and non-governmental agencies
and organizations, etc. address some of

these broader issues. It is these broader
issues that may make a formal effort at con-
serving genetic resources necessary or
desirable. If a species is well represented in
a stable environment, it is less vulnerable to
extinction or genetic erosion than if it is
represented by only a few specimens in an
area undergoing rapid degradation.

The methods as well as the style of
documentation are undergoing rapid
change due to the influence of technology.
Early documentation of citrus germplasm
was based on personal observation and
handwritten notes, with accessions listed
in an accession book. Today, observations
may be supplemented by information gath-
ered from a global positioning device, with
visual information provided by a digital
camera and entered into a portable com-
puter. Evaluation of accessions has also
been enhanced by advances in instrumenta-
tion and electronic data analysis and main-
tenance. This statement is made with the
realization that, while the cost of computer
technology is decreasing and use of com-
puters is increasing, in any individual
instance, a ‘database’ may indeed still con-
sist of handwritten records. Furthermore,
just as a handwritten observation may be
lost or deteriorate, electronic data may
become deleted or their format or medium
become obsolete. Thus, both hard copy and
electronic records should be backed up
and, in addition, care must be taken that the
format of electronic data is updated period-
ically so that it may be accessed by cur-
rently available machines. Even if data are
backed up in several locations electroni-
cally, original handwritten records should
be retained. They are often invaluable in
correcting mistakes or solving various mys-
teries associated with the collection. Even
multiple copies of the same printed form,
with notes taken by different workers,
should be retained.

Databases are useful for maintaining,
manipulating and reporting data. However,
today, most database records are still based
upon handwritten observations or notes.
There are a few scientists who may take a
portable computer into the field or green-
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house and make observations directly into
it there, but most still make their observa-
tions on a datasheet or in a notebook. So,
the transcription of original data to the
maintained form still offers a potential step
for miscopying, whether to a written or an
electronic record. Thus, each step in the
record-keeping process must be done care-
fully and with an eye towards quality con-
trol.

Often, data are maintained in both
local and public databases. The public data-
base generally contains non-confidential
data that are of interest to the general public
and potential users. These often consist of
accession information, passport data and a
limited amount of descriptor data. Many
important types of data, particularly man-
agement data, are critical to local users but
may not be important to potential collabo-
rators. Therefore, complete and well-organ-
ized local databases are critical to the
functioning of a germplasm collection.
However, some types of local data may be
of interest to colleagues. For instance, a sci-
entist requesting germplasm will often
request data from pathogen testing that may
have taken place. Accessions or potential
accessions should be assigned accession (or
pre-accession) numbers that are maintained
in the local database. In addition, individ-
ual trees within each accession number
should have inventory or tracking numbers
assigned so that unique properties, prob-
lems, etc. associated with individual trees
will not become associated with the acces-
sion in general or with other trees of the
same accession. These numbers should be
assigned and recorded as early in the life of
the plant as possible. In addition to general
information on accessions, local databases
should precisely and thoroughly document
such attributes of individual trees as root-
stock, propagation source, date of propaga-
tion, pathogen status, location and notes.

Utilization

Utilization of genetic resources is a primary
goal of germplasm banks and in many

instances is the justification for investing in
genetic resource conservation. Citrus
germplasm banks are or can be used for
breeding and research, and directly for
commercial propagation through certifica-
tion programmes.

Utilization of citrus genetic resources for
breeding

Citrus is affected by important abiotic
stresses, such as acidic, alkaline and saline
soils, flooding and drought, freezes and
high temperatures; by arthropod, vertebrate
and nematode pests; and diseases caused
by fungi, bacteria, spiroplasmas, phytoplas-
mas, virus, viroids and virus-like
pathogens. In addition, markets demand
fruits of high quality that are difficult to
produce because of a lack of adequate vari-
eties. Existing high-quality varieties may be
impossible to grow in many areas due to
susceptibility to the above-mentioned
biotic and abiotic stresses.

The consequence of this situation is
that the number of varieties and rootstocks
that can be used in different citrus-growing
areas is very limited and the production is
not well adapted to market demands.
Genetic improvement has a very high prior-
ity to solve these problems, and several
countries have been carrying out breeding
programmes since the end of the 19th cen-
tury (Soost and Cameron, 1975; Soost and
Roose, 1996). However, the results so far
have been very limited as a consequence of
the complex reproductive biology of citrus,
including several factors such as apomixis,
total or partial pollen or ovule sterility of
many genotypes of interest, autoincompati-
bility and incompatibility among geno-
types, high heterozygosity and long
juvenile periods (Cameron and Frost, 1968;
Frost and Soost, 1968; Soost and Cameron,
1975; Soost and Roose, 1996). For these rea-
sons, the number of active breeding pro-
grammes for citrus has been much more
limited than for other species, and conse-
quently the citrus genetic resources have
not had an intensive utilization for breed-
ing.
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In recent years, several biotechnology
techniques have been established for citrus
breeding that solve some of the problems of
traditional breeding (Navarro et al., 2004).
This includes symmetric and asymmetric
protoplast fusion procedures that overcome
the heterozygosity problem and allow the
recovery of somatic hybrids among sexually
incompatible parents, including citrus rela-
tives (Grosser et al., 2000). The optimiza-
tion of technologies for embryo rescue and
ploidy analysis by flow cytometry is allow-
ing establishment of large triploid breeding
programmes to recover seedless cultivars
(Navarro et al., 2003; Chapter 8). Citrus
transformation technologies are opening up
completely new and expanding possibili-
ties for citrus improvement (Peña and
Navarro, 1999; Chapter 15). The develop-
ment of molecular markers for qualitative
and quantitative traits is also advancing
very quickly (Chapter 12) and this will
accelerate breeding programmes through
marker-assisted selection. In addition, the
development of large citrus genomic proj-
ects that is already underway in some coun-
tries such as Japan, Brazil, Spain and the
USA will undoubtedly produce a lot of
information that will contribute to citrus
improvement. Utilization of genetic
resources maintained in germplasm banks
for citrus breeding is increasing signifi-
cantly with the initial application of these
new technologies. In the near future, it is
expected that utilization for this purpose
will be expanded along with further devel-
opments in biotechnology.

Utilization of citrus genetic resources for
research

Probably the major use of collections of
citrus genetic resources is for breeding.
However, there are other research uses for
materials from these collections.
Germplasm collections are continuously
being used by physiologists, biologists,
plant pathologists and investigators in
other disciplines. For instance, the identifi-
cation of ‘Dweet’ tangor as an indicator for
psorosis (Wallace, 1945) and ‘Parson’s

Special’ mandarin for cachexia (Calavan
and Christiansen, 1965) was possible
because of citrus genetic resources main-
tained in Riverside. 

However, the distinction between
research to identify materials for utilization
in breeding programmes and other types of
research is not always clear. For instance,
some of the most common investigations
carried out are screening of accessions for
useful traits, such as disease resistance/tol-
erance or adaptation to soil conditions.
This information may be utilized in an
improvement programme as well as more
directly. An example is the trifoliate
orange. Early on, its reaction to CTV was
known (Costa et al., 1949; Grant and Costa,
1948; Grant et al., 1949, 1951). This led to
its direct use both as a rootstock and as a
source of CTV resistance in breeding pro-
grammes. More recently, the genetic basis
of this reaction has been characterized
(Gmitter et al., 1996; Mestre et al., 1997a, b,
c; Fang et al., 1998a; Fang and Roose, 1999;
Deng et al., 2001; Yang et al., 2001). This
information may be useful in improvement
as well as being interesting as purely basic
information.

Many traits documented in Table 4.3
have overlapping bases and results. Not all
of these documentations are the result of
investigations utilizing formal collections
of citrus genetic resources, but some are.
Conversely, investigation into and docu-
mentation of these types of traits from
sources outside a collection can lead to
inclusion of certain accessions in collec-
tions of genetic resources. 

Utilization of citrus genetic resources for
certification programmes

The subject of certification programmes for
citrus is linked to the area of germplasm
resources and will be briefly addressed.
Certification programmes are primarily
designed to control graft-transmissible and
other important diseases. They only use
advanced commercial varieties and in most
cases they operate independently of
germplasm banks. In citrus, there are only a

110 R.R. Krueger and L. Navarro



few cases where there is a direct connection
between certification programmes and
germplasm banks, although some of the cer-
tified varieties may come from germplasm
banks. For more information on certifica-
tion programmes in general, a recent review
has been produced by Waterworth (1998).
For citrus in general, Lee et al. (1999) and
Navarro (1993) offer good overviews. 

The devastating nature of citrus diseases
has been noted above. Roistacher (1993), in
arguing for mandatory certification pro-
grammes for citrus, quite rightly notes that
‘Citrus stands alone among the tree and fruit
crops of the world for having the largest
number of virus and virus-like diseases
which have the capacity to debilitate or
destroy its industry. There are very few or no
comparable diseases of stone, pome, or vine
fruits which can match the rapacity of ...
citrus diseases …’. Therefore, certification
programmes are highly recommended to sup-
port citrus production and help maintain the
phytosanitary status of the citrus industry.

Citrus was one of the first crops for
which various types of clean stock and cer-
tification programmes were devised.
Probably the first proto-certification pro-
gramme for citrus was the ‘Psorosis Free’
programme started in California in 1937
(Calavan et al., 1978). As additional dis-
eases were shown to be caused by viruses or
other graft-transmissible pathogens, the
programme evolved to the form in which it
is found today (Gumpf et al., 1997; Bash,
1999; Krueger, 2001). In its current form,
clean source trees are established by the
Citrus Clonal Protection Program (CCPP),
which is run by the University of
California. After release to the industry,
propagation and distribution of trees are
regulated by the California Department of
Food and Agriculture (CDFA). 

The California programme is the oldest
and longest-running certification pro-
gramme for citrus. Other well-established
programmes include those of Spain (Pina
and Navarro, 2001), Australia (Forsyth,
1990), South Africa (Lee and von
Broembsen, 1990) and Florida (Castle et al.,
2001). The protected collection of the

Spanish germplasm bank is totally inte-
grated in the certification programme, since
it is the Protected Foundation Block of
Initial Material for certification (Navarro et
al., 2002; see also Chapter 17). Many other
countries are establishing certification pro-
grammes or taking the first step in starting
phytosanitation programmes. Many of these
programmes are supported technically by
the FAO and often start foundation plant-
ings with materials obtained from estab-
lished programmes in California or Spain.
Frequently, expert consultations from the
FAO or other entities provide the impetus
for start up of local indexing and sanitation
programmes to complement the introduced
germplasm. In addition to the FAO, various
other NGOs have taken an active role in
promoting or establishing regional certifica-
tion programmes. These notably include
IPGRI, which through its relationship with
the International Agricultural Research
Centers and the Consultative Group of
International Agricultural Research, seeks
to promote phytosanitary standards in the
exchange of germplasm for research pur-
poses (Frison and Diekmann, 1998), and the
European/Mediterranean Plant Protection
Organization. More recently, the North
American Plant Protection Organization
has become involved in this area.

Navarro (1993) and Lee et al. (1999)
differentiate certification programmes from
quarantine and clean stock (or sanitation)
programmes. In this schema, quarantine
programmes (as discussed above) are
designed to ensure the safe introduction of
new types of germplasm, while clean stock
programmes have the aim of producing and
maintaining healthy, true-to-type local cul-
tivars. In reality, most of the techniques and
technology used in a quarantine pro-
gramme are also utilized in clean stock pro-
grammes, and sub-federal level regulations
or quarantines make handling local culti-
vars similar from a security standpoint to
handling foreign introductions even if the
risk of introducing exotic pests or
pathogens is lower. 

Certification programmes, as the term
is used by Navarro (1993) and Lee et al.
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(1999), introduce regulatory or legal
requirements and restrictions that enforce
to some degree the use of clean material.
These regulations are based upon local con-
ditions and may not regulate all pests and
pathogens. For instance, in California the
CCPP provides a quarantine programme for
introduction of new varieties from outside
California, and also functions as a clean
stock programme for cultivars already
established in California. In providing these
functions, CCPP tests for all known graft-
transmissible pathogens. However, after
release from state (and where applicable,
federal) quarantine(s), the propagation of
these materials is regulated by the CDFA,
and testing is done for only a limited range
of endemic diseases. 

The most important components of cer-
tification programmes are the sources of
propagative material. The bases for all fur-
ther propagations are Foundation Blocks.
These include both Protected Foundation
Blocks of Initial Material and field-planted
or protected Foundation Blocks usually
located at the nurseries. The tendency
today is to protect as much as possible all
blocks of the programme. In Spain, IVIA
holds the Protected Foundation Block of
initial material, which is the protected col-
lection of the germplasm bank, and the
nurseries hold nine foundation blocks that
are also protected. The multiplication
blocks located in 39 nurseries are also all
protected. Protected Foundation Blocks
offer greater security as far as avoidance of
infection by an insect vector, but infrastruc-
ture costs are greater. Foundation plantings
should be periodically re-tested for the
pathogens included in the regulations,
which always include at least the endemic
pathogens. Although this is obviously more
important for a field-planted Foundation
Block than for a Protected Foundation
Block, the latter should also be re-tested
although regulations usually establish
longer testing intervals. The most impor-
tant diseases from a re-testing standpoint
are endemic diseases that are naturally
spread.

Due to the expenses associated with

maintaining and re-testing foundation trees,
only a small number of trees from each
variety are generally maintained (typically
2–6). This is not enough to supply bud-
wood directly to propagate nursery trees.
Therefore, material from the Foundation
Block is normally used to establish
Budwood Increase Blocks, allowing the
rapid and efficient multiplication of buds.
Increase Blocks may be protected or estab-
lished in the field. The final step in a certi-
fication programme is the production of
certified nursery trees from either founda-
tion materials or Increase Blocks.
Production may be protected or in the field.
Again, the actual requirements for certifica-
tion are mandated by regulatory agencies
and vary from location to location. 

Certification programmes may be either
mandatory or voluntary. Mandatory pro-
grammes are of course more coercive, but in
most cases are more effective than volun-
tary programmes. In voluntary programmes,
the initially higher investment in certified
materials may lead some nurserymen to use
non-certified materials despite the long-
term negative economic impact of using
this inferior material. This can lead to
greater disease pressure than if a pro-
gramme was mandatory and, if endemic
vector-transmitted diseases exist, these can
be transmitted to trees produced under a
voluntary certification programme. Thus, a
few non-cooperative nurseries seeking a
short-term economic advantage can cause
long-term phytosanitary and economic
damage to an industry.

Certification programmes are among the
best established means of increasing phy-
tosanitary health, and some of those for citrus
are among the oldest in the world. In con-
junction with quarantine and clean stock
programmes, they remain important
weapons in the ongoing fight against citrus
diseases.

Germplasm banks may have a very
important role in certification programmes
by supplying the initial materials for prop-
agation, particularly if they maintain
healthy plants of commercial varieties. In
some cases, such as in Spain, the
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germplasm bank is an integrated part of the
certification programme and also is in
charge of the post-entry quarantine station.
Nurseries have already released 100 million
plants to growers that originated in the
germplasm bank. Healthy material from
some germplasm banks, like those located
in the USA, Spain and France (Corsica),

have been used by many countries to start
certification programmes when resources to
establish their own clean stock programmes
were not available. This is an example of
international collaboration that has pro-
duced large benefits to the citrus industry
worldwide and that shows the importance
of maintaining citrus genetic resources.
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Nucellar embryony is one of the more
unusual features of seed reproduction in
citrus. The term refers to development of
embryos from the maternal tissue called the
nucellus that surrounds the embryo sac.
This chapter describes the trait, how it
influences citrus rootstock and scion breed-
ing, how the trait is inherited, and methods
to manipulate it in breeding programmes. 

Background of Nucellar Embryony
(Apomixis) in Citrus

The trait of nucellar embryony in citrus has
long been a subject of investigation. Webber
(1900) described this trait in an article enti-
tled, ‘Complications in citrus hybridization
caused by polyembryony’. Polyembryony
(multiple embryos in one seed) is associ-
ated with nucellar embryony because it fre-
quently results in polyembryonic seeds
from which multiple seedlings germinate
(Fig. 5.1). Refined definitions of the trait
based on developmental studies led to the
term nucellar embryony, since the majority
of the multiple embryos arise from cells of
the somatic nucellus tissue surrounding the
embryo sac (Kobayashi et al., 1979). A
broader term is apomixis, generally defined
as asexual reproduction through seed.

Apomixis includes a variety of different
types of asexual reproduction and is
reviewed thoroughly in Asker and Jerling
(1992).

Nucellar Embryony in Citrus Rootstock
Breeding

In citrus, nucellar embryony is generally
essential in citrus rootstocks because it

141© CAB International 2007. Citrus Genetics, Breeding and Biotechnology (ed. I.A. Khan)

5 Nucellar Embryony

J. L. KEPIRO AND M. L. ROOSE

Department of Botany and Plant Sciences, University of California, Riverside,
CA 92521, USA

Fig. 5.1. Multiple seedlings emerging from a citrus
seed.



allows nurseries to propagate trees on
highly heterozygous, but genetically uni-
form seedling populations. This reduces
variation in rootstock and scion perform-
ance in comparison with that which would
occur if rootstock seedlings resulted from
sexual reproduction. Nucellar embryony
allows citrus rootstock breeders to produce
F1 hybrids that are highly heterozygous, but
produce seedlings that are genetically uni-
form and identical to the mother tree. If
nucellar embryony were not present, citrus
breeders and nurseries could take several
different approaches to produce genetically
uniform rootstocks. Rootstocks could be
vegetatively propagated as rooted cuttings
or propagated using in vitro culture meth-
ods. Another alternative would be to use
seedling populations of genotypes that are
homozygous for all important traits.
Although these strategies are used in other
tree crops and have been attempted in
citrus, none has been commercially suc-
cessful, perhaps because they are more dif-
ficult or costly to implement than growing
nucellar seedling populations of citrus root-
stocks. Therefore, nucellar embryony is
considered an essential trait in citrus root-
stocks. The rootstock breeder must there-
fore choose parents that produce progeny
having the trait, and must select progeny
that produce a high proportion of nucellar
seedlings and few sexual seedlings. 

Nucellar Embryony in Citrus Scion
Breeding

In contrast to rootstock breeding, nucellar
embryony impedes progress in scion breed-
ing. When using a female parent with the
trait, a breeder must invest monetary and
labour resources to generate a population,
but the breeder has few new hybrids to use
for selection. The process is inefficient and
costly in a long generation tree crop. The
other alternative is to choose female parents
that lack nucellar embryony. This is possi-
ble and frequently done, but many impor-
tant scion cultivars have nucellar embryony
so this strategy limits the choice of crosses.

If the gene(s) responsible for nucellar
embryony can be identified, it may be pos-
sible to silence it by transformation with an
antisense or RNA interference (RNAi) con-
struct, or perhaps turn it off and on with an
inducible promoter system. 

Nucellar Embryony

Nucellar embryony is a heritable trait found
in some citrus varieties. Nucellar embryony
is an adventitious form of apomictic repro-
duction, wherein the somatic cells of the
nucellus tissue are initialized to enter into
an embryonic pathway of development.
Development of nucellar embryos was stud-
ied in detail by Koltunow et al. (1995),
Kobayashi et al. (1979) and Wakana and
Uemoto (1988). The nucellar embryos
develop from nucellar initial cells that orig-
inate in the nucellus that surrounds the
embryo sac (Fig. 5.2). These cells occur in
all portions of the nucellus, but many
migrate to the micropylar end so in many
varieties nearly all nucellar embyos are
found at the micropylar end (Wakana and
Uemoto, 1988). Nucellar embryos generally
initiate development before fertilization,
about ten days before anthesis, but this may
vary with the genotype. Many embryo sacs
contain several to many nucellar initial
cells. As these begin to divide and grow, the
number of growing embryos diminishes. At
later stages, the larger embryos tend to be
located at the micropylar end of the embryo
sac (Fig. 5.2). 

In citrus, nucellar embryony does not
prevent normal sexual reproduction (Esan
and Soost, 1977; Wilms et al., 1983). This
results in trees bearing fruit with seeds con-
taining two classes of embryos: (i) zygotic
embryos from a fertilization event; and (ii)
nucellar embryos that are genetically iden-
tical to the maternal parent. Many geno-
types with nucellar embryony also have a
high frequency of multiple embryos, since
many cells in the nucellus initiate embryo-
genesis and several embryos may mature. A
seed may contain two or more seedlings
that germinate, but not every seed produced
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by a tree with nucellar embryony has mul-
tiple mature embryos.

In a genotype that produces seeds by
nucellar embryony, normal sexual repro-
duction can also occur. Such a genotype
can produce several different types of seeds
(Wakana and Uemoto, 1988): (i) seeds with
one mature, sexual embryo; (ii) seeds with
one mature nucellar embryo; (iii) seeds
with multiple mature nucellar embryos;
and (iv) seeds with one mature sexual and
one or more mature nucellar embryos.
Seeds may also contain immature embryos
that cannot germinate normally. This is
because not only does adventitious
apomixis occur without preventing normal
sexual reproduction, but also its success
depends on fertilization for endosperm for-
mation (Esan and Soost, 1977). 

Nucellar embryo growth is arrested at
the late globular stage without endosperm
development (Koltunow et al., 1995). Most
fertilization events involve a double 
fertilization: (i) of the polar nuclei to
form the endosperm; and (ii) of the egg to
form a zygote. Developmental competition
between the zygotic and nucellar embryos,
as well as the genotype of the zygote,
will affect maturation and, in seeds with
mature nucellar embryos, immature zygotic

and nucellar embryos are often present
but do not germinate (Ueno et al., 1967;
Esan and Soost, 1977; Koltunow et al.,
1995).

The number and type of embryos pro-
duced may vary from tree to tree and also at
different positions on a single tree
(Nasharty, 1945; Parlevliet and Cameron,
1959). This variation has been suggested to
be controlled by minor genes, pollen source
and environmental conditions (Frost, 1926;
Parlevliet and Cameron; 1959, Khan and
Roose, 1988). A study specifically designed
to determine the origin of seedlings pro-
duced by open-pollinated Poncirus trifoli-
ata cultivars with the genotype of nucellar
embryony found that the majority of the
mature embryos that germinate are geneti-
cally identical to the maternal parent (Khan
and Roose, 1988). The proportion of nucel-
lar seedlings has been estimated in many
citrus rootstock cultivars using isozymes
and other genetic markers, with most culti-
vars having more than 90% nucellar
seedlings (Table 5.1; Roose and Kupper,
1992), but this sample is biased toward
genotypes producing a high proportion of
nucellar embryos because citrus rootstocks
are selected to have a high percentage of
nucellar seedlings. 
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Fig. 5.2. Citrus ovules, about 60 days after pollination, of (a) a variety with a high level of nucellar
embryony and (b) a monoembryonic (sexual) variety.
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Nucellar Embryony and Polyembryony

The term polyembryonic has in the past
been used to refer to a genotype that pro-
duces multiple embryos in a single seed by
the process of nucellar embryogenesis. Use
of this term to indicate a genotype capable
of nucellar embryogenesis causes confusion
when attempting to distinguish the trait of
nucellar embryony from sexual twinning.
While sexual twins may be identical to each
other, they originate by sexual reproduction
and therefore are genetically distinct from
the maternal genotype. A study of twins in
hybrids of Citrus × Poncirus from strictly
sexual seed parents demonstrated that

supernumerary embryos can bud off from a
zygotic embryo and produce seed with mul-
tiple embryos (Cameron and Garber, 1968).
It is worth making a special note of this and
reiterating that polyembryonic seeds do not
by their mere existence indicate the tree
producing such seed has the trait of nucel-
lar embryony. However, because twinning
is rare (Frost, 1926; Parlevliet and Cameron,
1959), trees that produce seed with a mod-
erate or high frequency of multiple embryos
can be classified as probably having nucel-
lar embryony, and those that produce very
few (less than ~6%) seeds with multiple
embryos can be classified mostly as lacking
nucellar embryony.
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Table 5.1. Percentage of nucellar seedlings in citrus rootstocks as detected by isozyme analysis. 

Rootstock Percentage zygotic References

Pomeroy trifoliate 14.1 Khan and Roose, 1988
Rubidoux trifoliate 4.6 Khan and Roose, 1988
Trifoliate orange 2.6, 21.6 Anderson et al., 1991; Moore and Castle, 1988
Flying Dragon trifoliate orange 18.0, 29.7 Moore and Castle, 1988; Khan and Roose,

1988
Swingle citrumelo 9.3, 9.6, 15.2, 17.7 Ashari et al., 1988; Moore and Castle, 1988;

Xiang and Roose, 1988
Sacaton citrumelo 38.7, 39.7 Xiang and Roose, 1988; Xiang and Roose,

1988
C-32 citrange 5.7, 19.7 Xiang and Roose, 1988; M. L. Roose and R.

S. Kupper, personal communication
Carrizo citrange 0.0 Anderson et al., 1991;
Troyer citrange 0.0, 0.8 Moore and Castle, 1988; Anderson et al., 1991
Uvale citrange 1.3 Moore and Castle, 1988
Yuma citrange 36.1, 50.6 Moore and Castle, 1988, Xiang and Roose,

1988
Amblycarpa 4.9 Moore and Castle, 1988
Cleopatra mandarin 0.8 Anderson et al., 1991
Cuban shaddock 12.0 Moore and Castle, 1988;
Rough lemon 2.1, 5.0, 5.5 Anderson et al., 1991; Moore and Castle,

1988; Xiang and Roose, 1988
Milam 0.0 Moore and Castle, 1988
Sour orange 0.0 Moore and Castle, 1988
Sweet orange 0.0, 0.8 Moore and Castle, 1988; Anderson et al., 1991
Taiwanica 34.8 Xiang and Roose, 1988
Volkamer lemon 16, 23.7, 27.3 Moore and Castle, 1988; Xiang and Roose,

1988
Yuma Ponderosa 20.0 Xiang and Roose, 1988

At least 94% of zygotic seedlings from self-pollination should have been detected based on the number
of enzyme loci studied, except in sweet orange (87%) and Cleo (50%).



The term monoembryonic has been
used to refer to a single seed that contains
one embryo or to describe a strictly sexual
seed parent. If used as a descriptor of a tree
that is a strictly sexual seed parent, the term
can lead to confusion when multiple
embryos arise by twinning. Trees called
‘monoembryonic’ do produce seeds with
two or more embryos by twinning at a low
frequency, but these embryos will be genet-
ically different from the maternal parent
(Cameron and Garber, 1968). For example,
Cameron and Soost (1979) classified trees
that produced seed with multiple embryos
in no more than 7% of the seed as monoem-
bryonic and trees with 8 or 9% as near-
monoembryonic. Iwamasa et al. (1967)
defined varieties producing 1–6% polyem-
bryonic seed as genetically monoembry-
onic. It is preferable to use the term ‘strictly
sexual’ to describe trees lacking the trait of
nucellar embryony. 

Inheritance of Nucellar Embryony

The work of Parlevliet and Cameron (1959)
suggests that nucellar embryony is con-
trolled by a single major dominant gene that
is heterozygous in trifoliate and absent in
‘Chandler’ pummelo. They also suggest
minor genes may control the level of
expression. Other work suggests that sev-
eral genes control nucellar embryony and
that polyembryony is an independent trait
(Garcia et al., 1999; Asins et al., 2002).
Garcia et al. (1999) evaluated the progeny of
a cross between two parents known to have
nucellar embryony, Citrus volkameriana
(‘volkamer’ lemon) and Poncirus trifoliata
var ‘Rubidoux’. The cross produced 50
fruit-yielding hybrid progeny from which
seed samples were germinated. Twenty-five
random seedlings from each individual
were genotyped with isozymes to deter-
mine the seedlings’ origin as either nucellar
or zygotic. Eight to ten seeds were scored
for multiple embryos and the percentage of
polyembryonic seed calculated for 38 of the
50 individuals in the test population. A
variety of marker types were used in their

mapping analysis, with 73 polymorphic
markers in P. trifoliata and 97 in C. volka-
meriana. They propose a model with two
quantitative trait loci (QTLs) in P. trifoliata
and four QTLs in C. volkameriana control-
ling apomixis, with individual QTLs con-
tributing up to 24% of the total variation.
Markers linked to polyembryony were
found at different positions in each parent.
TAA15 (a C. volkameriana marker for poly-
embryony) was linked to Apo2, the QTL
with the strongest effect on apomixis.

Kepiro (2003) studied inheritance of
nucellar embryony in 88 progeny of a cross
of Chandler pummelo × trifoliate orange.
They scored the trait by counting the
number of seedlings that germinated from
an average of 283 seeds per progeny tree.
Only 17 progeny produced more than 8.5%
polyembryonic seeds. Mapping and QTL
analysis identified a major, dominant QTL
that was heterozygous in trifoliate orange
and which appears essential for production
of more than about 2% polyembryonic
seeds. DNA marker studies on a subset of
seedlings supported a correlation between
production of nucellar seedlings and pro-
duction of a high proportion of polyembry-
onic seeds. Some trees that produced 1–2%
polyembryonic seed did produce nucellar
embryos, but in others no apparently nucel-
lar seedlings were found among seedlings
from polyembyronic seeds. Therefore, the
proportion of polyembryonic seeds could
not be used to determine whether or not
such trees have nucellar embryony. This
major locus and markers associated with it
showed significant segregation distortion,
with only about 32% of progeny producing
at least 1.4% polyembryonic seed instead of
the expected 50%. In those progeny having
polyembryony, a second unlinked QTL
accounted for much of the variation in the
percentage of polyembyronic seeds. These
QTLs were confirmed in a population of
open-pollinated (mostly selfed) progeny of
trifoliate orange. No QTLs influencing poly-
embryony were detected in the Chandler
pummelo parent. Thus far, it has not been
possible to compare the map locations of
QTLs detected by Garcia et al. (1999) with
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those studied by Kepiro because the maps
developed do not share any common mark-
ers. While the results of Kepiro suggest that
inheritance of polyembryony from Poncirus
involves only a few genes, it is quite possi-
ble that additional polymorphic genes
involved in nucellar embryony occur in
Citrus or other Poncirus genotypes.

The relationship between the propor-
tion of polyembryonic seeds and the pro-
portion of nucellar seedlings has not been
adequately tested in any segregating popu-
lation. Garcia et al. (1999) tested this rela-
tionship, but they examined only 25
seedling per progeny tree, too few to have a
high probability of detecting polyembryony
in genotypes that produce only 1–5% poly-
embryonic seeds. 

Screening Hybrid Populations for
Nucellar Embryony

When the rootstock breeder selects parents
for hybridization, if the rootstock cultivar
will be propagated as seedlings, then the
parents must be selected to produce nucel-
lar progeny. The frequency of progeny that
produce mostly nucellar seedlings will be
higher if both parents have nucellar embry-
ony, but this cross configuration will pro-
duce mostly progeny identical to the

mother. This dilemma is unresolved,
although screening for DNA markers that
predict nucellar embryony would greatly
reduce the cost of propagating hybrids that
lack the trait. The appropriate decision is
determined by the importance, genetic con-
trol and ease of selection for the other traits
that can be contributed by each potential
parent.

Screening hybrids for adequate levels
of nucellar embryony can be done in sev-
eral ways. The first question is ‘what is an
unacceptable number of zygotic (sexual)
seedlings?’ Among existing commercial
rootstocks, the proportion of zygotic
seedlings ranges from less than 1% up to
50% (Table 5.2). The acceptable proportion
will depend on a number of factors. One
issue is the degree of difficulty nursery per-
sonnel would encounter in rogueing the
seedling population (eliminating off-types).
This will depend on the level of heterozy-
gosity of the population for easily recog-
nized morphological traits such as the
trifoliate leaf morphology present in most
trifoliate × Citrus hybrids. If the parents are
fairly closely related (e.g. two mandarins),
then it will be more difficult to identify the
zygotic off-types than if the parents are dis-
tantly related. On the other hand, if the par-
ents are closely related, the performance of
a tree budded on a zygotic seedling may be
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Table 5.2. Percentage of polyembryonic and nucellar seedlings in major citrus groups. 

Seed parent Seedlings/seed % nucellar

Lemon: Eureka, Lisbon, etc. 1.05–1.06 32–33
Rough lemon 1.24–1.96 54–98
Mexican Lime 1.29 78
Mandarin: Dancy, Kara 1.37–1.71 100
Mandarin: Satsuma 1.44 90
Mandarin: Kishiu 1.00 0
Mandarins: King, Ponkan 1.01-1.42 21–98
Grapefruit: Marsh 1.08 96
Pummelo: 11 cultivars 1.00 0
Sweet orange: four cultivars 1.09–2.00 39–97
Sour orange 1.21 85
Tangelo: Orlando, Minneola 1.31–1.49 83–97
Trifoliate orange 1.03–1.26 13–73

Source: after Frost and Soost (1968).



fairly similar to that of a tree budded on a
nucellar seedling. Evidence (Xiang and
Roose, 1988) suggests that, at least in some
locations, most zygotic seedlings result
from selfing rather than outcrossing. This
makes zygotic seedlings more difficult to
identify, but also makes their characteris-
tics more predictable. Nurseries dislike
using rootstocks that are excessively vari-
able, so we suggest that 10–15% zygotic
seedlings is the maximum permissible level
in most cases. 

In some rootstocks, particularly Citrus
× Poncirus hybrids, the proportion of nucel-
lar seedlings can be estimated fairly well
from a visual screen of 100 or more
seedlings. Each seedling should be care-
fully examined for leaf morphology, intern-
ode spacing, thorn length, stem
morphology and any other visible traits
(Fig. 5.3). A good practice is to compare the
new hybrid with an established rootstock,
such as Troyer or Carrizo, which produces
a high proportion of nucellar seedlings.
Another protocol would be estimate the

proportion of polyembryonic seeds from a
germination test or dissection of mature
seeds, but this indirect method is less desir-
able because the correlation between the
proportion of polyembryonic seeds and the
proportion of nucellar seedlings is not well
established in most populations. Before
release of a rootstock or scion variety, the
proportion of nucellar seedlings can be esti-
mated more precisely by ‘fingerprinting’ a
large (100–200) sample of seedlings with
many heterozygous DNA markers (unlinked
simple sequence repeats (SSRs), amplified
fragment length polymorphisms (AFLPs) or
inter-simple sequence repeats (ISSRs) are
appropriate). Many loci that are heterozy-
gous in the female parent should be
screened because, for each heterozygous
locus, the probability of a selfed seedling
having the same genotype as the mother is
one in two. Testing five unlinked, co-domi-
nant, heterozygous loci gives an overall
probability of misclassifying a hybrid as
nucellar of (0.50)5 = 1/32 = 0.031, so that
about 3% of actual hybrids would be dis-
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Fig. 5.3. Zygotic (identified by isozyme analysis) and nucellar seedlings of trifoliate orange. Note that some
zygotic seedlings are dwarf, but many are not.



carded. Twelve dominant loci would be
needed to achieve the same accuracy. This
procedure is too laborious and costly to
apply to seedlings from each of a large pop-
ulation of hybrids as would occur in the
early stages of a breeding programme.
Again, easily screened DNA markers for the
genes that govern the presence and propor-
tion of nucellar embyros would be particu-
larly valuable because of the cost of
propagating many hybrids to fruiting.

Distinguishing Hybrid from Nucellar
Seedlings

If a scion breeder uses a female parent that
has nucellar embryony, then the breeding
plan should include a protocol for separat-
ing hybrid from nucellar seedlings. As indi-
cated above, it is often possible to identify
hybrids morphologically based on a charac-
ter contributed by the male, but not the
female parent. When this is not possible, a
genetic marker screen can be used.
However, the problem is easier than identi-
fication of the proportion of nucellar
seedlings. To identify a hybrid, the breeder
need only find a single co-dominant locus
for which the female and male parents do
not share alleles, i.e. crosses of the configu-
ration aa × bb, ab × cc or ab × cd. In each of
these situations, the hybrid can be unam-
biguously distinguished from a nucellar
seedling. Dominant markers can also be
used if the female is 00 (band absent) and

the male is 11 (homozygous band present).
Note that in either case only a single locus
is required, although confirmation with a
second locus is always desirable.

Future Strategies

Nucellar embryony is currently considered
to be an essential trait in citrus rootstocks
because it provides a low-cost, low-technol-
ogy method for propagation of genetically
uniform citrus rootstocks. However, in a
larger context, the requirement for nucellar
embryony presents rootstock breeders with
a significant additional trait that must be
selected. Many potential rootstocks are dis-
carded because they produce inadequate
numbers of nucellar seedlings. Breeders
could hybridize strictly sexual parents to
produce large populations of novel
combinations (pummelo × mandarin),
select seedlings based on desired traits or
markers for them, and use rooted cuttings to
propagate selected hybrids vegetatively for
rootstock trials. If such a programme pro-
duced rootstocks with clearly superior
traits, then an innovative nursery might
develop a method to propagate trees on
such a rootstock economically, and growers
may be willing to pay a premium for such
trees. While this scenario may never
become reality, if breeders never attempt
certain crosses because of lack of nucellar
embryony, their potential will never be
known.
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Introduction

Citrus and related genera have 18 chromo-
somes in diploid somatic cells (Frost,
1925a; Nakamura, 1929). The basic chromo-
some number, x=9, is invariant in
Citroideae/Aurantioideae (Stace et al.,
1993) and largely conserved in Rutaceae
(Smith-White, 1954). Variant poloidies of
different types have been reported (Guerra,
1984).

There have been spontaneously
occurred tetraploids from nuclellar
seedling (Frost, 1925b).  Tetraploid clones
were generated by artificial induction using
colchicine (Barrett, 1974; Oiyama and
Okudai, 1986). Naturally occurring triploid
‘Tahiti’ lime, triploids between tetraploid
and diploid crosses, and spontaneously
occurring triploids from diploid crosses
have been reported (Krug and Bacchi, 1943;
Oiyama et al., 1991; 1980). The percentage
of triploid obtained was higher in the
smaller seed with less than 0.1 g weight.
The triploid seedless grapefruit cultivars,
‘Oroblanco’ and ‘Melogold’ have been
released (Soost and Cameron, 1980, 1985). 

Pentaploid, hexaploid as well as

tetraploids were obtained from crosses
between triploid and diploid (Esen and
Soost, 1972a). These unexpected ploidy
levels may have arisen from the functioning
of doubly unreduced female gametes (Esen
and Soost, 1973). Oiyama and Kobayashi
(1993) obtained haploids from diploid
‘Clementine’ and ‘Lee’ pollinated with
pollen from a triploid plant. 

Haploid plantlet regeneration through
gynogenesis in Citrus clementina Hort. ex
Tan., cv. Nules, has been induced by in
vitro pollination with pollen from
‘Oroblanco’, a triploid grapefruit hybrid
(Gemanà and Chiancone, 2001).

Interspecific hybridization, ploidy
level and the mono/polyembryonic nature
of the variety in question may also con-
tribute to the frequency of polyploid proge-
nies (Cameron and Soost, 1969; Wakana et
al., 1981).

Aneuploids such as trisomics and
monosomics are usually convenient tools
for the genome mapping of the specific
chromosomes. From the crossing between
diploid and tetraploid, Esen and Soost
(1972b) detected various aneuploids
including 2n=22, 24, 25, 28, 29, 30, 31, 33,



37, 38, 39, and 41. In the crosses between
diploid with triploid pollen, a number of
trisomics (2n=19) were obtained (Sharma
and Bal, 1957; Oiyama and Kobayashi,
1993). Several types of meiotic irregulari-
ties capable of producing aneuploid
gametes have been reported by researchers
(Raghuvanshi, 1962a,b; Naithani and
Raghuvanshi, 1963). 

Meiotic behavior of somatic hybrids
provide valuable information for their prac-
tical utilization in citrus breeding pro-
grams. Generally abnormal tetrad formation
and irregular chromosome behavior with
univalent or multivalent pairing occur in
somatic hybrid plants. Meiotic abnormali-
ties such as chromosome bridges and chro-
mosomes orientated away from the
equatorial plate are frequently observed in
somatic hybrids resulting in different sizes
of pollen grain (Chen et al., 2004).

Karyotype analysis in most plants has
been identified by the length, and the posi-
tions of centromere and secondary constric-
tion of each chromosome. Kandaelaki
(1938) attempted to classify the metaphase
chromosomes into 3 groups i.e. distinc-
tively unequal-armed chromosomes, chro-
mosomes with only slightly unequal-armed
chromosomes, and with satellites.
However, the staining methods used tradi-
tionally with aceto-carmine, aceto-orcein or
Feulgen’s solution were less informative to
reveal detailed structure under the usual
optical microscope because the mitotic

chromosomes are very small (1.0-4.0 µm)
and most of them are similar in morphology
(Krug, 1943). 

Recent developments in genomics
require high resolution karyotype analysis
so that chromosome map could provide the
integrated information of physical mapping
in Citrus. The techniques of karyotype
analysis have been highly improved by the
development of enzymatic maceration of
specimens, fluorochrome staining for the
structure analysis of chromosomes, and
FISH on the mapping of the specific DNA
sequences on chromosomes. 

Citrus breeding programs need
improved chromosomal analysis.
Cultivated Citrus species have been
hybridized with some wild relatives such
as Murraya, Severinia, Atalantia, and
Swinglea, in order to introduce desirable
traits, mainly resistance to pests and
pathogens (Barrett, 1977; Motomura et al.,
1995). The identification of chromosomes
of different genomes could be a simple
method of identifying citrus hybrids and is
thus important for future work (Cameron
and Frost, 1968).

Tissue Preparation Techniques

A general protocol for cytogenetic investi-
gations is summarized in Table 1. To study
the tissue by light microscopy the specimen
is generally sliced into thin sections or
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Table 1. A slide preparation protocol for observation of Citrus mitotic figures.

1. Collect root tips with 3-5 mm in length with vigorous growth and soak in water in refrigerator at 6 oC
for 24 hours.

2. Fix with ice-cold fluid of methanol:acetic acid (3:1) for 1 day.
3. Transfer roots to ice-cold citrate buffer (0.01 M citric acid/sodium citrate, pH4.6).
4. Excise 10 root tips with @ 1mm long and transfer into enzyme solution (7-8% Pectinase Sigma +

2% Cellulase Onozuka in the citrate buffer) in an Eppendorf tube.
5. Spin down specimens by centrifugation and incubate at 37oC for 1.5 to 2.5 hours.
6. Centrifuge at 2500 rpm to discard supernatant, add new citrate buffer and suspend with gentle pipet-

ting.
7. After washing with citrate buffer 3 times, add 100-200 µl cold methanol: acetic acid (3:1) and resus-

pend.
8. Drop cell maceration mixture on slide glass and air-dry. 
9. Confirm the preparation by phase contrast microscopy.

Modified after Ito et al., (1992)



squashed and contrast within tissues is
induced using dyes or fluorochromes.
Citrus chromosome preparations for routine
examination can be made from pollen
mother cells, root or shoot meristem and
embryos (Guerra et al., 1997). The
metaphase stage is arrested by pre-treat-
ment solutions before the fixation (Fig. 6.1).
Mitotic analysis of the samples can be
improved by pretreatments with 0.002 M 8-
hydroxyquinoline (8HQ) for 1 h at room
temperature and then 20-23 h at 10°C
(Oiyama and Okudai, 1986). Also, 1,4-
dichlorobenzene has been employed suc-
cessfully as a pretreatment reagent in citrus
karyotype studies (Jaskani, 1998). It
straightens of the chromosome arms and
prevents excessive clumping. Louzada et al.
(2002) improved chromosome scattering
and micronuclei visualization by treating

suspension cells for 2 h with 1,4-
dicholorobenzene (Fig. 6.2). Storage of root
tips at 6°C enhanced mitotic index in dif-
ferent Citrus species (Ito et al., 1993). The
combination of 8HQ and 4oC treatment
resulted in increased resolution of mitotic
figures in the root tips (Roose et al., 1998). 

Fixation

The aim of fixation is to preserve the tissue
in a state that most closely reflects a living
cell. The choice of fixative is generally
dependent on the tissue of interest as dif-
ferent fixatives can preserve particular
tissue elements. However, the most com-
monly used fixatives for general plant his-
tology are buffered aldehyde and
formalin/acid/alcohol mixtures (FAA).
FAA fixes nucleic acids very well but gives
poor morphological preservation and
makes the tissue hard (Spence, 2001). Chen
et al. (2004) fixed flower buds for 48 h in
Carnoy’s solution of ethanol-acetic acid
(3:1) at room temperature and kept in 70%
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Fig. 6.1. Chromosomal variability in Citrus species.
(a and b) Metaphases of Citrus depressa showing
(a) no secondary constrictions (SECs) and (b) one
proximal and two terminal SECs. Prophase (c),
prometaphase (d) and metaphase (e) chromosome
complement of C. deliciosa.  Metaphase of
C. pennivesiculata (f), C. volkameriana (g) and
Poncirus trifoliata (h). Larger arrows, proximal
SECs; small arrows, terminal SECs; arrowheads,
heteropycnotic blocks. The bar in (h) represents 5
mm for all figure parts (Guerra et al., 1997).

Fig. 6.2. (a) Diploid cell (2n = 18) of Swinglea
glutinosa with chromosomes scattered;
(b) multinucleated protoplast of ‘Ruby Red’
grapefruit; (c) cell from ‘Ruby Red’ grapefruit +
‘Succari’ sweet orange with 22 chromosomes; (d) a
cell from Swinglea glutinosa + sour orange with 22
chromosomes (Louzada et al., 2002).



ethanol at 4°C until use, while, Louzada et
al. (2002) fixed suspension cells in the same
fixative but for 24 h.

Maceration

Softening of meristematic tissues is tradi-
tionally obtained by soaking in 1N HCl at
60°C for 10 min. Enzymatic digestion has
been reported to improve karyotype analy-
sis (Jamieson et al., 1986). Fixed anthers
macerated in a 100 µl enzyme mixture (2%
cellulase and 0.5% pectolyase) in 75 mM
KCl, pH 4.8, for 20 min at 37°C digested cell
wall and improved mitotic index.
Compared to the traditionally used macera-
tion by soaking samples in 1N HCl at 60oC
and squashing them on a glass slide, the
enzymatic digestion of cell wall produces
stable specimen for the karyotype analysis
including in situ hybridization (Jamieson et
al., 1986). Citrus root tips fixed with in
Carnoy’s solution, are rinsed with water or
0.1 M citrate buffers and then macerated
with the combination of cellulase and
pectinase (Ito et al., 1992). The optimum
combinations of enzymes were different
among experiments. For example, the root
tip cells of C. junos seedling macerated in
2% cellulase Onozuka RS and 6% pecti-
nase (Sigma) in citrate buffer, generated
better preparation index with digestion at
37 oC for 2-2.5 hr (Ito et al., 1992). A com-
bination of 3% cellulase RS and 1% pecti-
nase Y-23 were used for the observation of
young leaf mitosis (Befu et al., 2000). 

Staining

Specific staining is obtained by using dye
which has an affinity for a particular cell
type or tissue element. The root meristems
are squashed in a drop of 45% acetic acid
and then stained in a 1% aceto-carmine or
aceto-orcine (Rao et al., 1992) or 2%
Giemsa solution (Guerra et al., 1997).
Staining root tips in Schiff”s solution
(leuco-basic fucsin) for 45 min in the dark
enhances chromosome visualization.

Another dye reported to stain anther
squashes is Carbol Fuchsin solution (Chen
et al., 2004). To visualize karyotypes under
fluorescence microscope, Louzada et al.
(2002) stained digested cell suspensions
with 4,6-diamidino2-phenylindole dihy-
drochloride (DAPI) @ 0.4 µg/ml. 

In Situ Hybridization

Gall and Pardue (1969) and John et al.
(1969) were the first to localize nucleic
acids directly to biological material. They
used radioactively labeled RNA to detect
rDNA in cytological preparations.
Important applications of in situ hybridiza-
tion are to display gene expression in a par-
ticular organ, tissue, or cell layer of interest
(RNA:RNA in situ hybridization), and to
localize particular DNA sequences to chro-
mosomes, interphase nuclei, or DNA fibre
spreads (DNA:DNA in situ hybridization).
The probes used for in situ hybridization
can be classified into four categories.

1. Chromosome paints (DNA/DNA in situ
hybridization): The probes are organized
from flow-sorted chromosomes and are PCR
amplified using degenerate oligonucleotide
primers and labeled nucleotides.
Chromosome paints are used to label and
identify individual chromosomes in a cyto-
logical preparation. These probes have been
used for phylogenetic studies and medical
diagonosis of gross chromosomal abnormal-
ities.
2. Total genomic DNA (DNA/DNA in situ
hybridization): As total genomic DNA is
labeled for hybridization, the technique is
called as GISH.  It can localize the parental
origin of chromatin in hybrid organisms
and can used to identify alien chromo-
somes and chromosomal segments. The
technique can also help to determine the
ancestry of natural allopolyploids, and
detects intergenomic translocations in
hybrids.
3. Cloned DNA fragments (DNA/DNA in
situ hybridization): These are the most usu-
ally used types of probe, with sequences
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cloned in bacteria as plasmids, cosmids, or
bacterial artificial chromosomes (BACs), or
in yeast as yeast artificial chromosomes
(YACs). These probes are normally used to
map genes and repetitive sequences on the
chromosomes.
4. RNA probes (RNA/RNA in situ
hybridization): The sequence of interest is
frequently cloned into a vector containing
the bacteriophage RNA polymerase promo-
tor sequences. By using appropriate RNA
polymerases, it is possible to generate
single-stranded RNA probes complemen-
tary to the coding (sense) or non-coding
(antisense) DNA strands.

Fluorescence In Situ Hybridization (FISH)

Fluorescence in situ hybridization (FISH)
has considerably contributed to a better
understanding of plant genome structure
and evolution. Using probes for total
genomic DNA, the technique facilitated
identification of parental genomes in
hybrids and individual chromosomes in
chromosome complements (Jiang and Gill,
1994; Taketa et al., 2000), analysis of
genomic distribution of mobile genetic ele-
ments (Balint-Kurti et al., 2000), integration
of genetic and physical maps with marker
tagged BAC clones (Yuan et al., 2000),
physical mapping of genes on chromo-
somes (Dolezelova et al., 1998) and other
repetitive DNA sequences (Schmidt and
Heslop-Harrison, 1996). The theory is same
as for southern hybridization, except that
the DNA to which the probe will hybridize
is the actual chromosome. The probe is
labeled using fluorescently tagged
nucleotides, added to a chromosomal
preparation from the species of interest and
viewed using a fluorescent microscope. The
probe hybridizes to the complementary
sequences. Since the technique uses a fluo-
rescent probe, it is called fluorescence in
situ hybridization or FISH. The protocol for
FISH analysis is given in Table 2.

Fluorescent in situ hybridization has
been used for gene mapping, for integrating
genetic and physical maps, and for cytoge-

netic studies of citrus (Roose et al., 1998).
The rDNA probes  (18S-5.8S-25S) labeled
with biotin or rhodamine and 5S rDNA
probes labelled with digoxigenin were
applied to locate rDNA sites on root-tip
metaphase chromosomes of Citrus sinensis
L., Poncirus trifoliata L. Raf., and Citrus x
Poncirus hybrids. Counterstaining with the
fluorochromes chromomycin A3 and DAPI
uniquely identified many but not all chro-
mosomes. C. sinensis had five 18S-25S
rDNA sites, P. trifoliata had seven, and
three different Citrus x Poncirus hybrids
had five or six sites. Four 5S rDNA sites
were detected as linked to 18S-25S rDNA
sites. Karyotype and molecular analysis of
Trovita sweet orange chromosomes showed
three CMA+/DAPI- heterochromatic
regions (Fig. 6.3) positive to the 26S rDNA
probe (Matsuyama et al., 1996). Telomere
arrays consisting of Tm(A)Gn were detected
on the extreme ends of each chromosome
and most of the CMA+/DAPI- heterochro-
matic regions lied close inside the telom-
ere-specific repeated sequences. DNA
fingerprinting of Citrus genomes using a
satellite sequence composed of TGG repeats
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Fig. 6.3. FISH doublet signals on a sweet orange
(Trovita) chromosome probed with a telomeric
repeated sequence (Matsuyama et al., 1996).



and sequence tagged microsatellite site
(STMS) markers has been reported
(Matsuyama et al., 1992; Kijas et al., 1995).
However, TGG repeat-related sequences
were not found in Citrus-specific
CMA+/DAPI- heterochromatic regions
located at the extreme ends of each chro-
mosome (Matsuyama et al., 1999). This sug-
gests that the TGG-repeated sequences are
evolutionarily conserved and that the
CMA+/DAPI- heterochromatic regions are
added to the chromosome ends at a recent
stage in Citrus evolution.

Multicolor FISH (MCFISH) using 5S
and 45S rDNA specific probes simultane-
ously have provided valuable information
on the evolution of rDNA sites and the rela-
tionships between wild and cultivated
polyploid species (Taketa et al., 1999;
Schrader et al., 2000; Mishima et al., 2002).
FISH using a 45S rDNA probe was found

useful to elucidate the chromosomal loca-
tion and the variation in the number of sites
of 45S rDNA in 10 Diospyros species (Choi
et al., 2003).

Mitotic metaphase chromosomes are
usually selected for FISH but pachytene
(meiotic) chromosomes could be better sub-
strates. Two homologous chromosomes are
present in each pachytene combination that
is joined along their entire length by a pro-
teinaceous scaffold called the synaptonemal
complex (SC) (Moses, 1968). Because each
homologue contains two chromatids, there
are four closely associated copies of each
locus available for hybridization on a biva-
lent. In comparison, there are only two
nearby copies of each locus available for
FISH on a metaphase chromosome. In
spreads of pachytene, chromosomes that
have been prepared to reveal SCs (SC
spreads), chromatin extends as a diffuse
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Table 2. A general protocol for FISH analysis.

1. Treatment to remove substances inhibiting the hybridization
i Wash slide with the mixture of 2% cellulase RS, 1.5% pectolyase, and 0.3% macerozyme R-200

with 1mM EDTA (pH 4.2) for 15 min at 37°C, following washing with twice of 2x SSC for 5 min .
ii Digest proteins by proteinase K (1µg/ml) solution in TE buffer (pH 8.0) for 15 min at 37°C, followed

by washing with 2x SSC for 5 min twice.
iii Acidify with 45% acetic acid for 5 min at 37°C.
iv RNase digestion 0.1 mg/ml in 2x SSC for 1 hour at 37°C, then 2x SSC washing, and dehydration

with 70%, 95% and 99% EtOH series before final air-drying.
2. Probe preparation (PCR labeling method) 

i PCR random labeling with biotynylated dUTP (0.14 mM)+0.06 mM dTTP, 0.2 mM each dATP,
dCTP, and dGTP, along with 0.5 µM primer pairs by 2.5 U Ampli TaqGold on 5 µl (20pmol) tem-
plate DNA amplified 30 cycles of 94°C for 1 min, 55°C for 2 min and 72°C for 2 min after 3 min
denaturation at 94°C, and followed with 7 min extension at 72°C.

ii Denaturation with formamide at 95°C for 10 min and finally in 2x SSC.
3. Hybridization

i Denaturation of chromosome specimen in the probe solution at 70°C for 6 min and incubate
overnight (10 hr) at 38°C

ii Wash specimen by a series of solution of 2x SSC at 40°C for 10 min, 50% formamide in 2x SSC
at 40°C for 10 min, 2x SSC at 40°C for 10 min, then 4x SSC at 40°C for 10 min.

iii Blocking by 5% BSA in BT buffer at 37°C for 5 min
iv Hybridization with avidin-FITC in 1% BSA containing 4x SSC for 60 min in the dark at 37°C, and

then wash 3 times with BT buffer at 40°C for each 10 min.
v Blocking with 5% goat serum in BT at 37°C for 5 min.
vi Reaction with 2% Bio-Anti avidin solution in BT at 37°C for 30 min, and then wash 3 times with

BT at 40°C of each 5 min.
vii Blocking again with 5% BSA in BT at 37°C for 5 min.
viii Reaction with 2% extra avidin –FITC solution in BT at 37°C for 30 min, and wash twice with BT

at 40°C for 10 min.
ix Stain with PI added with 1% DABCO in phosphate buffer, and mount for observation.



cloud around each SC. The loops of DNA
extending from the SC appear to be more
accessible to FISH probes than the DNA of
condensed metaphase chromosomes (Moens
and Pearlman, 1989; Heng et al., 1994), and
SC spreads can be prepared relatively free of
overlying debris. Additionally, pachytene
chromosomes are 5–15 times longer than
corresponding metaphase chromosomes
(Stack, 1984). The closely associated loci
that are not resolvable by FISH on
metaphase chromosomes should be resolv-
able on pachytene chromosomes.

Although the FISH techniques has high
potential to identify the specific gene or
regions of chromosome, the information of
genetic linkage map has not been integrated
onto the cytological chromosome map.
Large insert genomic sequences in BAC
have been constructed. The future develop-
ment to increase the resolution of FISH sig-
nals will contribute to assign each
chromosome to the consensus linkage
group and also to the development of Citrus
genomics to bridge between the linkage
map and physical map.

Genomic In Situ Hybridization (GISH)

The genomic in situ hybridization (GISH)
technique provides a direct and visual
method for effectively determining the
number and position of parental chromo-
somes. It has been extensively and success-
fully applied to the genetic identification of
numerous interspecific and intergeneric
plant hybrids (Gavrilenko et al., 2001; Zhou
et al., 2001; Xia et al., 2003).

Somatic hybrids can be analyzed by
genomic in situ hybridization   Fu et al.
(2004) analyzed somatic hybrids combining
Goutou sour orange (Citrus aurantium L.)
with trifoliate orange [Poncirus trifoliata
(L.) Raf]. GISH analysis confirmed that 18
chromosomes came from trifoliate orange
and the remaining 18 from Goutou sour
orange, as with most symmetric somatic
hybrid plants; moreover, chromosome
translocations were also observed in one
plant.

Even though GISH is a powerful tool
for parental genome analysis of citrus
somatic hybrids (Matsuyama et al., 1996;
Pedrosa et al., 2000),yet, few GISH studies
in citrus somatic hybrids have been
reported.  Partly, because the citrus chro-
mosomes being small and morphologically
indistinguishable. Accomplishment of
high-quality well-dispersed chromosome
preparation need skills and practice. Fu et
al. (2004) described an enzyme-macerating-
flame method to prepare distinct and count-
able mitotic chromosomes to avoid
intricacy in chromosome preparation.

Heterochromatin banding

Banding techniques for chromosomes can
reveal the detailed structure of karyotype
based on molecular features such as consti-
tutive heterochromatic region with highly
repetitive sequences or nucleolar organiz-
ing regions. Amongst such banding tech-
niques, C-banding has been applied to
Citrus chromosomes by Giemsa staining
(Guerra, 1985; Wei et al., 1988). Liang
(1988) identified Giemsa C-bands after the
treatment with 5% Ba(OH)2 at 50°C for 15
minutes. The heterochromatin blocks in
Poncirus were predominantly telomeric
and centromeric bands which were com-
posed of highly repeated DNA sequences.
They showed the heteromorphism among
possible homologous chromosome pairs,
including 3 pairs in Fortunella margarita, 4
pairs in C. sinensis, 3 pairs in C. paradisi, 0-
4 pairs in mandarin species.

Compared to such staining as Giemsa
and Feulgen methods, fluorochromes pro-
duce clear chromosomes because many of
them directly stain DNAs revealed under
epi-fluoresent microscope system. The
staining of chromosome specimens by a flu-
orochrome 4’,6-diamidino-2-phenylindole
staining (DAPI) revealed clear chromosome
figure in late prophase to early metaphase
as well as typical metaphase cells (Ito et al.,
1992). DAPI strongly combines with AT
rich sequence region of DNA and allows to
visualize chromosomes clearly under UV-
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epifluorescence microscopy. The method is
convenient to count chromosome numbers
instead of the conventional aceto-carmine
or aceto-orcein staining methods. However,
the simple staining with DAPI can not show
the specific banding patterns in Citrus chro-
mosome. The chromomycin A3 (CMA)
stains strongly GC rich region of chromo-
some. To emphasize the fluoresence by
CMA staining, the counter staining is rec-
ommended as described in Table 3. By the
application of double staining method
(Schweizer, 1976; Hizume et al., 1989) with
DAPI and CMA, Guerra (1993) identified 6
main CMA positive banding types of Citrus
chromosome (Fig. 6.4): A type chromosome
has two telomeric and one proximal band,
B has one telomeric and one major proxi-
mal band, C has two telomeric bands, D has
one large telomeric band, E has one small
telomeric band, and F has bands absent or
only very fine and not always visible.
Abkenar et al., (2007) described inter-
generic and trigeneric hybrids using CMA

banding patterns.
In detailed karyotype analyses of

young leaves from various Citrus species,
many variations have been identified as
summarized in Table 4. Proximal heter-
chromatin with CMA+ were conspicuous in
Citrus and they were highly variable among
species, even distinguishing homoeologous
pair in chromosome I. Six pairs of chromo-
somes in Citrus and Poncirus showed no or
very small heterochromatin regions while
all chromosomes have proximal bands in
Fortunella (Miranda et al., 1997). The
amount of GC rich CMA-positive regions is
high in Fortunella compared to other
species/genera. The proportion of CMA-
positive region to total chromosome length
is 24.5% in Fortunella hindsii and 34.2% in
F. crassifolia, and 21.4% in Citrus grandis,
20.5% in C. sinensis, and 22.0% in C. suc-
cosa. The similarities between Citrus and
Poncirus suggests little heterochromatin
diversification among karyotypes of these
genera.

158 M.J. Jaskani et al.

Table 3. Protocols for DAPI and CMA double staining for flurochrome banding of Citrus chromosome

A. Chromomycin A3 (CMA) staining
1. Rinse with McIlvaine buffer (pH 7.0) (0.63 g citric acid- 6.19 g Na2HPO4/500 ml) 30 min
2. Pre-treat with 2 or 3 drops of 0.1 mg/ml Distamycin A in buffer and cover with parafilm

and keep in moistened box 10 min
3. Rinse briefly with buffer supplemented with 5mM MgSO4 10 min
4. Stain with 2 or 3 drops of CMA staining solution 0.1 mg/ml in 5mM MgSO4 buffer and

covered with parafilm and keep in moistened box 10 min
5. Rinse with 5mM MgSO4-buffer 10 min
6. Stain with 0.1 µg/ml DAPI in buffer 5 min
7. Wash with buffer 10 min
8. Cover with non-fluorescent glycerin mounted with glass/cover slip and store overnight

in refrigerator 
9. Observe with epi-fluorescent B or BV excitation (420 nm)

B. 4’,6-diamidino-2-phenylindole (DAPI) staining
1. Soaking with MacIlvaine buffer 30 min
2. Drop 0.25 mg/ml Actinomycin D and covered with parafilm in moistened box 10 min 
3. Rinse with buffer 10 min
4. Staining with DAPI solution in buffer 5 min
5. Rinse with buffer 10 min
6. Mount with non-fluorescent glycerin by glass slip and observe with UV

excitation (355 nm)   

*2% Dabco (1,4-diazabicyclo[2.2.2] octane) for anti-fading in glycerol: MacIlvaine buffer 1:1  Modified
after Hizume et al., (1989).



Guerra et al. (2000) stained citrus chro-
mosomes with the fluorochromes chro-
momycin A3 (CMA) and
4’-6-diamidino-2-phenylindol (DAPI) and
examined variable number of regions that
appeared bright or positive with CMA, and
faint or negative with DAPI (Fig. 6.5).
Following three types of banding patterns
were recognized:

1. CMA+ heterochromatin associated with
nucleolus organizing regions (NORs). Only
one pair of CMA+ blocks per monoploid
complement is examined in this type of het-
erochromatin. Sometimes it appears par-
tially decondensed and as a secondary
constriction. Generally, it represents a par-
ticular type of heterochromatin and the
chromatin linked to the nucleolus is CMA+

and GC rich (Schweizer, 1976). 
2. CMA+ heterochromatin not associated
with the nucleolus organizing regions
(NORs). The species having large number of
CMA+ blocks show that the most of them are
not nucleolus-associated bands. In Citrus
sinensis only three of the 16-18 CMA+

blocks corresponded to rDNA sites by in situ
hybridization (Matsuyama et al., 1996) indi-
cating that the most of the CMA+ blocks
were constituted by another DNA sequence. 
3. CMA- heterochromatin observed in prox-

imal regions of some species. After conven-
tional staining the proximal region of
prophase chromosomes is heteropycnotic
and appears to correspond to small, DAPI-
brilliant chromocenters (Guerra, 1993) and
was identified in a few chromosomes with
the C-banding method (Guerra, 1985).
However, Ito et al. (1993) examined occur-
rence of proximal chromatin in every chro-
mosome of Trovita orange.
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Fig. 6.4. Classification of karyotypes in CMA
banding pattern in Citrus [after Guerra (1993),
modified by Befu et al. (2000)].

Fig. 6.5. Banding patterns of some Citrinae and
Balsamocitrinae species. (a and b) Metaphase and
interphase nucleus of Poncirus trifoliata; (c and d)
Citrus reticulata. Arrows show a telomeric
CMA+/DAPI- band; (e and f) Fortunella crassifolia.
(a), (c) and (e) were stained with CMA, and (b), (d)
and (f) were stained with DAPI. Bars = 2.5 µm
(Guerra et al., 2000).



CMA banded chromosomes proved to
be a very useful tool for carrying out a more
comprehensive analysis of Citrus phy-
logeny. Chromosomes of type A and B were
found only in a few mandarin hybrids and
in the lime-lemon-citron-pummelo group
(Guerra, 1993; Befu et al., 2001). Therefore,
it can be hypothesized that all mandarin
karyotypes with these chromosome types
are hybrids. Chromosomes of type C, pres-
ent in Mediterranean mandarins and in
most other accessions, may be part of the
original mandarin karyotype. On the con-
trary, type E chromosome, found only in C.
depressa, seems to be restricted to a small
group of mandarin species. Cornelio et al.
(2003) also revealed highly differentiated
banding patterns in mandarin accessions
and hybrids, and classified in four groups
according to the presence/absence of CMA
banded chromosomes. CMA banding pat-
terns of chromosomes compared in 17
accessions of mandarins classified chromo-
somes into six types (A-F) based on the
number and position of CMA positive
bands (Yamamoto and Tominaga, 2003).
Type F chromosomes are present only in

some mandarins originating in Japan,
which could thus be distinguished from
mandarins originating in other areas. This
is the first report of type F chromosome in
citrus. Amounts of relative heterochromatin
per karyotype vary largely (Guerra et al.,
2000). CMA-banded karyotype estimates a
heterochromatin proportion of 20.58-
22.74% in Citrus species (Miranda et al.,
1997).

Wide hybridization in Citrus affects
karyotype stability. Chromosome organiza-
tion at prophase show heteropycnotic
blocks with Giemsa or Feulgen staining in
many chromosomes at the proximal region
but at terminal region of few (Guerra, 1985,
1987). Heteropycnotic regions show varia-
tion (Guerra et al., 2000) and commonly
maintained in species with a low DNA
amount and small chromosome size
(Guerra, 1987). Diploid genomes of Citrus
appear relatively small (between 0.73 and
0.82 pg/2C for 2n=2x=18) and variations
were observed within species as C. reticu-
lata has the smallest nuclear genome while
C. medica has the largest (Ollitrault et al.,
1994).
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Table 4. Karyotypes of Citrus on the CMA banding pattern.

Species Cultivar Karyotype Tissue Reference
C. grandis – 3A+3C+4D+8E Root Guerra (1993)

Shadenyu 3A+2C+7D+6E Root Miranda et al. (1997)
Tosa buntan 1A+1B+5C+2D+9E Young leaf Befu et al. (2000)
Suisho-buntan 3A+3C+3D+9E Young leaf Befu et al. (2001)

C. medica – 1A+1B+1C+9D+6E(F) Root Guerra et al. (1993)
Fingered citron 2B+8D+8E Young leaf Befu et al. (2001)

C. sinensis – 2B+2C+7D+7E(F) Root Guerra (1993)
Trovita 2B+2C+7D+7E Root Matsuyama et al.

(1996)
Root Miranda et al. (1997)
Young leaf Befu et al. (2000)

C. aurantifolia – 2A+1C+7D+8E(F) Root Guerra (1993)
C. succosa Honchiso 1A+1B+10D+6E Root Miranda et al. (1997)
C. unshiu Okitsu wase 1A+1C+8D+8E Young leaf Befu et al. (2001)
C. leiocarpta Koji 1C+8D+9E Young leaf Befu et al. (2001)
C. paradisi Duncan GF 1A+2B+2C+4D+8E Young leaf Befu et al. (2001)
Poncirus trifoliata – 2B+10D+6E Root Miranda et al. (1997)

– 4B+8D+6E Young leaf Befu et al. (2000)
Fortunella – 2A+2C+14D Root Miranda et al. (1997)
crassifolia

Type E in this classification includes small telomeric bands and F for absent bands.



Cyto-taxonomy

Polyploid levels, chromosome number,
their size and shape etc., are given due
weightage for the classification in addition
to morphological characters in cyto-taxo-
nomic investigations.

Lapin (1937) confirmed polyploidy and
noted peculiar configurations (quadriva-
lents) at metaphase attached with slender
threads and rods, particularly the triva-
lents. Moreover, Kandelaki (1938) noted
characteristic differences in citrus chromo-
some morphology. Cytological studies with
respect to mitosis and meiosis of different
species and biotypes of Citrus plants
revealed variable chromosome size and
shape (Rao et al., 1992). Therefore, group-
ing all the species into Citrus according to
Reece (1969) and Tanaka (1969) needs to be
debated in view of their salient cyto-taxo-
nomic characteristics.

Flow Karyotyping

A quick and accurate approach to look at
changes in genome size during evolution
and differentiation is flow cytometry
(FCM). Polyploidy often accompanies dif-
ferentiation, an important part of plant
development, with different cell types
having characteristic ploidies (Galbraith et
al., 1991; Bino et al., 1993) where flow
cytometry can be used as a rapid screening
tool. The genome size of citrus is small with
382 Mb (Arumuganathan and Earle, 1991).
FCM has shown that mean nuclear DNA
content of the species of the genera
Fortunella and Citrus, was 0.81pg/2C
(Kayim et al., 1998).

Flow cytogenetics can be used for
detection of aberrant cell cycles, changes in
nuclear DNA amounts and sorting of chro-
mosomes for gene mapping and library con-
struction (Heslop-Harrison, 1995). The

sensitivity of the flow karyotyping can
detect numerical and structural chromo-
some changes in plants, including chromo-
some polymorphism (Dolezel et al., 1994).
The numerical changes in chromosome
have been demonstrated in barley, where
trisomy of chromosome 6 was identified
(Lee et al., 2000). An alien chromosome
presence was detected in an oat–maize
addition line (Li et al., 2001) and six wheat-
rye lines, where flow karyotyping moni-
tored the frequency of alien chromosomes
in the population (Kubalakova et al., 2003).
Recognition of chromosome translocations
and deletions has also been known in field
bean, garden pea, barley, rye and wheat
(Dolezel and Lucretti, 1995; Neumann et
al., 1998; Gill et al., 1999; Lysak et al., 1999;
Vrana et al., 2000; Kubalakova et al., 2002,
2003). Detection of chromosomes is gener-
ally dependent on change in chromosome
size and difference from the remaining
chromosomes. Kubalakova et al. (2002)
reported that a weakly differentiated chro-
mosome can be detected by a characteristic
change in the flow karyotype. Similarly,
flow karyotyping is sensitive enough to
detect polymorphism in relative DNA con-
tent of chromosomes in some agronomic
crops, and the fingerprint patterns of flow
karyotypes characteristic for certain culti-
vars are heritable (Lee et al., 2000, 2002;
Kubalakova et al., 2002, 2003).

The results obtained todate mainly
focus on several agronomic and vegetable
crop species and confirmed the usefulness
of flow cytogenetics. About 17 species have
been flow karyotyped (Dolezel et al., 2004).
Flow cytometry is routinely used in identi-
fication of triploids and other polyploids of
citrus at the Citrus Research and Education
Center-University of Florida, Lake Alfred,
USA. It is expected that the technology will
play a greater role in the study of nuclear
genome, gene isolation and mapping in
citrus.
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Introduction

Citrus, with 105.4 Mt in 2005 (FAOSTAT,
Database), are the most widely cultivated
fruit trees in the world.

The most commercially important
Citrus species are oranges (C. sinensis L.
Osbeck) and tangerines (C. unshiu Marc., C.
nobilis Lour., C. deliciosa Ten., C. reticulata
Blanco and their hybrids) (>80%), followed
by lemons (C. limon L. Burm. f.), limes (C.
aurantifolia Christm. Swing.) and grape-
fruits (C. paradisi Macf.) in almost equal
proportions.

All cultivated forms of Citrus and
related genera (Poncirus, Fortunella, etc.)
are diploid with a monoploid number of
chromosomes (n = x = 9) (Frost, 1925).
Triploid and tetraploid forms of Citrus also
exist. Most species of the genus Citrus are
characterized by polyembryony, which
consists of the production of 1–40 adven-
tive embryos by the nucellus (Fusurato,
1957) so that two or more embryos develop
in a single seed.

The main goals of Citrus breeding are
to obtain new varieties with a shorter juve-
nile non-fruiting period, an increased yield,
a longer ripening season, regular fruit bear-
ing, seedlessness and improved external

and internal quality of the fruits. To make
available new scions and rootstocks
selected for resistance or tolerance to biotic
and abiotic stresses is another important
aim in Citrus improvement.

Citrus breeding is based either on con-
ventional methods (hybridization, selec-
tion, mutation) or biotechnological
methods employing in vitro tissue culture,
regeneration from protoplasts, somatic
hybridization, in vitro mutant selection,
genetic transformation and haploid pro-
duction. An integrated approach between
innovative and conventional tools is funda-
mental to obtaining large improvements in
a short time.

The Importance of Haploids and
Doubled Haploids

The life of higher plants comprises a sporo-
phytic (2n) and a gametophytic (n) genera-
tion, where the gametes are products of
meiosis, and the sporophytic generation,
usually diploid, develops from the zygote
produced by fertilization. In the course of
evolution, the gametophytic generation has
been progressively reduced in terms of both
size and lifespan, in comparison with the
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sporophytic generation. For this reason, the
influence of the gametophytic phase on the
sporophyte is usually underestimated and
gametes are only considered as vectors for
transmission of the genome to the next
sporophytic generation; Heslop-Harrison
(1979) termed this step of angiosperm life
the ‘forgotten generation’.

More recently, both basic and applied
studies have improved the knowledge of
pollen biology and pollen biotechnology,
making the manipulation of pollen devel-
opment and function a reliable tool for crop
improvement (Mulcahy, 1986). The most
important application of pollen biotechnol-
ogy in breeding and genetic studies is the
ability to obtain haploids and doubled hap-
loids.

Haploids are sporophytic plants with
the gametophytic chromosome number
because they originate from a single gamete.

The importance of haploids in plant
breeding and genetic research was recog-
nized with the discovery of the first natural
haploid in Datura stramonium and
Nicotiana (Blakeslee et al., 1922, 1924;
Kostoff, 1929), but long before techniques
for producing haploids by in vitro gametic
embryogenesis became available.

The discovery made by Guha and
Maheshwari (1964, 1966) that, by in vitro
culture of immature anthers of Datura
innoxia, a change in the normal gameto-
phytic development into sporophytic
development can be induced and embry-
oids with a haploid chromosome number
can be obtained, led to further and exten-
sive research on anther culture.

The interest of breeders in haploids or,
by doubling the chromosome numbers,
doubled haploids, lies in the possibility of
shortening the time needed to produce
completely homozygous lines compared
with conventional breeding. In fact, hap-
loidiploidization through gametic embryo-
genesis allows the single-step development
of complete homozygous lines from het-
erozygous parents. In a conventional breed-
ing programme, pure lines are developed
after several generations of selfing and still
may not be 100% homozygous. In the case

of woody plants, such as Citrus, generally
characterized by a long reproductive
cycle, a high degree of heterozygosity, large
size and, sometimes, self-incompatibility,
there is no other chance to obtain hap-
loidization through conventional methods.
Actually, the absence of pure lines in
woody plants makes genetic studies rather
difficult.

Haploid plants, with a gametophytic
set of chromosomes in the sporophyte, and
homozygous doubled haploid plants
aroused interest in the fields of genetic and
developmental studies, as well as for plant
breeding. In fact, they have a potential use
in mutation research, selection, genetic
analysis, the production of inbred lines
required to utilize hybrid vigour (heterosis),
and genetic transformation.

New superior cultivars produced via
gametic embryogenesis (above all through
anther culture) have been reported for rice,
wheat, tobacco, maize and pepper (Evans,
1989), and doubled haploids are being rou-
tinely used in breeding programmes for
new cultivar development in many crops
such as aubergine, pepper, barley and rape
(Veilleux, 1994).

Often, in vitro regenerated plants show
differences in their morphological and-
biochemical characteristics, as well in
chromosome number and structures.
‘Gametoclonal variation’, the variation
observed among plants regenerated from
cultured gametic cells (Evans et al., 1984;
Morrison and Evans, 1987), is another
opportunity to use haploids in crop
improvement. Unlike ‘somaclonal varia-
tion’ which is related to the variation
among plants regenerated from cultured
cells or tissue (Larkin and Scowcroft, 1981),
gametoclonal variation results from both
meiotic and mitotic division. Moreover,
because of their homozygosity, in the game-
toclones it is possible to observe the direct
expression of both dominant and recessive
mutations. Several different sources of vari-
ation have to be considered in order to
explain gametoclonal variation, such as
new genetic variation induced by the cell
culture procedures, new variation resulting
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from segregation and independent assort-
ment, new variation induced by the chro-
mosome doubling procedure and new
variation induced at diploid level, resulting
in heterozygousity (Morrison and Evans,
1987; Huang, 1996).

Doubled haploids can also increase the
efficiency of crop breeding programmes
because they are important in genome map-
ping, providing excellent material to obtain
reliable information on the location of
major genes and qualitative trait loci (QTLs)
for economically important traits (Khush
and Virmani, 1996).

Haploids and Haploid Production in
Citrus

In Citrus natsudaidai, haploid seedlings
were first obtained by the application of
gamma rays (Karasawa, 1971).

One haploid embryo was obtained in
an immature seed from a diploid
(Clementine mandarin) × diploid (Pearl tan-
gelo) cross (Esen and Soost, 1972).

Haploids can be induced mainly
through two strategies: from the female
gamete, and from the male gamete.
Although a lot of research has been carried
out on gametic embryogenesis in Citrus
spp. and their relatives (Germanà, 1997),
not much of it has been successful (Tables
7.1 and 7.2).

Anther culture technique has been reg-
ularly employed to recover haploids in
Citrus. Nevertheless, since many Citrus
species proved to be recalcitrant to this
method, other methods have been and
could be attempted to produce haploids.

Moreover, a comparison of doubled
haploid plants coming from male or female
gametes could be interesting because the
method of producing doubled haploids
seems to produce differences in doubled
haploid field performance. The maternally
derived homozygous regenerants are gener-
ally more vigorous after in vivo transfer and
have less gametoclonal variation than dou-
bled haploids obtained from male gametes
(Snape et al., 1988; Wernsman et al.,
1989).
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Table 7.1. Haploids and doubled haploids obtained in Citrus by gynogenesis.

Genotypes Response References

Citrus clementina Hort. ex Tan. (×) plantlets Oiyama and Kobayashi, 1993
Lee mandarin (clementine × Orlando tangelo) (×) plantlets Oiyama and Kobayashi, 1993
Citrus clementina Hort. ex Tan. (×) plantlets Ollitrault et al., 1996
Citrus clementina Hort. ex Tan. (×) plantlets Germanà and Chiancone, 2001

Table 7.2. Haploids and doubled haploids (DH) obtained in Citrus and its relatives by anther culture.

Genotypes Response References

Poncirus trifoliata L. Raf. (×) plantlets Hidaka et al., 1979
C. madurensis Lour. (×) (2×) plantlets Chen et al., 1980
Hybrid No. 14 of C. ichangensis × C. reticulata (×) plantlet Deng et al.,1992
Citrus clementina Hort. ex Tan. (×) DH (3×) plantlets Germanà et al., 1994,

2000a, 2005, Germanà and
Chiancone, 2003

C. limon L. Burm. f. (×) calli Germanà et al., 1991
Mapo tangelo (C. deliciosa × C. paradisi) (×) embryoids Germanà and Reforgiato, 1997
Clausena excavata (×) embryoids Froelicher and Ollitrault, 2000



Gynogenesis

Selection of seedlings

Parthenogenesis (the production of an
embryo from an egg cell without the partic-
ipation of the male gamete) and apogamy
(the production of an embryo from a game-
tophytic cell other than the ovum) are the
causes of spontaneously occurring hap-
loids.

Spontaneously developed haploids
were reported in over 100 angiosperm
species (Kasha, 1974). Most of the haploids
in fruit trees (especially pome and stone
fruits) are of spontaneous origin (Zhang et
al., 1990). Spontaneous haploid plants were
obtained in apple, pear, peach, plum, apri-
cot, etc., but in very low number and they
were not very viable (Zhang et al., 1990).

In situ parthenogenesis induced by irradiated
pollen followed by in vitro culture of embryos

Parthenogenesis induced in vivo by irradi-
ated pollen, followed by in vitro culture of
embryos, can be an alternative method of
obtaining haploids. Gynogenesis by in situ
pollination with irradiated pollen has been
successfully used for Petunia (Raquin,
1985), Cucumis melo (Sauton and Dumas
de Vaulx, 1987), Daucus carota (Rode and
Dumas de Vaulx, 1987), Malus domestica
(Zhang and Lespinasse, 1991; Hofer and
Lespinasse, 1996), Pyrus communis
(Bouvier et al., 1993), Actinidia deliciosa
(Pandey et al., 1990; Chalak and Legave,
1997) and Citrullus lanatus (Sari et al.,
1994).

The production of nine haploid
plantlets, which did not survive, and two
embryogenic callus lines was achieved in
clementine (Citrus clementina Hort. ex
Tan.), cv. SRA 63 after in situ parthenogen-
esis induced by pollen of Meyer lemon
(Citrus meyeri Y. Tan.) irradiated at 300,
600 and 900 Gy from a 60Co source
(Ollitrault et al., 1996). Flowers of clemen-
tine SRA 63 were pollinated in the field
with the irradiated pollen; fruits were
picked at maturity and embryos were culti-
vated in vitro.

The method is based on the in vitro cul-
ture of immature seeds or embryos obtained
as a result of pollination with pollen irradi-
ated by γ-rays from 60Co, and it should be
tested in those species in which in vitro
anther culture and gynogenesis have not
been successfully applied. Irradiation does
not hinder pollen germination, but prevents
pollen fertilization, stimulating the devel-
opment of haploid embryoids from ovules.
The success of this technique is dependent
on the choice of radiation dose, the devel-
opmental stage of the embryos at the time of
culture, the culture conditions and the
media requirements.

In situ or in vitro parthenogenesis induced by
triploid pollen followed by in vitro culture of

embryos

Three haploid plants were obtained from
two monoembryonic diploid (clementine
and ‘Lee’) × triploid hybrid of ‘Kawano nat-
sudaidai’ (C. natsudaidai) in vivo crosses
(Oiyama and Kobayashi, 1993). Triploidy of
pollen, like irradiation, does not hinder
pollen germination, but prevents pollen fer-
tilization and stimulates the development
of haploid embryoids from ovules. Haploid
and diploid embryoids did not show any
difference in their size; however, haploid
seedlings grew very slowly in the soil.
Restriction endonuclease analyses of
nuclear rDNA and of chloroplast DNA
determined the maternal origin of these
haploids.

Haploid plantlet regeneration through
gynogenesis in C. clementina Hort. ex Tan.,
cv. Nules, has been induced by in vitro pol-
lination with triploid pollen (Germanà and
Chiancone, 2001). The pollen source
chosen was ‘Oroblanco’, a triploid grape-
fruit-type citrus obtained in 1958 through a
cross between an acidless pummelo (Citrus
grandis Osbeck) and a seedy, tetraploid
grapefruit (C. paradisi Macf.) (Soost and
Cameron, 1980).

The in vitro stigmatic pollination tech-
nique consists of applying pollen to the
apical part of the stigma of an excised
gynoecium implanted in solid culture

170 M.A. Germanà



medium (Fig. 7.1a and b). Some ovaries
were transformed into brownish and friable
callus, sometimes breaking to reveal ovules.
From this kind of ovary, the gynogenic
embryoids emerged (Fig. 1c) 4–5 months
after in vitro pollination, which is practi-
cally the same time required for androgene-
sis. The pollination and mature stage of
pistils were necessary for gynogenic embry-
oid regeneration. Although unlike clemen-
tine anther culture (Germanà et al., 1994,
2000a), embryogenic calluses were not
obtained, parthenogenesis induced in vitro
by triploid pollen can be usefully employed
in attempting to obtain haploids in
monoembryonic genotypes of Citrus for
which androgenesis has not yet been suc-
cessful in haploid production.

Anther and isolated microspore technique

The in vitro anther or isolated microspore
culture technique is usually the most effec-
tive and widely used method of producing
haploids and doubled haploids.

Regeneration from male gametes has

been reported in about 200 species belong-
ing to some families, such as Solanaceae,
Cruciferae and Gramineae; many other fam-
ilies (Leguminosae and woody plants)
appear, instead, rather recalcitrant
(Dunwell, 1986; Hu and Yang, 1986;
Sangwan-Norrel et al., 1986; Bajaj, 1990;
Raghavan, 1990; Wenzel et al., 1995). Since
1970, extensive research has been carried
out to obtain haploids by anther culture or
gynogenesis for perennial species breeding,
with not always satisfactory results.

The cellular, biochemical and molecu-
lar bases for the transformation of
microspores into pollen embryoids have
not yet been completely understood.
However, it is already possible to indicate
some findings. For example, it is known
that the capacity to regenerate from a male
gamete is genetic and inheritable, and that
the stage of microspore development is crit-
ical for induction. Usually in the period
around the first haploid mitosis (late unin-
ucleate or early bicellular pollen stage),
male gametes become competent to differ-
entiate in a different way from the gameto-
phytic pathway with continued growth and
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Fig. 7.1. (a) An excised gynoecium of Citrus clementina, cv. Nules implanted in solid medium and polli-
nated with triploid pollen grains. (b) Stigma exudate and ‘Oroblanco’ pollen grains on the stigma of a pistil
taken from a mature bud flower. (c) Gynogenic embryoids breaking through the ‘Nules’ ovary four months
after in vitro pollination with triploid ‘Oroblanco’ pollen grains.
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division. Moreover, external stresses are
necessary to enable competent microspores
to undergo embryogenic development. The
stress can be physical (also wounding con-
nected to the anther excision and culture),
thermal (heat, cold) or chemical (water
stress, starvation). The induced micro-
spores are characterized by an altered syn-
thesis and an accumulation of RNA and
proteins, and it seems that the genes
involved in this reprogramming are stress-
related and/or associated with the zygotic
embryogenesis.

Anther culture

Anther culture is an easier and more com-
monly used method than isolated
microspore culture, because the isolation of
microspores requires a higher degree of
skill and better equipment than anther cul-
ture (Heberle-Bors, 1989).

Research on haploidization by anther
culture has been carried out on several fruit
trees, especially in pome and stone fruits,
and sometimes produced embryoids that
rarely germinated (Zhang et al., 1990). The
induction of embryogenesis from cultured
apple anthers is still low and highly geno-
type dependent (Hofer, 1995, 1997).

As regards Citrus and their relatives, by
anther culture, haploid plantlets have been
recovered from Poncirus trifoliata L. Raf.
(Hidaka et al., 1979) and C. madurensis
Lour. (Chen et al., 1980), and one doubled
haploid plantlet has been obtained from the
hybrid No. 14 of C. ichangensis × C. reticu-
lata (X.X. Deng et al., 1992); haploid
plantlets and highly embryogenic haploid
calli of C. clementina Hort. ex Tan.
(Germanà et al., 1994, 2000a; Germanà,
2003a; Germanà and Chiancone, 2003);
haploid, but albino embryoids of Mapo tan-
gelo (C. deliciosa × C. paradisi) (Germanà
and Reforgiato, 1997) were produced; hap-
loid and diploid calli, embryoids and leafy
structures but no green plants of C. limon L.
Burm. f. (Germanà et al., 1991); and haploid
embryoids of Clausena excavata
(Froelicher and Ollitrault, 2000) have also
been achieved (Table 7.2).

In Citrus and its relatives, Hidaka et al.
(1979) first reported anther culture in P. tri-
foliata and later in C. aurantium (1981) and
C. sinensis (1984a, b); Chen et al. (1980)
reported anther culture in C. madurensis;
and Chaturvedi and Sharma (1985) worked
on C. aurantifolia anther culture. Ling et al.
(1988) studied C. madurensis anther cul-
ture. Further studies on anther culture of
several Citrus genotypes were carried out
by Starrantino (1986) and Geraci and
Starrantino (1990). X.X. Deng et al. (1992)
reported on P. trifoliata and a hybrid of C.
ichangensis × C. reticulata anther culture.
Germanà reported research on C. limon
(Germanà et al., 1991) and C. clementina
(Germanà et al., 1994, 2000a; Germanà,
2003a), C. reticulata (Germanà et al., 1994)
and tangelo Mapo (Germanà and Reforgiato,
1997) anther culture.

Only heterozygous plantlets have been
obtained by anther culture in C. aurantium
(Hidaka et al., 1981; Germanà et al., 1992;
Germanà, 2003b), C. sinensis (Hidaka,
1984b), C. aurantifolia (Chaturvedi and
Sharma, 1985), C. madurensis (Ling et al.,
1988), C. reticulata (Germanà et al., 1994;
Germanà, 2003b) (Fig. 7.2) and P. trifoliata
(Deng et al., 1992). Anther culture produced
embryonal structures in C. sinensis and C.
paradisi (Starrantino, 1986), and mixoploid
calli were obtained from C. reticulata, C. deli-
ciosa, C. sinensis, C. limon, C. paradisi and
Mapo tangelo (Geraci and Starrantino, 1990).
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Fig. 7.2. A cluster of somatic embryoids from Citrus
reticulata (cv. Avana) anther culture.



In these cases, anther culture could be
regarded as a method of obtaining somatic
embryogenesis, which is a very efficient
method of regeneration. Embryogenic
callus is valuable for propagation or genetic
improvement and can be used for somatic
hybridization by protoplast fusion, genetic
transformation, synthetic seed production
and germplasm storage.

Anther culture technique in Citrus

Floral buds, with the pollen grains at a spe-
cific stage of development, are collected
from the donor plant. After pre-treatment,
the buds are surface sterilized by immer-
sion for 3 min in 70% (v/v) ethyl alcohol,
followed by immersion in sodium
hypochlorite solution (~1.5% active chlo-
rine in water) containing a few drops of
Tween-20 for 15–20 min, and finally rinsed
three times for 5 min with sterile distilled
water. Petals are aseptically removed with
small forceps, and anthers (Fig. 7.3a) are
carefully dissected and placed into the
medium.

The stage of pollen development is

commonly determined by staining one or
more anthers per bud with acetocarmine,
Schiff’s reagent or 4′,6-diamidino-2-
phenylindole dihydrochloride (DAPI)
staining (Fig. 7.3b).

Usually, tubes are employed for Citrus
anther culture (Hidaka et al., 1979, 1981;
Hidaka, 1984a; Chatuvedi and Sharma,
1985; Starrantino, 1986; Hidaka and Omura
1989b; Geraci and Starrantino, 1990; X.X.
Deng et al., 1992), but Petri dishes
(Starrantino, 1986; Germanà et al., 1991,
1992, 1994, 1997, 2000a; Germanà and
Chiancone, 2003) and bottles or flasks have
also been used (Chen, 1985; Ling et al.,
1988).

Isolated microspore culture

Pollen culture is performed by removing
somatic anther tissue. This technique,
although more difficult and laborious, is
ideal for studying the mechanism of pollen
embryogenesis, because it eliminates the
unknown effects of the sporophytic anther
tissue, thereby allowing a greater control
over the culture process.
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Fig. 7.3. (a) Anther of C. clementina Hort. ex Tan. with microspores at the uninucleate stage before culture.
(b) A microspore at the uninucleate stage.



Isolated microspore culture technique in
Citrus

Investigation of isolated microspore culture
of several Citrus species (lemon, orange,
clementine, sour orange, grapefruit) and a
related genus (Poncirus) has been carried
out (Germanà et al., 1996). Anthers at the
uninucleated stage from cold-pre-treated
(4˚C for 10 days) and surface-sterilized
flower buds are excised and pre-cultured on
either liquid or solid medium in Petri
dishes. After 5–15 days at 27 ± 1˚C in the
dark, anthers are gently squeezed with a
glass pestle in 2 ml of liquid medium. The
anther mixture is filtered through a sterile
nylon sieve (40 µm) and microspores are
centrifuged (1000 r.p.m. for 10 min) and
washed twice with fresh medium. Finally,
the clean isolated microspores are resus-
pended in fresh liquid medium at a density
of 103–104 grains/ml, placed in a thin layer
(3 ml) in Petri dishes (6 cm in diameter),
sealed with parafilm and incubated at 27 ±
1˚C under cool white fluorescent lamps
with a photosynthetic photon flux density
of 35 µmol/m2/s for a photoperiod of 16 h of
light per day. After various periods of time
(1–4 months), the isolated microspores of
almost all investigated Citrus species pro-
duced multinucleated structures and devel-
oped into small proembryos, which failed

to develop any further, although several
media and different methods (double layer,
liquid medium, soft agar, solid agar, etc.)
were employed. Formation of ‘pseudobul-
bils’, white or green spherical bodies,
described in Citrus by Button and Kochba
(1977), has been obtained only in those
genotypes (clementine and lemon) that had
also produced haploids by anther culture
(Fig. 7.4).

Medium for isolated microspore cul-
ture is more complex than that for anther
culture. The NTH (Nitsch and Nitsch, 1969)
or N6 (Chu, 1978) liquid filter sterilized
medium was supplemented with casein,
glutamine, malt extract, biotin, myo-inosi-
tol, glycine, pyridoxine, thiamine, serine,
coconut water and ascorbic acid, with
galactose and sorbitol as carbon source and
a complex combination of growth regula-
tors (2,4-dichlorophenoxyacetic acid (2,4-
D) + kinetin + zeatin + giberellic acid).

Factors affecting in vitro pollen
embryogenesis

Although progress in pollen embryogenesis
has taken many steps forward in recent
years, several aspects of this phenomenon
remain unclear, particularly the induction
process and the factors that control it. The
identification of the inhibitory and stimula-
tory factors is of fundamental importance,
especially in recalcitrant species such as
Citrus.

In vitro pollen embryogenesis is
affected by numerous factors: genotype; the
pre-treatment applied to anthers or to floral
buds; pollen developmental stage; donor
plant growth conditions; culture media
(macro- and microelements, carbon source
and plant growth regulators); and incuba-
tion conditions.

Experience in several genotypes has
shown that often a particular modification
in the procedures (such as the use of malt-
ose in barley, the stress in wheat, and so on)
can result in breakthroughs in making the
process work. Research in recent years
regarding factors affecting gametic embryo-
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Fig. 7.4. Pseudobulbil produced after about eight
months in a Citrus limon (L CNR 26) isolated
microspore culture.



genesis in Citrus (Germanà et al., 2000a;
Germanà and Chiancone, 2003) has
resulted in an increase in the number of the
cultivars responding to the phenomenon,
an improvement in the induction rate of
haploid production and an understanding
of the ways in which the difficulties of in
vivo acclimatization can be overcome. As a
result, to date, more than 100 homozygous
embryogenic callus lines, each coming from
single anthers of the different clementine
cultivars Nules, Sra 63 and Monreal, have
become available.

Genotype

The induction rate of pollen embryos is
mainly influenced by the genotype and dif-
ferent culture factors (Heberle-Bors, 1980).
‘In most species only a few genotypes can
be induced to undergo androgenetic devel-
opment’ (Vasil, 1980).

Because the number of microspores
competent to undergo embryogenesis (‘E-
grains’, Sunderland, 1978; or ‘P-grains’,
Heberle-Bors, 1982) depends on the geno-
type (Heberle-Bors, 1985), it is necessary to
know the optimal conditions to turn the
development of pollen towards a sporo-
phytic pathway and to avoid embryo abor-
tion.

Almost all research carried out on
pollen embryogenesis in Citrus recognizes
the preponderant influence of the genotype
(Khuroshvili et al., 1982; Hidaka, 1984a;
Chen, 1985; Germanà et al., 1991, 1994),
even though the frequency of P-grains in
Citrus has not been the object of any
research.

The proof that the genotype has a fun-
damental influence on the success of the
gametic embryogenic process is evident
from Table 7.2; to date, in the genus Citrus,
almost all haploids and doubled haploids
have been regenerated in different cultivars
of the one species C. clementina, although
research on anther culture of numerous
genotypes has been reported (Germanà,
1992, 1997).

Research (Germanà et al., 1994; and
unpublished results) carried out simultane-

ously on several Citrus cultivars (four culti-
vars of clementine, two of mandarin, four of
sweet orange, four of sour orange, five of
lemons and four of grapefruits) resulted in
plantlets being obtained from haploid
embryogenic callus only in C. clementina
cv. Nules, haploid callus in one cultivar of
C. limon, and diploid and highly embryo-
genic callus from two cultivars of C. reticu-
lata (Avana and Tardivo di Ciaculli) and
two cultivars of C. aurantium (A.A. CNR 10
and A.A. CNR 23). All experiments were
carried out under the same culture condi-
tions and pre-treatments (4˚C for 4 days),
testing 11 different media. Further research
improved the plantlet induction rate of
clementine and confirmed its androgenetic
response (Germanà et al., 2000a; Germanà
and Chiancone, 2003).

Stage of pollen development

The pollen developmental stage is a com-
plex factor that affects the success of anther
culture. The suitable stage differs depend-
ing on the crop species tested. Generally,
pollen grains between the uninucleate and
early bicellular stage are cultured. After the
pollen grains begin to accumulate storage
reserves, they usually lose their embryo-
genic capacity and follow the gametophytic
developmental pathway (Heberle-Bors,
1989; Raghavan, 1990). Usually, the stage of
pollen development is tested in one anther
per floral bud size by the acetic–carmine
method (Sharma and Sharma, 1972). The
anthers are collected from flower buds at
different stages of development and
squashed in 1% acetocarmine in 45%
acetic acid for observation under an optical
microscope to determine the stage of pollen
development. DAPI fluorescent staining has
also been used. However, different develop-
mental stages have been observed within a
single anther, and between different
anthers of the same flower bud in Citrus
and in Poncirus as well as in many other
genera (Vasil, 1967; Shull and Menzel,
1977; Hidaka et al., 1979, 1981; Chen,
1985).

Hidaka et al. (1979), studying the effect

Haploidy 175



of different developmental stages of P. trifo-
liata pollen grains on the formation of
embryoids, pseudobulbils and calli, indi-
cated the early uninucleate stage as most
suitable for embryoid production. Anthers
at other developmental stages (from pollen
mother cell (PMC) to bicellular stage) pro-
duced only calli. Pseudobulbils could not
be obtained at PMC, tetrad or bicellular
stages. In C. aurantium, Hidaka et al. (1981)
obtained embryoids from anthers only at
the late uninucleate stage and callus pro-
duction from anthers at all other develop-
mental stages except for the PMC in the
meiosis and the tetrad stage. Various
authors have used different developmental
stages in Citrus anther culture including:
the uninucleate stage (Hidaka, 1984a, b;
Hidaka and Omura, 1989b; Germanà et al.,
1990, 1991, 1994; X.X. Deng et al., 1992;
Germanà and Chiancone, 2003); tetrads at
the uninucleate stage (Chaturvedi and
Sharma, 1985); the middle anaphase period
(Chen, 1985); and the stage of just released
spores to the first haploid mitosis
(Starrantino, 1986; Geraci and Starrantino,
1990).

Physiological condition of the donor plant

The number of P-grains also depends on the
growth conditions of the donor plants
(Heberle-Bors, 1985), because their forma-
tion in vivo and/or in vitro seems to be con-
nected with a nitrogen starvation
phenomenon (Heberle-Bors, 1983).

Although the physiological condition
of the donor plant can dramatically affect
the androgenic process, this parameter has
been investigated only in herbaceous plants
because of the difficulties of determining it
in open-air cultivated, perennial woody
plants. Significant seasonal variations in
anther response have been observed in
many genotypes, and it has been noticed
that anthers removed from field-grown
plants give a better response than those
picked from greenhouse-grown plants
(Vasil, 1980). In fact, the physiological and
growth conditions of the donor plant,
which affect the endogenous levels of hor-

mones and the nutritional status of the tis-
sues of the anther (Sunderland and
Dunwell, 1977), are important for the suc-
cess of the embryogenetic process. This
parameter has not been considered in the
studies regarding Citrus anther culture.

The influence of the physiological con-
dition of the donor plant, affected by cli-
matic (temperature, photoperiod and light
intensity) and pedological conditions,
should be investigated, because this could
help to explain the reasons why the
response to anther culture is so season-
dependent, although the same conditions
(pollen development stage, floral bud pre-
treatments, medium, light and temperature
conditions of culture) are employed.

Pre-treatment

It has been observed that stress treatment
(such as chilling, high temperature, high
humidity, water stress, anaerobic treatment,
centrifugation, sucrose and nitrogen starva-
tion) applied to excised floral buds or to
anthers before culture acts as a trigger for
inducing the sporophytic pathway, pre-
venting the development of fertile pollen
(gametophytic pathway) (Sangwan-Norrel
et al., 1986; Touraev et al., 1997), although
sometimes different results have been
obtained (Sunderland, 1974).

The stress, triggering the microspore
development from gametophytic to sporo-
phytic, seems to act by altering the polarity
of the division at the first haploid mitosis
involving reorganization of the cytoskele-
ton (Nitsch and Norreel, 1973; Reynolds,
1997), delaying and modifying pollen mito-
sis (two equal-size vegetative-type nuclei
instead of one vegetative and one genera-
tive), blocking starch production or dissolv-
ing microtubules (Nitsch, 1977), or
maintaining the viability of the cultured P-
grains (Heberle-Bors, 1985).

Cold pre-treatment is routinely
employed in anther culture of many crops,
and its effect is genotype-dependent
(Powell, 1988; Osolnik et al., 1993).

Cold temperature is the most common
physiological stress applied in anther cul-
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ture of Citrus. The different cold pre-treat-
ments employed in Citrus anther culture
are: 5˚C for 2 h (Starrantino, 1986),
overnight (Geraci and Starrantino, 1990)
and 3–5 days (Ling et al., 1988); and 4˚C for
4 days (Germanà et al., 1991), for 6 days
(Germanà et al., 1994), for 2–6 days (X.X.
Deng et al., 1992) and for 10 days (Germanà
et al., 1997, 2000a).

In a study carried out by Chen (1985)
on the effects of 0–25 days of 3˚C cold pre-
treatment on C. madurensis Lour., a dura-
tion of 5–10 days was favourable for
inducing callus and embryoids.

A study carried out on factors affecting
anther culture in C. clementina showed a
negative effect on callus production of cen-
trifugation (4000 r.p.m. for 5 min) and high
temperature (40˚C for 24 h) when compared
with chilling (4˚C for 10 days) (Germanà et
al., 2000a). These and other results
(Germanà and Chiancone, 2003) indicated
that high temperature applied to the floral
buds before culture is not recommended for
androgenesis in Citrus cv. Nules, contrast-
ing with what has been reported in
Solanum melongena L. (Rotino, 1996), in
Brassica oleracea (Keller et al., 1983) and in
Solanum chacoense (Cappadocia et al.,
1984).

Culture medium

The diverse genotypes show very different
basal medium requirements to induce
pollen-derived plant formation.

The basal media most used in Citrus
anther culture are: B5 medium (Gamborg et
al., 1968; Khuroshvili et al., 1982); DB
medium (Drira and Benbadis, 1975); MS
medium (Murashige and Skoog, 1962;
Hidaka et al., 1979, 1981; Khuroshvili et al.,
1982; Hidaka, 1984a, 1984b; Starrantino,
1986; Ling et al., 1988; Hidaka and Omura,
1989b; Germanà, 1994); modified MS
medium (Chaturvedi and Sharma, 1985;
Chen, 1985; Germanà et al., 1994);
Murashige and Tucker (1969) medium
(Geraci and Starrantino, 1990; X.X. Deng et
al., 1992; Froelicher and Ollitrault, 2000);
N6 medium (Chu, 1978; Chen, 1985;

Starrantino, 1986; Germanà et al., 1997,
2000a; Germanà and Chiancone, 2003); SH
medium (Schenk and Hildebrandt, 1972;
Chaturvedi and Sharma, 1985); Sj-1
medium (Starrantino, 1986); Chaturvedi
and Mitra (1974) medium (Germanà et al.,
1994); and Nitsch and Nitsch (1969)
medium (NTH) (Khuroshvili et al., 1982;
Germanà et al., 1997, 2000a).

A study comparing three basal media
in the induction media: MS (Murashige and
Skoog, 1962); NTH (Nitsch and Nitsch,
1969); and N6 (Chu, 1978) showed a higher
efficiency of the last two media in produc-
ing callus (Germanà et al., 2000a).

Carbon source

The carbon source and its concentration is
an essential component in the medium for
embryo induction. The effect of its concen-
tration is probably related to osmotic pres-
sure regulation during the induction phase
(Sunderland and Dunwell, 1977; Sangwan
and Sangwan-Norrel 1990). Furthermore,
high concentrations of carbohydrate seem
to be deleterious (Keller et al., 1975).

Sucrose is the most common carbon
source used in the anther culture of Citrus
and their relatives, at 5% concentration
(Hidaka et al., 1979, 1981; Hidaka, 1984b;
Hidaka and Omura, 1989b; Geraci and
Starrantino, 1990; Froelicher and Ollitrault,
2000), although other concentrations have
also been reported: 8% (Starrantino, 1986),
2% (Ling et al., 1988) and 2.5–5% (Drira
and Benbadis, 1975; X.X. Deng et al., 1992).
Hidaka (1984) studied the effects of sucrose
concentration (1, 3, 5, 7 and 9%) on embry-
oid and callus formation and found that 3%
sucrose was the ideal concentration to form
embryoids in P. trifoliata, 7% in C. auran-
tium and 1% in C. sinensis (Trovita orange);
10% was found to be ideal in C. maduren-
sis (Chen, 1985); and 3 and 6% in C. limon
androgenesis (Germanà et al., 1991).

The influence on anther culture of two
carbon sources (sucrose and glucose) was
tested in two C. clementina and two C.
reticulata cultivars (Germanà et al., 1994).
Sucrose (5%) was the best, although with a
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variable response depending on the species
or the variety tested.

Glycerol in combination with sucrose
stimulated callus production in C.
clementina (Germanà et al., 2000a), while
galactose was found to be very effective for
the production of embryoids from Citrus
calli (Hidaka and Omura, 1989a). More
recent research has shown a positive influ-
ence of the combination of lactose and
galactose in inducing haploid production
in clementine (M. A. Germanà et al.,
unpublished).

Plant growth regulators

The effects of plant growth regulators have
been widely investigated in anther culture
of Citrus. In C. limon and C. medica anther
culture, Drira and Benbadis (1975) obtained
callus on a medium containing 1.0 mg/l 2,4-
D, 1.0 mg/l α-naphthaleneacetic acid (NAA)
and 0.1 mg/l 6-benzylaminopurine (BA).
Hidaka et al. (1979) found that a medium
containing 0.2 mg/l of both indole-3-acetic
acid (IAA) and kinetin (Kin) was the most
efficient in embryoid formation, while the
addition of 2,4-D increased callus formation
in P. trifoliata anther culture. Furthermore,
Hidaka et al. (1981) obtained embryoid pro-
duction from C. aurantium by anther cul-
ture in medium supplemented with 0.02
mg/l Kin and 0.02 or 2.0 mg/l IAA.

In C. sinensis, Hidaka (1984b) found
that the best composition of pollen embryo-
genesis induction medium was similar to
that used for sour orange, having lower con-
centrations (0.002 or 0.02 mg/l) of IAA and
Kin. Chaturvedi and Sharma (1985) supple-
mented medium with 0.5 mg/l BA and 1.0
mg/l IAA while studying androgenesis in C.
auratifolia.

Chen (1985) found that 1.0 mg/l BA
and 0.1 mg/l 2,4-D was the best hormone
combination for embryoid production and
that the 2,4-D concentration in the medium
is crucial for embryoid production in C.
madurensis: an increase of its concentra-
tion promotes callus formation and inhibits
embryoid development.

Starrantino (1986), testing numerous

media containing an auxin (0.1, 0.5, 1.0, 5.0
and 10.0 mg/l of IAA or 2,4-D) in combina-
tion with a cytokinin (0.1, 0.5, 1.0, 5.0 and
10.0 mg/l of BA or Kin), obtained two
embryonal structures from two C. sinensis
anthers in medium containing 1.0 mg/l 2,4-
D and 10.0 mg/l Kin, and one embryonal
structure from an anther of C. paradisi in
medium supplemented with 10 mg/l 2,4-D
and 0.5 mg/l Kin.

Ling et al. (1988) obtained the highest
frequency (0.92%) of embryoid formation
in C. madurensis by supplementing
medium with 2.0 mg/l of both IAA and Kin.

Geraci and Starrantino (1990) suc-
ceeded in obtaining the highest percentage
of callus proliferation (25%) in the pres-
ence of 1 mg/l BA and 0.5 mg/l 2,4-D in C.
reticulata, C. deliciosa, C. paradisi and
Mapo tangelo (C. deliciosa × C. paradisi),
while in C. sinensis and C. limon, the high-
est callus proliferation rate (44.2%) was
obtained with 1.0 mg/l of both NAA and
BA.

X.X. Deng et al. (1992) reported the
best response in P. trifoliata and an ichang
papeda hybrid on medium having 0.1 mg/l
NAA.

The anther culture of C. limon was suc-
cessful on medium containing 2.0 mg/l Kin
+ 1.0 mg/l zeatin (ZI) + 0.1 mg/l NAA
(Germanà et al., 1991).

Germanà et al. (1994) found the best
hormonal combination for callus produc-
tion (6–28%, depending on the genotype)
in anther culture of C. clementina and C.
reticulata in: 0.02 mg/l NAA + 0.5 mg/l ZI +
0.5 mg/l Kin.

In Clausena excavata, Froelicher and
Ollitrault (2000) obtained the best results
with the following hormonal conbination:
BA at low concentration (0.1 or 0.3 mg/l),
alone or with 2,4-D (0.1 mg/l).

Further research (Germanà and
Chiancone, 2003) showed that thidiazuron
(TDZ), one of the most active cytokinins in
woody plant tissue culture (Huetteman and
Preece, 1993), is effective in inducing hap-
loid embryoids and plantlet regeneration in
C. clementina cv. Nules.
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Activated charcoal

The addition of activated charcoal (0.5-2
g/l) to the medium increases the efficiency
of androgenesis in several genera. It seems
to act by removing inhibitory substances
from the medium, and presumably from the
anther wall, and by regulating the level of
endogenous and exogenous growth regula-
tors (Reinert and Bajaj, 1977; Vasil, 1980;
Heberle-Bors, 1985).

X.X. Deng et al. (1992) found that
medium containing activated charcoal was
effective in the medium having P. trifoliata
embryoid induction. However, no positive
effect of activated charcoal addition (0.5
g/l) has been observed in anther culture of
several Citrus species (Germanà et al., 1994;
M.A. Germanà et al., unpublished).

Other substances

The addition of glutamine was necessary to
produce callus in C. limon anther culture
(Drira and Benbadis, 1975). In our laboratory,
the best results were obtained by the addition
to media of casein, biotin and sometimes
coconut water, together with glutamine.

Although the way in which they act is
not completely understood, various natural
undefined extracts, e.g. coconut water, are
used since they improve pollen response.
They probably provide one or more sub-
stances which stimulate pollen division.

A recent study (Chiancone et al., 2006)
showed that the addition to medium of sper-
midine increased the number of clementine
anthers producing haploid embryoids.
Polyamines are compounds found in all
living organisms, classified as growth regu-
lators and involved in many biological
processes, such as growth, development and
stress response (Kumar et al., 1997).
Moreover, their involvement in in vitro
organogenesis and embryogenesis and their
capacity to inhibit ethylene biosynthesis has
been highlighted.

pH

pH is another factor which can influence
the gametic embryogenic process (Stuart et

al., 1987). In Citrus anther culture, the pH
of the medium is usually adjusted to
5.7–5.8 before autoclaving. The effect of the
pH level (4, 5, 6, 7 and 8) of the medium on
anther culture of P. trifoliata, C. aurantium
and C. sinensis has been studied by Hidaka
(1984a), who found that both pH 5 and 6
were effective in embryoid formation in all
genotypes tested.

Solidifying agents

Usually, Citrus anther culture media are
solidified by adding agar. Chaturvedi and
Sharma (1985) obtained diploid plantlet
regeneration by floating C. aurantifolia
anthers on a liquid medium, then embed-
ding them in a semi-solid medium.
Generally, we obtained better results in a
solid medium rather than a liquid one, also
when pre-culturing anthers for pollen isola-
tion. In the liquid medium, anthers initially
swell, later turning brown and sometimes
shrivelling. Probably the two steps (first
liquid and later semi-solid) in the culture
are essential for success.

Research on C. clementina, Mapo tan-
gelo, Fortunella margarita and C. paradisi
anther culture showed the beneficial effect
of potato starch as a gelling agent on callus
production (Germanà et al., 1997, 2000a;
M.A. Germanà et al., unpublished).

Froelicher and Ollitrault (2000) in
anther culture of Clausena excavata added
gelrite to solidify the medium.

Incubation conditions

The incubation conditions have not
received much attention in Citrus anther
culture (especially light quality and pho-
toperiod).

Hidaka (1984a) reported inducing
embryoids at 24 and 28˚C in trifoliate
orange, sour orange and ‘Trovita’ orange.

Chen (1985) observed that temperature
seems to be more important than light in
Citrus androgenesis, and obtained embry-
oids at 20–25˚C, especially under dark con-
ditions (2.21% induction rate).

Different temperatures were used in
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Citrus: 25 ± 1°C (Ling et al., 1988) and
27–28 ± 1°C (Hidaka et al., 1979, 1981;
Hidaka, 1984b; Chaturvedi and Sharma,
1985; Starrantino, 1986; Hidaka and
Omura, 1989a; Geraci and Starrantino,
1990; Germanà et al., 1990, 1991, 1994;
Deng et al., 1992; Germanà and Reforgiato,
1997; Froelicher and Ollitrault, 2000).

The light intensities used are: 500 lux
with a 16 h photoperiod (Hidaka et al.,
1979, 1981; Hidaka 1984a, b); 500–800 lux
with a 12 h photoperiod (Chen, 1985); 3000
lux with a 15–16 h photoperiod (Chaturvedi
and Sharma, 1985; Ling et al., 1988); 1000
lux with a 16 h photoperiod (Starrantino,
1986; Geraci and Starrantino, 1990; X.X.
Deng et al., 1992); and 3500 lux with a 16 h
photoperiod (Germanà et al., 1991). An
inductive period in darkness (10–15 days;
3–4 months Froelicher and Ollitrault, 2000)
is usually applied in androgenesis research.

In our experiments, Petri dishes are
usually incubated at 27 ± 1˚C for 15 days in
the dark, and then placed under cool white
fluorescent lamps (Philips TLM 30W/84)
with a photosynthetic photon flux density
of 35 µmol/m2/s and a 16 h photoperiod
(Germanà et al., 1994, 2000; Germanà and
Reforgiato, 1997; M.A. Germanà et al.,
unpublished).

Preliminary research on the effect of
light quality on anther culture of C.
clementina Hort. ex Tan., cultivar Nules,
testing, after one month of darkness, four
light qualities: white, red, far-red and blue,
and using as control conditions continuous
darkness and white light under a photope-
riod of 16 h, showed that gametic embry-
oids and embryogenic callus were obtained
only under photoperiodic conditions of
white light, suggesting that the alternation
of light and dark is necessary for the
gametic embryogenesis process in clemen-
tine (Germanà et al., 2005a).

Embryo development from microspores and
the origin of haploids

Gametic embryogenesis (from male or
female gametes) can be considered to be

one example of cellular totipotency, usu-
ally defined as the capacity of the somatic
cell to regenerate an entire new plant and,
evolutionarily, an important survival adap-
tation mechanism (Reynolds, 1997).

The developmental process of a plant
from a single microspore is referred to as
microspore embryogenesis, although the
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Fig. 7.5. Direct embryogenesis in Citrus anther
culture.

Fig. 7.6. Secondary embryogenesis in Citrus anther
culture.



route of regeneration may be via direct
embryogenesis (Fig. 7.5), secondary
embryogenesis (Fig. 7.6) or, less frequently,
organogenesis. In other cases, microspores
in culture produce undifferentiated calli,
instead of embryoids.

After one week of culture, most of the
anthers are swollen and after 2–3 months
they start to produce calli or embryoids.
Most of the calli are non-morphogenic (Fig.
7.7), but many of them appear highly
embryogenic and they maintain their
potential for a long time. The morphogenic
calli appear friable (Fig. 7.8) and white.
Sometimes calli develop from two different
lobes of an anther (Fig. 7.9). The embryo-

genic calli differentiate into a clump of
embryoids (Fig. 7.10a and b).

The well-structured embryoids
develop normally like zygotic embryos,
through the globular, the heart, the torpedo
and the cotyledonary stages, and often pro-
duce secondary embryoids. Often ter-
atomatal structures, cotyledonary fused
(Fig. 7.11a and b), pluricotyledonary (Fig.
7.12) and thickened embryoids are
observed. Sometimes pseudobulbils, with
or without callus, are produced in Citrus
anther culture (Fig. 7.13a and b).

Green, compact and non-morphogenic
calli emerging from anthers were also
observed in Poncirus, C. clementina and C.
limon (Fig. 7.14).

Divisions in pollen grains of various
species start at different intervals after the
first pollen mitosis, and after the trauma of
wounding and culture, depending on the
degree of repression of the sporophytic
gene programme (Heberle-Bors, 1985).

Several studies have been carried out
on early nuclear division events of the
microspores of herbaceous species. Hidaka
and Omura (1989b) described cytologically
the development of embryoids from
microspores in C. aurantium and P. trifoli-
ata. They observed three main routes of
development. In route A, the microspores
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Fig. 7.7. A non-morphogenic callus from anther
culture.

Fig. 7.8. An embryogenic, haploid, friable, white
callus emerging after three months of culture from
anther culture of the cultivar Nules of C.
clementina Hort. ex Tan.

Fig. 7.9. Calli emerging from two different lobes of
an anther of cv. Nules clementine.



lose their contents. In route B, microspores
develop as in vivo, normal nuclear division
with one vegetative and one or two genera-
tive nuclei; this route is rarely observed.
Route C is divided into two routes. In route
C1, two types of morphologically similar

nuclei are observed: vegetative-type nuclei
(C1a) or generative-type nuclei (C1b). Route
C2, the repeated division of only the vege-
tative-type nucleus or the repeated division
of both vegetative and generative-type
nuclei independent of each other, seems to
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Fig. 7.10. (a) Two Petri dishes after four months of
culture containing haploid embryogenic calli from
clementine Nules anthers. (b) Haploid embryo-
genic calli and embryoids in different stages devel-
oping from a single anther of clementine SRA 63 in
culture.

(a) (b)

Fig. 7.11. (a and b) A cotyledonary fused embryoid.

(a)

(b)



form the most embryoids in Citrus anther
culture.

When the nucleus divides without cell
division, a multinucleate pollen grain is
initially formed which later gives rise to a
multicellular structure, then developing
into a proembryoid (Fig. 7.15) and finally
into an embryoid, until the exine rupture.
Moreover, nuclear fusion among vegetative
and generative nuclei has been observed,
and this can explain an increase in ploidy
level.

A morphological and ultrastructural
study, at the cellular and subcellular level,
of early microspore embryogenesis in sev-
eral embryogenic varieties of C. clementina
is in progress in a joint project between the
University of Palermo (Italy) and the Centro
de Investigaciones Biologicas (Spain).
Microscopic analysis has revealed very
important aspects of this embryogenic
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Fig. 7.12. A pluricotyledonary embryoid.

(b)(a)

Fig. 7.13. (a and b) Pseudobulbils from Citrus anther culture.

Fig. 7.14. A green and compact callus emerging
from inside a Poncirus trifoliata anther.

Fig. 7.15. A proembryoid located inside the anther.
Fragments of the broken exine are still at its
periphery. (2 µm semi-thin section stained with
toluidine blue.) This photo was taken at the labora-
tory of Dr Maria Carmen Risueño, Centro de
Investigaciones Biologicas, CSIS, Spain.



process, indicating differences between
Citrus microspore-derived embryos and
those derived from other embryogenic
species, such as starch accumulation
during the first embryonic stages (Ramirez
et al., 2003). Moreover, different cellular
types have been observed in these embryos
after the exine breakdown.

Plant recovery, hardening and
characterization

Plantlet formation from cultured anthers
may occur either directly through embryo-
genesis of microspores or indirectly
through organogenesis or embryogenesis of
microspore-derived callus.

The highly embryogenic haploid callus
is multiplied in MS medium supplemented
with 5% sucrose, 0.02 mg/l NAA and 0.8%
agar, maintaining its embryogenic potential
for several years. As the embryos appear,
they are germinated in Petri dishes (Fig.
7.16a and b) with MS medium containing
3% (w/v) sucrose, 1 mg/l GA3, 0.01 mg/l
NAA and 0.75% (w/v) agar (germination
medium), and they are later transferred to
Magenta boxes (Sigma V8505) or to test
tubes (Fig. 7.17).

The embryoids develop normally
through the globular, heart, torpedo and
cotyledonary stages, and often produce sec-
ondary embryoids. Haploid embryoids of
clementine vigorously germinate in vitro; in
contrast, haploid plantlets grow slowly in
soil, presumably due to recessive harmful
genes expressed in homozygosity. These
plantlets, when transplanted in vivo, usu-
ally die as a result of fungal contamination.
Better results have been obtained by graft-
ing in vitro homozygous small shoots (2–3
mm) on to etiolated 20-day-old Troyer cit-
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Fig. 7.16. (a and b) Haploid embryoid germination.

(b)(a)

Fig. 7.17. Haploid plantlet of Nules clementine
obtained from embryoid germination.



range seedlings (Fig. 7.18). After 3–4
months, the grafted plantlets obtained were
washed with sterile water to remove the
medium from their roots and then trans-
ferred to sterilized pots containing peat
moss, sand and soil in the ratio 1:1:1 for the
acclimation phase (Fig. 7.19). The new
scions obtained were later grafted on to 2-
year-old sour orange seedlings. They
showed a more compact habitus (Fig. 7.20a
and b) and a decrease in vigour, with sig-
nificantly smaller leaves, shorter internodes
and more thorns when compared with the
heterozygous parent of the same age of
grafting (Germanà et al., 2000b).

More vigorous growth has been
observed by grafting the second time on to
C. macrophylla instead of on to C. auran-
tium (unpublished).

Ploidy of androgenetic plants

Haploid, and especially triploid, diploid,
aneuploid and mixoploid calli and
plantlets have been produced from Citrus

and its relatives by anther culture. Non-
haploids may arise from: (i) somatic tissue
of anther walls; (ii) the fusion of nuclei; (iii)
endomitosis within the pollen grain; or (iv)
irregular microspores formed by meiotic
irregularities (D’Amato, 1977; Sunderland
and Dunwell, 1977; Narayanaswamy and
George, 1982; Sangwan-Norrel, 1983). The
developmental stage of the pollen at the
time of the culture can cause ploidy varia-
tion in regenerated plants: in particular, the
older the stage, the higher the ploidy level
of the embryoids obtained (Maheshwari et
al., 1980).

Besides regeneration from somatic
tissue of anther, heterozygosity can also be
observed when the plants are regenerated
from unreduced microspores or in the case
of new variation induced at the diploid
level (gametoclonal variation) (Wenzel et
al., 1977; Morrison and Evans, 1987).

CYTOLOGICAL CHARACTERIZATION OF REGENERANTS.
Chromosome number has been counted in
root tip cells from regenerated embryos and
plantlets, using the standard Feulgen tech-
nique (Lillie, 1951). The explants were pre-
treated with 0.05% (w/v) aqueous solution
of colchicine for 2 h at room temperature,
fixed overnight in 3:1 (v/v) ethanol:glacial
acetic acid, and stored in 70% ethanol until
viewing.

Chromosome counts carried out on root
apices of embryos and of plantlets obtained
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Fig. 7.18. In vitro grafting of homozygous Citrus
clementina, cv. Nules on to etiolated ‘Troyer’ cit-
range seedlings to improve the material survival.

Fig. 7.19. A haploid plantlet of Citrus clementina,
cv. Nules transferred to soil.



from in vitro androgenesis of clementine
showed the haploid set of chromosomes (n =
x = 9) (Fig. 7.21) (Germanà et al., 1991, 1994,
2000a, b; Germanà, 1997). During culture,
haploid calli spontaneously diploidize, pro-
ducing doubled haploid embryoids and
plantlets (Germanà, 1997), and sometimes
the presence of a triploid number of chro-
mosomes (Fig. 7.22) in homozygous calli
cells has also been observed.

FLOW CYTOMETRY. Identification of regener-
ants from anther culture of clementine and
Clausena excavata has also been performed
by flow cytometry (Ollitrault et al., 1996;
Froelicher and Ollitrault, 2000; Germanà et
al., 2005b).

Isozyme analyses

Because of the spontaneous diploidization
of the haploid calluses, cytological analysis
cannot always identify androgenic plants,
and isozyme analyses have been employed
to decide the gametic origin of calluses and
plantlets (Germanà et al., 1991, 1994,
2000a, b; Germanà and Reforgiato, 1997).
Isozyme techniques allow the distinction to
be made between androgenetic and somatic
tissue when the enzyme is heterozygotic in
the diploid condition of the donor plant
and the regenerants show lack of an allele.

To identify the origin of calli, embry-
oids and plantlets obtained, their crude
extracts are analysed using two enzyme sys-
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Fig. 7.20. Doubled haploid Nules grafted on to sour orange seedlings 1 year (a) and 5 years (b) after
grafting.

(b)

(a)



tems: phosphoglucoisomerase (PGI) and
phosphoglucomutase (PGM), as reported by
Grosser et al. (1988). Numbering for
isozymes (PGI-1) and lettering for different
allozymes are the same as used by Torres et
al. (1978).

Citrus clementina is heterozygous for
PGI-1 and PGM. According to Torres et al.

(1978), the heterozygous clementine parent is
FI (F = allele which specifies fast migration
toward the anode enzyme; I = intermediate)
in PGM, and WS (W = allele which specifies
an enzyme migrating faster than F; S = allele
which specifies a slowly migrating enzyme)
in PGI. For analysis of calli and leaves
obtained from anther culture, the presence of
a single band was retained as the homozy-
gous state (Fig. 7.23a and b). With one or two
exceptions out of more than 100 samples
analysed, both enzyme systems confirmed
the androgenic nature of regenerants because
of the contemporary lack of an allele.

X.X. Deng et al. (1992) used GOT (glu-
tamate oxaloacetate transminase) isozyme
analysis to show that the diploid plantlet
obtained from anther culture of hybrid No.
14 of C. ichangensis × C. reticulata was
homozygous and so pollen derived.

PGI, PGM2 and isocitrate dehydroge-
nase (IDH) have been used to characterize
regenerants in gynogenesis by Ollitrault et
al. (1996).

PGI and PGM have been employed by
Germanà and Chiancone (2001) for the
characterization of gynogenetic haploids in
clementine.

RAPD analyses

A preliminary characterization of several
doubled haploids of C. clementina has been
carried out during a collaboration between
our laboratory and the Istituto Sperimentale
per l’Agrumicoltura of Acireale, using
isozyme and random amplified polymophic
DNA (RAPD) markers (Germanà et al.,
2000b). The aberrant transmission of RAPD
markers due to the presence of a band
found only in doubled haploids has been
observed in homozygous clementine as
well as in other genotypes (Pooler and
Scorza, 1995). Further studies are in
progress to determine the nature of these
fragments.

Microsatellites

Microsatellites have also been employed to
assess homozygosity and to characterize
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Fig. 7.21. A haploid set of chromosomes from a
root tip cell of a regenerated plantlet (n = x = 9).

Fig. 7.22. A triploid set of chromosomes from a
homozygous callus cell (n = 3x = 27).



regenerants obtained from citrus anther cul-
ture (Germanà and Chiancone, 2003;
Germanà et al., 2005b).

Applications of Haploids, Doubled
Haploids and Gamete Biotechnology in

Citrus Breeding

Production of triploids

The importance of triploids in Citrus
improvement derives from the seedlessness
of their fruits. This is a desirable trait of
commercial importance and one of the
main goals in Citrus breeding programmes.

Triploids can be conventionally pro-
duced by 2x × 4x and 4x × 2x crosses: two
seedless triploid hybrids were produced
from 2x pummelo and 4x grapefruit
hybridization (Soost and Cameron, 1980,
1985).

Triploid plants can also be obtained
through in vitro culture of endosperm,
which, being the fusion of three haploid
nuclei, is triploid. Triploid hybrid Citrus
plants were recovered by in vitro embryoge-
nesis from endosperm-derived calli
(Gmitter et al., 1990).

One of the most interesting applica-
tions of haploids in Citrus breeding is the

possibility of obtaining triploid somatic
hybrids by fusion between haploid and
diploid protoplasts.

Protoplasts isolated from nucellar calli
of ‘Juman’ Satsuma mandarin, ‘Ohmishima’
navel orange or ‘Trovita’ sweet orange were
electrically fused with protoplasts of two
haploid strains of clementine (Kobayashi et
al., 1997).

Triploid Citrus hybrids were obtained
via somatic hybridization performed by
electrofusion between a gynogenetic hap-
loid cell line of clementine and nine
diploid cultivars (Ollitrault et al., 2000).
The diploid protoplasts were isolated from
mesophyll of Marumi kumquat and from
embryogenic calli obtained from ovule cul-
ture of the following genotypes: Willow
Leaf mandarin, Sunki mandarin, Murcott
mandarin, Kinnow mandarin, Shamuti
orange, Valencia late orange, Star Ruby
grapefruit and Mexican lime. Triploid and
tetraploid hybrids were obtained for each
combination, along with a few pentaploid
hybrids.

Ploidy analysis by flow cytometry of 94
regenerants from clementine anther culture
showed that as many as 82% of them were
tri-haploids, rather than haploids or dou-
bled haploids as expected (Germanà et al.,
2005b). Regeneration from anther culture
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Figs. 7.23. Isozyme pattern of PGI (a) and PGM (b) of calli and leaves. The first lane on the left and the
last lane on the right are the zymogram of the heterozygous Nules parent, the others are those of doubled
haploid cultures.

(b)

(a)



was therefore proposed as a rapid and
attractive method of obtaining new triploid
varieties in clementine.

Production of diploid somatic hybrids

Through haploid protoplast fusion, new
interspecific and intergeneric hybrids can be
obtained, by-passing the barriers that inhibit
wide crosses and avoiding the tetraploid
stage, which is usually characterized by
undesirable traits such as thick rind.

Gametosomatic hybridization

The production of triploid interspecific
hybrids in Nicotiana and intraspecific
hybrids in Petunia by fusing tetrad proto-
plasts with callus protoplasts are examples
of successful gametosomatic hybridization
(Pirrie and Power, 1986; Lee and Power,
1988). A preliminary study on gametoso-
matic fusion between P. trifoliata tetrads
and somatic protoplasts of C. sinensis cv.
‘Jincheng’ was reported by Z.A. Deng et al.
(1992). One chimeric plantlet was regener-
ated.

Androclonal variation and its utilization

Generally, a large amount of variation is
generated throughout pollen embryogene-
sis, including gene mutation and chromo-
some variation (Hu and Huang, 1987).

Inbreeding depression, due to complete
homozygosity, may be associated with a
reduced vigour observed in doubled hap-
loid plants (Veilleux, 1994).

A higher incidence of genetic changes
in plants derived from male cells has been
observed in comparison with plants
derived from female cells. However, this
mechanism is poorly understood. It seems
probable that since paternal organelles are
not usually transmitted to the progeny,
their mutations in nature are less important
and male gamete cytoplasm is, for this
reason, less stable (Huang, 1996).

Gametoclonal variation can be of
nuclear origin or it can concern organelles
as in albino (chlorophyll-deficient) plants,
frequently found in cereals when
microspores are induced to regenerate into
haploid plants.

Haploid and albino embryoids have
also been regenerated in Citrus from anther
culture of ‘Mapo’ tangelo (Citrus deliciosa ×
C. paradisi) (Fig. 7.24) (Germanà and
Reforgiato, 1997).

Male gametophytic selection (MGS)

The angiosperm pollen grains may easily be
manipulated to improve the efficiency, the
rapidity and the precision of plant breeding
methods. The production of doubled hap-
loids by culturing previously selected
pollen could avoid the stress-buffering abil-
ity of the pistil during pollen germination
and pollen tube growth which occurs when
selective stress is applied to the whole
plant. Gametophytic selection, based on the
overlap (~70%) in genetic expression
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Fig. 7.24. Haploid and albino embryoids from tan-
gelo ‘Mapo’ anther culture. 



between the gametophytic and the sporo-
phytic generation (Mascarenhas, 1990) and
on the similarity in their response in the
presence of several external factors
(Hormaza and Herrero, 1992), could have
several advantages deriving from the char-
acteristics of the gametic phase: haploidy
and large population size. Plant breeding
programmes are costly and time consum-
ing: large population sizes are needed to
obtain the required combination of charac-
ters in the new genotypes. This is especially
important in woody perennials due to the
large size of the plants and their long juve-
nile phase. MGS can already be included in
plant breeding programmes when the aim is
to screen genotypes or to increase the
vigour of the next sporophytic generation
and, when knowledge regarding the repro-
ductive processes is more advanced, it will
be useful to transmit selected traits into the
progeny.

Angiosperm pollen also has great
potential by culturing the isolated
microspores and exerting stress during cul-
ture. In this way, microspores, which result
from recombination, are subjected to selec-
tion, and it is possible to recover, via
gametic embryogenesis, mutants for physio-
logical and biochemical traits (Evans et al.,
1990). For this aim, however, a well-
defined procedure of regeneration through
gametic embryogenesis is necessary.

Transformation

Microspores may also be considered attrac-
tive candidates for gene transfer by co-culti-
vation with Agrobacterium tumefaciens
and eventual pollen culture, or by microin-
jection of transfer DNA into pollen embryos
(Heberle-Bors et al., 1990; Sangwan and
Sangwan-Norrel, 1990). The delivery of
DNA into embryogenic microspores further
advances genetic improvement of crops by
producing homozygous transgenic plants in
a single step.

Embryogenic callus production in
monoembryonic Citrus

Citrus clementina is characterized by
monoembryony, and it is very difficult to
obtain embryogenic callus from monoem-
bryonic Citrus species. On the other hand,
embryogenic calli are essential for the
genetic improvement of crops through
biotechnology.

In our experiments, embryogenic calli
of different cultivars of C. clementina
(Nules, SRA 63 and Monreal) have been
obtained (Germanà et al., 1994, 2000a,
2005b; Germanà and Chiancone, 2003).

Haploid and doubled haploid propagation

Haploid micropropagation by in vitro tissue
culture is particulary important in cases,
such as woody species, where the fre-
quency of haploid induction by anther cul-
ture is low. It is possible to multiply
haploid plants by culturing shoot meris-
tems or axillary buds. Numerous haploid
plants are easily obtained when highly
embryogenic callus is produced by anther
culture, as in C. clementina.

Protoplasts were isolated from the stem
and leaf of a haploid golden delicious apple
clone and protoplast-derived shoots were
successfully in vitro propagated via organo-
genesis (Patat-Ochatt et al., 1993).
Similarly, haploid protoplasts could be
used as a means of clonal propagation of
rare haploids.

Conclusions

The great potential of employing haploidy,
doubled haploidy and gametic embryogen-
esis in Citrus breeding is clearly evident.
Haploids can improve the efficiency and
the speed of the usually cumbersome, time-
consuming, laborious and sometimes rather
inefficient conventional breeding methods.

Although in vitro culture of gametes is
more or less a standard tool for plant breed-
ers in many crops, particularly Brassi-
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caceae and cereals, this is yet to be
achieved in Citrus breeding since deploy-
ment of gametic embryogenesis in Citrus
improvement is still hampered by low fre-
quencies of embryo induction, albinism,
plant regeneration, plant survival and the
genotype-dependent response.

A better understanding of the gametic
embryogenesis process, the improvement of
currently available techniques and the
development of new technologies could
make haploid production a powerful breed-
ing tool in the near future for Citrus, allow-
ing in this genus the effective exploitation
of the potential of gamete biotechnology.

In order to make this possible, the fun-
damental goals are: to enlarge the number
of respondent genotypes; to improve the
induction rate (the frequency with which
gametes form embryoids); and to increase
the survival rate (the percentage of regener-
ated plants successfully transferred from in

vitro to in vivo culture conditions).
Further goals are to characterize and to

deploy haploids and doubled haploids in
Citrus breeding (protoplast fusion, triploid
production, transformation, etc.).

In conclusion, a better knowledge of
the gametic embryogenesis process in
Citrus is needed to transform this frontier of
plant biotechnology into practical applica-
tions in this genus, as already achieved in
other genera. Therefore, in our opinion, this
area of research has enormous potential and
merits a great deal of further support and
attention.
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Introduction

Seedlessness is a major characteristic for
the fresh-fruit market and may have impor-
tance for the juice industry because the
presence of seeds in the fruit could be asso-
ciated with unfavourable aromatic com-
pounds and bitterness. A lot of breeding
work has been done to develop new seed-
less cultivars.

The seedlessness of citrus varies
among accessions and, sometimes, environ-
mental conditions. For instance, ‘Mukaku
kishiu’ is completely seedless under any
conditions. Navel orange and satsuma man-
darin are usually seedless, but occasionally
they produce seeds when pollinated. On
the other hand, with cross-pollination, the
fruit of some pummelos produce more than
100 seeds while they are seedless in self-
pollination conditions. The number of
seeds of almost all accessions is less than
the number of ovules. Therefore, it is prob-
able that most of the commonly cultivated
accessions have some degree of ovule or
pollen sterility (Frost, 1948).

Strong sterility coupled with partheno-
carpy is necessary for the production of
stable seedless fruits. Sterility could be

divided into three types: female sterility,
male sterility and self-incompatibility.

Yamamoto et al. (1995) proposed that
the degree of female fertility/sterility
should be rated on the basis of the average
number of seeds per fruit obtained through
hand pollination. High positive correlation
(r = 0.93) was found between the number of
seeds of open pollinated fruits and those of
hand-pollinated fruits. This result indi-
cated that female sterility is directly related
to seediness.

The degree of male (pollen) sterility is
variable in cultivated citrus, and usually
pollen-sterile accessions produce seedless
or few seedy fruits when cultivated in solid
blocks. Male-sterile or self-incompatible
accessions have the ability to produce seed-
less fruits when cross-pollination is pre-
vented. Even in mixed planting with
male-fertile accessions, male sterility and
self-incompatibility reduce the seed pro-
duction and increase the percentage of
seedless fruits because those accessions
have a smaller chance of fertilization than
self-compatible accessions (Yamamoto et
al., 1995). However, those accessions may
produce seedy fruits in mixed planting par-
ticularly if pollinating insects are frequent.
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This implies that for diversification pro-
grammes, male and female sterilities must
be selected, particularly for an area such as
the Mediterranean Basin where the main
seedless easy peel cultivar is the self-
incompatible ‘clementine’.

Some male-sterile and self-incompati-
ble accessions cannot produce seedless
fruits because of a lack of parthenocarpy.
Thus, parthnenocarpy is an indispensable
trait for seedless fruit production and this
character seems to be widely present in
Citrus germplasm. Some seedy accessions
can also produce parthenocarpic fruit
(Nagai and Tanikawa, 1928; Sykes and
Possingham, 1992). Autonomic partheno-
carpy, where seedless fruit is produced
without any external stimulation (pollina-
tion), is the main type of parthenocarpy in
citrus, such as in navel or satsuma man-
darin. Stimulative parthenocarpy has also
been reported (Vardi et al., 1988). It was
suggested that the autonomic partheno-
carpy found in satsuma mandarin depends
on three dominant complementary genes.

In Citrus, self-incompatibility seems to
be of the gametophytic type, while male
and female sterility may be due to different
genetic factors such as sterility genes, chro-
mosomal abnormalities (structural het-
erozygosity, inversion, translocation) and
triploidy.

This chapter presents a review on the
mechanism and genetic factors underlying
seedlessness in Citrus and on their exploita-
tion for new seedless cultivar breeding. It
focuses mainly on the aspect of ploidy
manipulation for triploid seedless breeding
which has received much attention at the
international level and for which new
avenues have been opened up by biotech-
nology.

Seedlessness at the Diploid Level

Male and female sterility

Various levels of male sterility at the
diploid level have been reported in citrus
(Iwamasa, 1966) (Table 8.1). Chromosome

aberration is one of the most important phe-
nomena which cause pollen sterility.
Asynapsis in ‘Mukaku yuzu’ is genetically
controlled, while that in ‘Eureka’ lemon
and ‘Mexican’ lime is induced by low tem-
perature (Nakamura, 1943; Iwamasa and
Iwasaki, 1962; Iwamasa, 1966). Reciprocal
translocation is the main cause of sterility
of ‘Valencia’ sweet orange, and this sterility
is not found in other sweet oranges
(Iwamasa, 1966). Inversion caused partial
pollen sterility of ‘Mexican’ lime. Pollen
sterility of ‘Marsh’ grapefruit is due to the
failure of spindle formation (Raghuvanshi,
1962). Male sterility which is not caused by
chromosome aberration is also well known.
Anther abortion in satsuma hybrids is taken
to be due to strict male sterility in citrus
(Iwamasa, 1966). The sterile stamen
appears only as a filament, and no pollen
grains are produced (Fig. 8.1). Early degen-
eration of pollen mother cells (PMCs) was
found in ‘Washington’ navel, ‘Tahiti’ lime
and some other hybrids (Osawa, 1912;
Uphof, 1931; Frost, 1948). Pollen sterility of
satsuma mandarin is caused by plural
sterility such as abnormal behaviour and
degeneration of pollen grains (Nakamura,
1943; Yang and Nakagawa, 1970). A close
relationship between the free proline con-
tent in citrus anther and pollen fertility has
been found (Liu et al., 1995), and the culti-
vars with normal fertility have a higher pro-
line concentration than those with partial or
complete sterility. To develop new seedless
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Fig. 8.1. Flowers of male sterile (aborted anthers,
MS) and male fertile (normal anthers, MF).
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cultivars efficiently, genetic analysis of male
sterility has been carried out. Among these
studies, genetic analysis of anther abortion
has progressed remarkably. This male steril-
ity is due to gene–cytoplasmic interaction
(satsuma mandarin and ‘Encore’ mandarin
possess sterile cytoplasm) and is probably
controlled by more than two major genes
(Iwamasa, 1966; Yamamoto et al., 1992,
1997; Nakano et al., 2001). New seedless
cultivars with aborted anthers have been
released in Japan (Nishiura et al., 1983;
Matsumoto et al., 1991). Anther male steril-
ity and inheritance of pollen fertility/steril-
ity were also studied (Ueno, 1986). Some
pollen-sterile progeny had arisen from par-
ents that were both pollen fertile. Vardi and
Spiegel-Roy (1981) postulated that asynap-
sis was controlled by a single recessive gene
because about a quarter of progeny arising
from self-pollination of ‘Wilking’ showed

asynapsis. Nakano et al. (2000) found DNA
markers linked to male sterility for juvenile
screening of male-sterile plants.

Female sterility is a very important
trait closely related to seedlessness and is a
heritable characteristic (Yamamoto et al.,
1995, 2001). ‘Mukaku kishiu’, a bud varia-
tion of the seedy kinokuni mandarin, is
complete seedless, and is considered to
have the strongest female sterility in citrus.
This female sterility causes abortion of the
zygote, and is controlled by two genes
(Nesumi et al., 2001). A new seedless culti-
var and parental line with this sterility was
bred in Japan. Navel orange and satsuma
mandarin have strong female sterility. Only
a few seeds developed when they were
hand pollinated (Nishiura and Iwasaki,
1963). Osawa (1912) observed degeneration
of the embryo sac in both navel orange and
satsuma mandarin. Nesumi et al. (2000)

Seedlessness 199

Table 8.1. Diagramatic representation of various kinds of male sterility occurring in citrus, according to the
sequential order of development (from Iwamasa, 1966).

Developmental stage Nature of sterility Cultivar or hybrid Reference

Initiation of anther Anther abortion Satsuma × Sweet Iwamasa, 1966
development orange, etc.

Archesporial stage

Resting stage Degeneration of PMCs Washington navel Osawa, 1912
Tahiti lime Uphof, 1931

Lemon × Valencia, etc. Frost, 1948

Satsuma × trifoliate Iwamasa, 1966
orange

Meiosis
Division I Asynapsis (genic) Mukaku yuzu Iwamasa, 1966

Asynapsis Eureka lemon Nakamura, 1943
(by low temperature) Mexican lime Iwamasa et al., 1962
Translocation C. assamensis Naithani et al., 1958

Valencia orange Iwamasa, 1966
Inversion C. assamensis, etc. Raghuvanshi, 1962a

Mexican lime Iwamasa, 1966
Division II Failure of spindle Marsh grapefruit Raghuvanshi, 1962b

Liberation from tetrad
Degeneration Jaffa orange Oppenheim, 1929

Mitotic division
Degeneration Satsuma Nakamura, 1943

Mature pollen grain



assumed that the female sterility of satsuma
mandarin is controlled by two major genes,
and they were genetically mapped (Omura
et al., 2000). Seediness of hand-pollinated
fruits is low in both ‘Valencia’ orange and
‘Marsh’ grapefruit (Wong, 1939).
Chromosome aberration, as mentioned with
regard to male sterility, probably occurs in
the embryo sac. In non-functional pistils of
lemon, possible blocking of further stigma
and style development is related to the
presence or absence of receptive embryo
sacs in the ovule (Wilms et al., 1983).

Mutagenesis is efficient in developing
seedless plants from seeded accessions
because sterility is one of the most frequent
effects of treatment with a mutagen. Hensz
(1971) developed the seedless ‘Star Ruby’
grapefruit through irradiation of seed of the
seedy ‘Hudson’ by thermal neutrons. After
his success in developing a seedless cultivar
using irradiation, this method was applied
to several seedy cultivars. Hearn (1984) pro-
duced seedless strains of ‘Pineapple’ orange
and ‘Duncan’ grapefruit from γ-ray irradia-
tion of seeds. He also developed seedless
strains of ‘Foster’ grapefruit through γ-irra-
diation of buds. Seedless strains of ‘Eureka’
lemon and ‘Monreal’ clementine were
developed through γ-irradiation of budsticks
(Spiegel-Roy et al., 1985; Starrantino et al.,
1988). Chen et al. (1991) produced seedless
strains of ‘Jin Cheng’ orange through γ-irra-
diation of seeds, and chromosome aberra-
tions were observed in these strains. South
Africa has developed an ambitious pro-
gramme of mutagenesis by γ-irradiation of
budwoods to obtain seedless cultivars
(Froneman et al., 1996). About 400 trees
with 2400 branches exhibiting seedless
fruits have been selected.

Biotechnology procedures such as
transformation and genome analysis have
been conducted to develop new seedless
citrus (Koltunow et al., 1998). Tobacco and
Arabidopsis transformants have been regen-
erated containing chimeric genes of soy-
bean conglycinin and storage protein gene
promoters linked to the bacterial RNase
gene, barnase. Reduction in seed size was
only observed in Arabidopsis seeds (exal-

buminous), and not in tobacco (albu-
minous). Some transformants of both
species were male sterile and this corre-
lated with the gene expression in anthers.
Citrus forms exalbuminous seeds. The bar-
nase constructions may be useful in elicit-
ing a reduction in seed size. Transgenic
West Indian lime plants containing genes
for decreased seed set have already been
produced from seedling hypocotyl and epi-
cotyl segments by Agrobacterium-mediated
gene transfer (Koltunow et al., 2000). The
shorter juvenile period of lime provides the
opportunity to test the introduced genes for
their ability to induce reduced seed set.
Garcia et al. (2000) found a DNA marker for
the number of seeds obtained from 69 DNA
and isozyme markers, and this marker must
be related to female sterility.

Self-incompatibility

Self-incompatibility is a genetically con-
trolled phenomenon preventing seed set in
self-pollinated plants producing functional
gametes. In self-incompatible accessions, in
conditions of self-pollination, no pollen
tubes were found in the ovaries (Ton and
Krezdorn, 1967). Nagai and Tanikawa
(1928) found that some self-incompatible
accessions produced seedless fruits when
they were self-pollinated. Almost all pum-
melos, some mandarins and several natural
or artificial hybrids are self-incompatible
(Hearn, 1969). Some of the self-incompati-
ble cultivars are seedy because of their
female fertility and lack of parthenocarpy
requiring cross-pollination to set fruits
(Miwa, 1951; Mustard et al., 1956;
Krezdorn and Robinson, 1958). Some self-
incompatible accessions can produce seed-
less fruits in a single planting, and
clementine is probably the most famous of
these. These fruits are sometimes smaller
than seeded ones which tend to have
reduced setting of fruit. Mixed cultivation
of these accessions with male-fertile plants
often yield seedy fruits unless they have
female sterility (Soost, 1956; Reece and
Register, 1961; Hearn, 1969; Iwamasa and
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Oba, 1980; Li, 1980). However, seedless
fruits can be produced in self-incompatible
accessions without parthenocarpic ability
by pollination with tetraploid pollen or
application of growth regulators (Soost,
1961; Yamashita, 1976).

The incompatibility system of citrus is
the gametophytic type, and Soost (1965,
1968) proposed ‘S’ genotypes in some acces-
sions. At least three alleles are present in the
pummelos tested. At least two of these differ
from the alleles in ‘Sukega’. At least four
alleles are present in ‘Dancy’, clementine,
‘Minneola’, ‘Orlando’, ‘Sukega’ and ‘Duncan’
grapefruit. Incompatibility S alleles are dis-
tributed widely; not only in self-incompati-
ble accessions but also in self-compatible
ones such as satsuma mandarin, grapefruit
and ‘Dancy’ (Soost, 1965, 1968; Vardi et al.,
2000). Thus, a self-incompatible individual
can be produced from cross-combinations
between both self-compatible parents, e.g.
‘Orlando’ and ‘Minneola’ arose from the
combination ‘Duncan’ grapefruit and
‘Dancy’ (Swingle et al., 1931). Wakana et al.
(1998) demonstrated that glutamate oxaloac-
etate trans-minase (GOT) isozyme loci and
the incompatibility locus are linked, which
should be useful for early screening for self-
incompatibility.

Ploidy Manipulation for Seedless
Cultivar Breeding

The selection of triploid lines has been, and
remains a very interesting way to develop
seedless cultivars. Indeed triploidy is gener-
ally associated with both male and female
sterility. Thus, most of the trees under field
evaluation present these characters, and an
efficient selection can be done for other
traits. Moreover, the larger fruit size associ-
ated with triploidy should correct the reduc-
tion of fruit size generally observed in
seedless mutants of seedy varieties. The
more famous citrus triploid is ‘Tahiti lime’.
This natural triploid produces large seedless
fruits while its diploid kin ‘Mexican lime’
produces small seedy fruits. Such pro-
grammes are being conducted in several

countries (Starrantino, 1992; Khan et al.,
1996; Ollitrault et al., 1998a; Grosser et al.,
2000; Guo et al., 2000; Chandler et al., 2001;
Navarro et al., 2004; Froelicher et al., 2005;
Handaji et al., 2005; Wakana et al., 2005;
Wu et al., 2005), and new triploid cultivars
have been recently released in Italy
(Starrantino, 1999; Russo et al., 2004), in
California (Anonymous, 2002) and in Japan
(Yoshida et al., 2003; Tokunaga et al., 2005).

Natural polyploids

Polyploid germplasm

Diploidy is the general rule in Citrus and its
related genera with the basic chromosome
number x = 9 (Krug, 1943). However, some
polyploid genotypes were detected early on
in citrus germplasm. Longley (1925) was
the first formally to identify a tetraploid
wild form: the Hong Kong kumquat
(Fortunella Hindsii Swing.). Triploid Tahiti
lime (Jackson and Sherman, 1975),
tetraploid strains of Poncirus trifoliata
(Iwasaki, 1943), allotetraploid Clausena
excavata Burm. F. (Froelicher et al., 2000),
tetraploid Clausena harmandiana and
hexaploid Glycosmis pentaphylla are other
examples of natural polyploidy found in
the germplasm of the Aurantioideae sub-
family (Froelicher, 1999).

Mechanisms of formation of polyploid citrus

TRIPLOIDS. The occurrence of spontaneous
triploid seedlings was reported many years
ago. Lapin (1937) mentioned about 4%
triploidy in hybrid seedlings of Citrus
limon crossed with eight other diploid
species and varieties. Frost and Soost
(1968) reported that more than 5% of 1200
hybrids from diploid parents grown at
Riverside were probably triploids, of which
20 were proved by chromosome counts.

Studies have shown that most of the
spontaneous triploids arising from diploid
parents are found in small and abnormal
seeds of monoembryonic female parents
(Esen and Soost, 1971, 1973). The rates of
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spontaneous triploid formation vary among
cultivars. Rates of 1 and 6–7% for clemen-
tine and King mandarin, respectively, have
been observed in California and Sicily
(Geraci et al., 1975). ‘Wilking’ mandarin
also shows a high rate (14.6%) of triploid
seedlings (Soost, 1987).

Triploid embryos have also been
observed in immature seeds of polyembry-
onic cultivars, with frequencies between 0
and 8% in C. deliciosa clones (cv ‘Tardiva de
Ciaculli’ and ‘Avana’) and between 0 and
11.5% in different C. limon cultivars (Geraci,
1978). The rate of triploid embryos is very
high in several sweet orange cultivars.
Oiyama et al. (1980) found between 26 and
30% small seeds and between 8 and 33%
triploid seedlings in sweet orange cultivars
and intraspecific hybrids of sweet orange. A
large percentage of triploid embryos has also
been found in presumed interspecific
hybrids of sweet orange such as ‘Ortanique’
tangor (25%) (Wakana et al., 1981), Temple
tangor (6.8%) and ‘Sugeka’ orangelo (23%)
(Esen and Soost, 1971). Therefore, it appears
that there is genetic control of triploid
embryo formation as well as environmental
factors because the same cultivar may pro-
duce different numbers of triploid hybrids in
different years or different areas of produc-
tion. Colder conditions seems to be
favourable for triploid induction (our unpub-
lished data). With the exception of the report
concerning sweet orange (Oiyama et al.,
1980), it appears that the nucellar embryos
present in the seeds are more developed than
the triploid ones and considerably limit the
probability of triploid seedling recovery from
polyembryonic species (Wakana et al., 1981).

Cytogenetic studies showed that
triploid embryos are associated with penta-
ploid endosperm, which is a strong indica-
tion that triploid hybrids result from the
fertilization of unreduced ovules by normal
haploid pollen (Esen and Soost, 1977; Esen
et al., 1979; Wakana et al., 1981). This
ploidy ratio of 5/3 between endosperm and
zygotic embryos is generally considered by
citrus breeders as the origin of precocious
abortion of endosperm development and
subsequent overdevelopment of embryos

found in small citrus seeds. It should also
occur for monoembryonic and polyembry-
onic cultivars where the triploid embryo is
associated with diploid nucellar embryos
(Wakana et al., 1981). However, another
hypothesis should be considered: the
endosperm balance number (EBN) theory
proposed in the early 1980s (Johnston and
Hanneman, 1980) to explain the basis of
normal development of seeds in interspe-
cific and interploidy crosses in the potato.
According to this hypothesis, each species
has a genome-specific effective ploidy
(called the EBN) which must be in a 2/1
maternal to paternal ratio in the endosperm
for normal development. The EBN, which
can be different from the actual ploidy
level, functions in an additive way during
ploidy manipulation. This hypothesis, ini-
tially developed for potato, has also been
applied in several other plants species such
as Trifolium, Lycopersicum, Avena, Datura
and Impatiens (Carputo et al., 1999).

The frequency of occurrence of duplica-
tion in the female gametes varies between
less than 1% and more than 20% (Soost,
1987; Iwamasa and Nito, 1988) and it is sug-
gested to be due to the abortion of the
second meiotic division in the megaspore
(Esen et al., 1979). This hypothesis is con-
firmed for Clementine by a molecular
marker analysis showing that less than 50%
of maternal heterozygosity is transmitted by
the 2n ovules (Luro et al., 2000, 2004).
However, recently Chen et al. (2007) pro-
posed that 2N gametes of sweet orange
result from first division restitution. Very
rare events of formation of triploid hybrids
by fertilization of a haploid ovule by diploid
pollen have also been demonstrated (Luro et
al., 2000).

TETRAPLOIDS. Tetraploidization seems to
occur frequently in Citrus polyembryonic
genotypes. Cameron and Frost (1968) men-
tion from the Riverside (California) experi-
ments, that 2.5% of 3600 nucellar progeny
from a broad range of genotypes were
tetraploid. In Russia, Lapin (1937) also
found tetraploid seedlings among eight
Citrus species (from <1% to 5.6%) and

202 P. Ollitrault et al.



Poncirus (4%). Russo and Torrisi (1951a)
detected the tetraploid forms of C. auran-
tium and C. limon among nucellar
seedlings. For the rootstocks citrange
Troyer and Carrizo, respective frequencies
of 3 and 2.5% of tetraploid seedlings were
found from a three year experiment
(Hutchison and Barrett, 1981).

Chromosome doubling of nucellar
stock seems to be the general rule for the
generation of such tetraploid seedlings
(Cameron and Frost, 1968). Indeed these
tetraploid seedlings are homogenous and
do not display traits of the pollen parents in
controlled crosses. Isoenzymic studies of
tetraploid seedlings of C. volkameriana
have proved this (Ollitrault and
Jacquemond, 1995). It seems that this dou-
bling occurs repeatedly in the ovule tissues
because tetraploid seedlings are found in
fruit where seeds are mainly diploids
(Cameron and Frost, 1968). Moreover,
diploid seedlings can arise from the same
seeds as the tetraploid seedlings (Hutchison
and Barrett, 1981). From a systematic
search of autotetraploids in a wide range of
taxa, Barrett and Hutchison (1978) postu-
lated that the ability to produce such
autotetraploid seedlings is a variable
genetic trait present in polyembryonic
Citrus and relatives. They also propose that
the rates of tetraploid seedlings are affected
by environmental conditions. This asser-
tion is clearly demonstrated by Hutchison
and Barrett (1981) who showed that the
rates of tetraploid seedlings of Troyer and
Carrizo citranges vary among years and
position of the fruit on the tree. In a recent
work, Luis Navarro from IVIA (Spain) also
found differences in the numbers of
tetraploids in seedlings of several root-
stocks coming from different places
throughout the world, suggesting that
colder conditions are favourable for sponta-
neous tetraploidization in nucellar tissues
(L. Navarro, personal comminication). Such
an effect of cold on polyploidization events
seems to be a general rule in both plants
and animals (Ramsey and Schemske, 1998;
Otto and Whitton, 2000).

Cases of chromosome doubling in

somatic tissue have been reported by
Raghuvanshi (1962). If it occurs in meris-
tem, it should lead to chimeric shoots and
branches. However, very few tetraploid
budsports have been identified (Iwamasa
and Nito, 1988) and these authors suggest
that this is caused by unfavourable compe-
tition between diploid and tetraploid cells
in the meristem.

The formation of fully developed
tetraploid seeds from diploid female ×
tetraploid male hybridization has been
described (Tachikawa et al., 1961; Cameron
and Soost, 1968; Esen and Soost, 1972). The
authors have proposed that they originate
from unreduced ovules fertilized by diploid
pollen, leading to a good 3/2 ratio between
endosperm and embryo. Considering the
EBN theory, this also leads to an adequate
2/1 ratio of female EBN/male EBN in the
endosperm and then normal endosperm
and seed development.

In conclusion, two basic mechanisms
are involved in spontaneous polyploidiza-
tion in citrus:

● duplication of chromosome stocks in
nucellar tissues that gave rise to autote-
traploids

● 2n gametes arising mostly from second
division restitution during meiosis of the
megaspore that produce triploid hybrids
in diploid × diploid hybridization and
allotetraploids in diploid × tetraploid
hybridization.

Even if the rates of these natural poly-
ploidization events are very high in Citrus
compared with those proposed as general
rules for plants by Ramsey and Schemske
(1998) (autotetraploid plants formed at a
rate of ~10–5 per individual per generation),
it appears that polyploidy has played a
minor role in citrus evolution. The lower
vigour and fertility of most of the autote-
traploids, and the lack of interest in them
for human consumption due to thick peel
and rough pulp, may have resulted in
strong natural and human overselection of
the autotetraploid nucellar plants.
Moreover, the fact that autotetraploids are
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mostly polyembryonic strongly limits the
potential for evolution of the natural
tetraploid gene pool. Indeed they could
principally act as male parents for
monoembryonic diploids, with unfavour-
able competition with haploid pollen.
Moreover, in the case of fertilization with
diploid pollen, most of the seeds will pres-
ent an abnormal development; thus a low
probability of germination in natural condi-
tions will result in triploids with very low
fertility. For the same reason, very few
triploids arising from 2n ovules have the
chance to germinate and multiply in natu-
ral conditions.

Polyploid characteristics

Vegetative and fruit characteristics

An increase in cell size is the most common
and universal effect of polyploidization.
This change in cell volume may alter meta-
bolic processes, especially those that
involve membranes because of variation in
the surface to volume ratio (Otto and
Whitton, 2000). This could explain the
slower developmental rate generally
observed in some polyploids compared
with diploids.

In citrus, the autotetraploid nucellar
lines allow an accurate evaluation of the
effect of polyploidization itself because of
the homogeneity of the allelic constitution
of these tetraploids and their parental
diploids. Cameron and Frost (1968) have
given a precise description of the autote-
traploid plants cultivated at Riverside.

Tetraploid leaves are considerably
broader relative to their length than
diploids. They are also thicker and darker.
Polyploids remain more thorny, thicker and
darker than diploids. Growth is slower in
tetraploids and the top is smaller and more
compact. Tetraploids are slower than
diploids to bloom and set fruit, and they
generally produce less fruit. It appears that
tetraploid grapefruits are much more vigor-
ous and productive than most other autote-
traploids. Tetraploid fruits are generally

smaller and less elongate than diploid fruit.
In most cases, the fruit shape is irregular
and the rinds are thicker and rougher with
more prominent oil glands. The proportion
of juice relative to whole fruit weight is
much lower than for diploids, but the
flavour, acid and soluble contents are little
affected. Seed number is generally lower as
well as the number of embryos per seeds.
An exception is a tetraploid ‘Lisbon’ lemon
which produces more seeds and bigger fruit
than the diploid parent. In conclusion, tree
and fruit characteristics of autotetraploids
are not valuable for production but they
constitute an interesting germplasm for
triploid breeding.

These observations are generally con-
firmed by more recent studies. Barrett
(1992) described an autotetraploid of Key
lime having darker leaves and larger fruit
with the same flavour as the parental
diploid. Autotetraploid lines of P. trifoliata
used as rootstock confer a reduced vigour to
the tree (Jacquemond and Blondel, 1986).
Autotetraploid C. volkameriana display a
very depressed growth compared with
diploids (Ollitrault and Jacquemond, 1995),
while autotetraploid ‘Kinnow’ mandarin
has shown a moderately reduced growth
and interesting morphological characters
(Khan et al., 1992). The authors suggested
that the leaf thickness, size, breadth and the
number and size of stomata should be good
morphological markers to select sponta-
neous tetraploids in nucellar seedlings.

The identification of triploid plants by
morphological traits appears much more
difficult because they present a great vari-
ability due to their zygotic origin (Cameron
and Frost, 1968). Starrantino (1992)
observed that triploid hybrids arising from
a diploid female × tetraploid male cross
generally present a good vigour and display
the fruit level similarities to the male parent
providing the diploid gametes. For exam-
ple, it appears that pigmentation of blood
oranges used as male parent is highly heri-
table. According to Cameron and Frost
(1968) and Starrantino (1992), most of the
triploid citrus hybrids are nearly seedless.
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Meiosis and fertility of polyploids

MEIOSIS OF TETRAPLOID CITRUS. Gametic viability
is generally lower in autotetraploid geno-
types having multivalent chromosome asso-
ciation during meiosis than in
allotetraploids forming bivalents, leading to
equilibrated disomic segregation. In citrus,
it has been shown that the degeneration of
PMCs is more frequent in autotetraploids
than in their diploid parental genotypes
(Frost and Soost, 1968). These authors also
observed great variability in chromosome
conjugation (tetravalents, trivalents, biva-
lents and univalents) during metaphase I
and showed that one-third to one-half of
sporads have more than the normal number
of four microspores (generally six or seven).
As a consequence, most autotetraploids
generally produce few pollen grains with
the normal chromosome complement and
had a lower pollen viability than diploid
parental lines. However, the remaining fer-
tility is enough to allow controlled hand
pollination.

MEIOSIS OF TRIPLOID CITRUS. Triploids have gen-
erally been considered to be an evolution-
ary dead-end because they have very low
fertility and tend to produce aneuploid
gametes, due to problems of chromosome
pairing during meiosis. However triploids
can produce haploid, diploid to triploid
gametes at low rates that can lead to
diploid, triploid and tetraploid progeny
(Otto and Whitton, 2000). In the case of
citrus, early cytogenetic studies have
described triploid meiosis. Trivalent chro-
mosomes and some univalents have been
observed by Longley (1926). Frost and
Soost (1968) described a predominance of
trivalents but also the presence of numer-
ous bivalents and univalents, as well as a
great variation in the number of extra
microspores in some genotypes. Abortion
of megaspores has been observed for
‘Oroblanco’ and the LCNR46 C. limon × C.
sinenis triploid hybrid, from the first divi-
sion of the embryo sac to the stage of fertil-
ized egg cell (Fatta Del Bosco et al., 1992).
In contrast, a low percentage of pollen abor-

tion has been observed by the same authors.
As a consequence of megasporogenesis
abortion, most of the triploid hybrids
obtained from diploid × autotetraploid
crosses are seedless (Cameron and Frost,
1968; Starrantino, 1992). However, some
triploid seeds have been found in triploid
maternal progeny (Lapin, 1937; Russo and
Torrisi, 1951b), while we found half
triploids and half diploids among seeds of
‘Oroblanco’ (P. Ollitrault, unpublished
data). In the same study, only diploids have
been found in progeny of clementine fertil-
ized by ‘Oroblanco’ pollen, suggesting an
unfavourable competition of diploid pollen
with the haploid pollen, or the absence of
diploid pollen.

Ploidy manipulation for triploid breeding;
practical and theorical aspects

Several strategies have been developed for
triploid citrus breeding. Some of them
exploit natural events such as 2n gametes,
while the more recent strategies combine
haplomethods and somatic hybridization
for a direct synthesis of triploid hybrids.
For each method, we will discuss briefly
their biological limitations and practical
aspects as well as their implications for
gene segregation and recombination.

In the citrus literature, tetraploids aris-
ing from chromosome doubling (sponta-
neous in nucellar tissue, or induced by
colchicine) are generally called autote-
traploids while tetraploid somatic hybrids
obtained by protoplast fusion are consid-
ered as allotetraploids. We adopt this termi-
nology herein, keeping in mind that it is
quite different from the general definition
of auto- and allotetraploidy (Otto and
Whitton, 2000) and that it may not be
related to the disomic or tetrasomic mode of
chromosomal segregation.

Selection of spontaneous triploid in 2x × 2x
sexual crosses

BIOLOGICAL LIMITATIONS AND PRACTICAL ASPECTS.
The selection of triploid hybrids arising
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from 2n megagametophytes was described
in the 1970s (Esen and Soost, 1971, 1973;
Geraci et al., 1975). Triploids were sought
on small seeds of monoembryonic cultivars
with a high rate of diploid megagameto-
phytes such as ‘Temple’, ‘Wilking’ or
‘Fortune’ (Esen and Soost, 1977; Wakana et
al., 1981; Soost, 1987). However, this
approach was limited by a relatively low
efficiency and the difficulty of screening
large populations of seedlings by classical
cytogenetic methods of chromosome count-
ing. More recently the use of in vitro
embryo rescue and ploidy evaluation by
flow cytometry has provided much greater
efficiency (Ollitrault et al., 1996b). In this
way, it is possible to exploit low rates of
spontaneous diploid megagametophytes
such as that of clementine (1%), and this
strategy (Fig. 8.2) is actually routinely used
by several teams in the Mediterranean
Basin to select new easy peel cultivars
(France, Spain and Morroco).

Concerning polyembryonic cultivars,

Wakana et al. (1981) show that triploid
zygotic embryos should be found with
diploid nucellar embryos in small seeds.
However, the practical possibility of select-
ing these triploid embryo is greatly limited
by polyembryony (Wakana et al., 1981). To
avoid this problem, Geraci et al. (1977)
have proposed carrying out a very early
rescue of zygotic embryos from immature
fruit, but it seems that selection of sponta-
neous triploids from polyembryonic
seedlings has not found real applications in
citrus breeding.

SEGREGATION AND RECOMBINATION. Second mei-
otic division restitution (SDR) has been pro-
posed for diploid megagametophyte
development in clementine (Luro et al.,
2004) while Chen et al. (2007) concluded
first meiotic division (FDR) for sweet
orange. In both cases only a part of the
maternal heterozygosity is transmitted to
the triploid hybrid but the structures of
triploid populations are very different. The
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Fig. 8.2. Scheme for selection of triploid hybrids from dilpoid × diploid hybridization.
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rate of maternal heterozygosity transmis-
sion (RHT) varies among the loci and is
directly linked to the crossing over rate
between the centromere and the locus (RHT
= r for SDR and 1–1/2r for FRD, where r is
the crossing over frequency between the
locus and the centromere). For SDR and
FDR respectively, RHT varies from the cen-
tromere to the telomere between 0 to 1 and
1 to 0.5 in the case of systematic single
crossing over. Therefore, the homozygosity
level of 2n gametes is higher for SDR than
for FDR.

Segregations and recombinations occur
for both the male and female parents. In the
case of SDR for one locus, the maximum
allelic combinations of the triploid hybrid
vary between two in the case of systematic
single crossing over, four for a locus very
close to the centromere and six for others.
In the case of FDR it is two for locus very
close to the centromere and six for others.

Analysis of the origin of 2n gametes for
several seed parents must be done to con-
firm that SDR observed in clementine is
generalized in the mandarin group.

Sexual crosses between diploids and autote-
traploids

BIOLOGICAL LIMITATION AND PRACTICAL ASPECTS.
Most of the autotetraploids (doubled
diploids) used for triploid breeding are
spontaneous nucellar tetraploids from poly-
embryonic cultivars and are themselves
polyembryonic. Obtaining such autote-
traploid seedlings should be enhanced by
selecting seeds from giga sectors of
chimeric fruits (Grosser et al., 1998).
Relatively few studies have concerned
chromosome stock duplication by
colchicine treatments. Tachikawa (1971)
and Barrett (1974) mentioned some autote-
traploids as well as periclinal ploidy
chimeras obtained by such treatments. To
avoid chimera development, several
authors have combined in vitro techniques
and colchicine treatments. Gmitter and
Ling (1991) have obtained a non-chimeric
tetraploid of ‘Valencia’ sweet orange and
‘Orlando’ tangelo via somatic embryogene-

sis from culture of undeveloped ovules
treated with colchicine, and Gmitter et al.
(1991) selected ‘Hamlin’ and ‘Ridhe
Pineapple’ tetraploid sweet oranges from
embryogenic cultures treated with
colchicine. Wakana et al. (2005) obtained
tetraploid forms of acid citrus cultivars by
top grafting of shoots with sprouting axial
buds treated with colchicine.

Considering that autotetraploid selec-
tion from polyembryonic genotype
seedlings is now very easy using flow
cytometry (even for cultivars with low rates
of chromosome duplication), colchicine
treatment remains interesting mostly with
the objective of monoembryonic tetraploid
creation. It should be applied in budwoods
(because in vitro techniques involving
somatic embryogenesis are mostly useful
for polyembryonic genotypes). Flow cytom-
etry will help greatly to select non-chimeric
tetraploid shoots. Tetraploid plants have
also been regenerated by somaclonal varia-
tion from C. limon embryogenic callus
obtained from ovule culture on medium
containing 2,4-dichlorophenoxyacetic acid
(2,4-D) (Vardi and Spiegel-Roy, 1982).

Crosses of 2x female × 4x male and 4x
× 2x have been used by breeders to obtain
triploid hybrids (Cameron and Soost, 1968;
Esen et al., 1978; Oiyama et al., 1981;
Starrantino and Recupero, 1982). It appears
that 4x × 2x crosses have been more suc-
cessful in producing triploid embryos
(Cameron and Frost, 1968; Soost and
Cameron, 1975). It was proposed that the
3/5 ratio between embryo and endosperm
ploidy was more favourable than the 3/4
ratio obtained in the reciprocal crosses.
However, most of the available tetraploid
generations are polyembryonic. Thus,
monoembryonic diploid female × tetraploid
male hybridizations have been exploited
much more than the reciprocal ones.
Precocious embryo rescue, 3–4 months
after anthesis has been proposed by
Starrantino and Recupero (1982) to
enhance the production of triploid hybrids
from 2x × 4x crosses. ‘Oroblanco’ and
‘Melogold’ triploid pummelo × grapefruit
hybrids (Soost and Cameron, 1980, 1985)
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resulted from such crosses, as well as inter-
esting tangor and mandarin triploid hybrids
were selected in Italy (Starrantino, 1992).

Tetraploid hybrids are found in addi-
tion to triploids in 2x × 4x hybridization
(Cameron and Soost, 1968; Oiyama et al.,
1981), while only triploids are obtained in
reciprocal crosses. These tetraploids are
found in normal seeds, which is in agree-
ment with the spontaneous production of
diploid megagametophytes and the good
embryo/endosperm ploidy ratio of EBN
when a diploid pollen fertilized an unre-
duced megagametophyte. These tetraploid
hybrids should be incorporated in the
tetraploid gene pool for further triploid
breeding. The occurrence of tetraploid
hybrids in 2x × 4x crosses implies that the
ploidy of seedling hybrids should be
checked before any other evaluations.

SEGREGATION AND RECOMBINATION. Segregation
and recombination of tetraploids is com-
plex (Wu et al., 2001a, b). It involves pref-
erential pairing between homeologous
chromosomes that defines the proportion of
bivalents and multivalents formed (Wu et
al., 2001a) and the double reduction fre-
quency in the case of tetravalent formation
(Mather, 1936). The latter parameter is con-
stant for a specific locus depending on the
distance to the centromere. A lot of eco-
nomic Citrus species such as sweet orange
and grapefruit are of interspecific origin.
Moreover, differences in nuclear genome
size exist among the three ancestral taxa of
cultivated Citrus (Ollitrault et al., 1995) cer-
tainly leading to structural heterozygosity
in interspecific hybrids. It should explain
the variability of chromosome association
during meiosis observed in autotetraploids.
Preferential pairing of duplicated chromo-
somes can be relatively frequent for dou-
bled interspecific hybrids.

The restitution of the heterozygosity
(ab) of the diploid line that generates the
tetraploid (aabb) will be a function of the
preferential pairing, of the rate of tetrava-
lent formation and of the distance of the
locus to the centromere. It will vary:

● from 100% in the case of total preferen-
tial pairing between duplicated chromo-
somes leading to systematic bivalent
formation and disomic segregation. It will
be 66% in case of random bivalent for-
mation and tetrasonic segregation and
less in case of tetravalent associations

● to 40% for loci independent of the cen-
tromere in the case of systematic tetrava-
lent formation (Wu et al., 2001a).

For ‘autotetraploid’ × diploid
hybridization, segregations and recombina-
tions occur for both the male and the female
parents. For one locus, the maximum
potential allelic combinations of triploid
hybrids varies between:

● two (one heterozygous diploid gamete ×
two allelic haploid constitutions) in the
case of total preferential pairing between
duplicated chromosome (disomic segre-
gation)

● and six ((two homozygous + one het-
erozygous diploid gamete constitution) ×
two allelic haploid constitutions).

Sexual hybridization between diploid females
and tetraploid somatic hybrids

BIOLOGICAL LIMITATIONS AND PRACTICAL ASPECTS.
The creation of tetraploid somatic hybrids
for triploid breeding is described in Chapter
10; a review can also be found in Grosser et
al. (2000). Additional combinations have
been obtained recently (Calixto et al., 2004;
Grosser and Chandler, 2004; Wu et al.,
2005). Good levels of pollen fertility have
been found in several allotetraploid
somatic hybrids (Deng et al., 1995) and
some of them present an earlier flowering
than autotetraploids. Due to an unbalanced
ploidy ratio, embryo rescue is systemati-
cally used to recover triploid hybrids. The
first interploid hybridizations with somatic
hybrids were reported in 1991 (Oiyama,
1991) between diploid clementine and
tetraploid Trovita sweet orange + Poncirus
trifoliata. Embryos of underdeveloped
seeds at fruit maturity were rescued in
vitro. They produced mostly triploid
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hybrids and a few tetraploids (from normal
seeds) resulting from the fertilization of
unreduced ovules. Deng et al. (1996)
observed a 74.5% pollen fertility in hybrid
Hamlin Sweet orange + Rough lemon, and
used it to fertilize diploid lines. Mostly
abortive seeds were harvested three months
after pollination for in vitro embryo rescue.
Diploid, triploid and tetraploid plants have
been obtained. This implies that the
tetraploid somatic hybrid is able to produce
haploid and diploid pollen. Similar obser-
vations were made by Tusa et al. (1996) in
sexual crosses between diploid Feminello
lemon and three allotetraploid somatic
hybrids (Valencia sweet orange + Feminello
lemon, Milam lemon + Feminello lemon
and Key lime + Valencia sweet orange). An
equivalent number of diploid, triploid and
tetraploid hybrids was obtained. The use of
diploid pollen from allotetraploid hybrids
has been systematized in Florida, and sev-
eral hundred triploids from interploid
crosses with allotetraploids are already
planted in the field (Grosser et al., 2000).

SEGREGATION AND RECOMBINATION. As for dou-
bled diploids, the gametic structures
formed by tetraploid somatic hybrids
depend on the mode of chromosome associ-
ation at meiosis and on the position of the
locus relative to the centromere. The main
difference is that tetraploid somatic hybrids
should have four different alleles (abcd) for
the same locus. Therefore, a diploid gamete
from an allotetraploid can display a very
high heterozygosity. If the chromosomal
differentiation between the two parents of
the somatic hybrid is high at the interspe-
cific level, it will lead to total preferential
pairing of chromosomes from the same
parent and disomic segregation. In this
case, the diploid gametes will transmit
interspecific heterozygosity. In other cases,
diploid gametes should transmit either
intraparental or interparental heterozygos-
ity.

Recombination and segregation occur
for both the female and the male parents,
and this strategy leads to the greatest diver-

sity of the triploid progeny. For each locus,
the maximum number of allelic structure of
the triploid varies between:

● eight (four allelic structures of the
diploid gamete × two allelic structures of
the haploid gamete) in the case of an
allotetraploid with disomic segregation

● and 20 (ten allelic structures of the
diploid gamete × two allelic structures of
the haploid gamete) if there is the possi-
bility of formation of tetravalents (Wu et
al., 2001a).

Endosperm culture of 2x × 2x sexual crosses

BIOLOGICAL LIMITATIONS AND PRACTICAL ASPECTS.
This technique could be a tool to overcome
the barriers to sexual hybridization that
result from nucellar embryony and can the-
oretically be applied to all germplasm with
female fertility. Successful regeneration of
triploid plantlets has been reported by
Wang and Chang (1978) and Gmitter et al.
(1990). However, the step of shoot or
embryo regeneration from endosperm calli
appears to be critical (Jaskani et al., 1996),
which limits the practical application of
this technique for breeding purposes.
Indeed it appears difficult to obtain large
recombining populations in order to apply
efficient field selection.

SEGREGATION AND RECOMBINATION. The triploid
structure of the endosperm results from the
fertilization of two haploid polar nuclei of
the embryo sac by a haploid vegetative
nucleus of pollen. There is no restitution of
maternal heterozygosity because the two
polar embryos arise from the same haploid
cell by mitotic division. This leads to a high
level of homozygosity (in terms of a dupli-
cated allele at each locus) in the triploid
hybrids. Recombination and segregation
occur for both the male and the female
parent, and a maximum of four allelic con-
stitutions should be found at each locus
(two homozygous diploid ovule combina-
tions × two allelic pollen constitutions).
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Diploid + haploid protoplast fusion

BIOLOGICAL LIMITATIONS AND PRACTICAL ASPECTS.
The first step is to establish haploid Citrus
lines. These should be obtained by andro-
genesis (Germanà, 1992) or by induced
gynogenesis (Ollitrault et al., 1996a).
Haplomethods in citrus are described in
Chapter 7.

The technique of haploid + diploid
somatic hybridization, developed simulta-
neously by Ollitrault et al. (1997) and
Kobayashi et al. (1997), is described in
Chapter 10. It should be applied to polyem-
bryonic or monoembryonic diploid culti-
vars if haploid embryogenic callus lines are
available. For combination with leaf proto-
plasts of haploid plantlets it is necessary to
use diploid protoplasts from embryogenic
callus lines arising mainly from polyembry-
onic cultivars. In the case of haploid callus
lines, this method leads to triploid hybrids
as well as tetraploid and pentaploid
hybrids being obtained, due to the ploidy
instability of haploid calli (Ollitrault et al.,
1998b).

The great limitation of this strategy is
the scarcity of haploid lines available in
Citrus. This could be overcome by the
development of gametosomatic hybridiza-
tion.

SEGREGATION AND RECOMBINATION. This strategy
is the only one allowing a complete restitu-
tion of the diploid cultivar nuclear genome
and its heterozygosity, without segregation
and recombination. Therefore, it will be
more interesting in terms of efficiency of
multilocus selection at the diploid cultivar
level to confer desirable traits to the triploid
hybrid.

Segregation should occur at the level of
cytoplasmic genomes when fusions are car-
ried out with embryogenic callus protoplast
for both diploid and haploid lines. This
should lead to four different kinds of nucle-
ocytoplasmic interaction.

For each nuclear locus, the maximum
number of allelic combinations will be one
in the case of combination with a haploid
line, while it will be two with gametoso-

matic hybridization (segregation and
recombination at the level of haploid cells).

Tools and protocols for ploidy manipulation
in Citrus

A scheme for selection of triploids from
diploids × diploids hybridization from using
small seeds is presented in Fig. 8.2. In vitro
techniques and flow cytometry have greatly
modified the potential of ploidy manipula-
tion for citrus breeding. Somatic hybridiza-
tion methods are described in Chapter 10, so
we will focus here on two technical aspects:
embryo rescue and flow cytometry.

Embryo rescue

The difficulty of recovering triploid hybrids
from interploid hybridization or diploid ×
diploid hybridization (due to an unbal-
anced EBN or ploidy ratio between embryo
and endosperm as well as polyembryony)
should be overcome by in vitro embryo
rescue. In vitro culture of excised fully
developed embryos was described 40 years
ago to obtain zygotic plantlets from poly-
embryonic cultivars (Maheshwari and
Ranga Swamy, 1958). Embryos should be
rescued at different developmental stages,
from the globular stage in undeveloped
seeds of mature fruit (Starrantino and
Russo, 1980) to heart-shaped embryos
(Rangan et al., 1968). Starrantino and
Recupero (1981) obtained triploid hybrids
from 2x × 4x crosses by rescuing globular
and heart-shaped embryos 3–4 months after
anthesis.

Adenine sulphate (25 mg/l) and malt
extract (500 mg/l) appear favourable for
citrus embryo rescue. The addition of hor-
mones should help embryo germination
and shoot elongation. Many authors add 1
mg/l GA3 (gibberellic acid), while a balance
of 0.5 mg/l BA (6-benzylaminopurine), 0.5
mg/l kinetin and 0.11 mg/l NAA (1-naph-
thaleneacetic acid) are favourable when
regeneration is difficult (Deng et al., 1996).

As a standard culture medium, we can
propose:
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● Murashige and Tucker or Murashige and
Skoog basic medium

● 30 g/l sucrose
● 25 mg/l adenine sulphate
● 500 mg/l malt extract
● 1 mg/l GA3
● pH 5.7
● 8 g/l agar (agar is better than other gelling

agents to avoid problems of hyper-
hydricity)

Seeds may be sterilized: 5 min in 70%
alcohol + 10 min in sodium hypochorite
solution (0.2% active chloride) and washed
three times in sterilized water.

The culture may be incubated at
26/28°C, and a 16 h photoperiod is
favourable.

After ploidy control, shoots can be
grafted on greenhouse rootstocks. This will
allow a better growth than classical
acclimatization and prevents fungus prob-
lems, particularly for genotypes susceptible
to Phytophthora spp. After grafting, it is
necessary to maintain the plants for 2–3
weeks in saturated hygroscopy to prevent
drying of the shoot.

Flow cytometry

Flow cytometry which was developed for
medical research is now widely used for
plant DNA content analysis (Arumu-
ganathan and Earle, 1991a, b). This tech-
nique allows an estimation of the volume
and fluorescence of isolated cells or nuclei.
If the fluorescent probe used is DNA spe-
cific, nuclear DNA content can be quanti-
fied. A large number (104–106/min) of
nuclei can be analysed rapidly, and the
results are presented as a histogram of inte-
gral fluorescence. The position of the peak
in the axis is proportional to the DNA con-
tent of the nuclei. Generally, if young leaves
are analysed, two peaks are obtained.
According to the cell cycle, the first peak is
defined by nuclei of non-cycling cells (G0)
or in the pre-DNA synthesis stage (G1),
while the second peak represents nuclei in
the post-DNA synthesis stage of mitosis. It
is recommended to use an internal control

(nuclei with already known DNA content or
nuclei of genotypes of the same species
with identified ploidy) for determination of
absolute genome sizes or ploidy level of the
sample.

Interest in flow cytometry for citrus
ploidy analysis and then for polyploid
breeding was first emphasized by Ollitrault
and Michaux-Ferriere (1992). Since then,
this technique has opened up new avenues
for citrus ploidy manipulation. Indeed it
allows the selection of rare events such as
2n gamete formation that are difficult to
exploit for breeding by conventional cyto-
genetic techniques (Ollitrault et al., 1996b;
Luis Navarro et al., 2004). Flow cytometry
is now used by several teams around the
world as a routine tool for citrus breeding
for both sexual progeny (Tusa et al., 1996;
Ollitrault et al., 1998a) and somatic hybrids
(Ollitrault et al., 1996c; Grosser et al.,
2000). It has also allowed genome size dif-
ferentiation between cultivated diploid
species (Ollitrault et al., 1995). Larger
genomes are observed for C. medica (0.81
pg/2C), while C. reticulata present the
smallest ones (0.74 pg/2C). This differentia-
tion does not allow prediction of the exact
size of polyploid hybrids arising from
sexual crosses because of chromosomic seg-
regation.

The technique is very simple and
allows the analysis of 150–200 genotypes
per day. The procedure used is modified
from Arumuganathan and Earle (1991a).
Small pieces (50 µg) of leaf of the sample
and the internal control are chopped with a
razor blade in 300 µl of extraction buffer
(phosphate-buffered saline (PBS) contain-
ing 1 mg/ml dithiothreitol and 0.3% Triton
X-100). For exact nuclear DNA content
evaluation, RNase (10–3 U/ml) must be
added to the extraction buffer, while this is
not necessary for routine ploidy analysis.
The nucleus solution is filtered through a
30 µm nylon mesh. Then 150 µl of the fil-
tered solution is mixed with 150 µl of
extraction buffer with the addition of 200
µg/ml propidium iodide (DNA stain). After
10 min incubation, the stained nucleus
solution is analysed in the flow cytometer. 
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Staining with 4’,6-diamidino-2-
phenylindole (DAPI) also allows analysis of
the ploidy level.

The constitution of PBS is as follows
(for 1 l): 8 g of NaCl; 0.2 g of KCl; 1.44 g of
Na2HPO4; 0.24 g of KH2PO4. This is made
up to 1 l with H2O after the pH has been
adjusted to 7.4 with HCl. The solution
should be aliquoted and sterilized for long-
term conservation.

Conclusion

Knowledge of the genetic and molecular
factors affecting gametic fertility and seed
development is growing rapidly and will
enhance the potential of seedless breeding
by sexual crosses at the diploid level
(manipulation of male geno-cytoplasmic
interaction, molecular markers for early
selection). Mutagenesis programmes
remain an interesting way for teams with
important facilities for field evaluation to
develop seedless cultivars from elite well
known seedy ones. Transgenic plants with

genes affecting meiosis or seed develop-
ment should also have a use if and when
consumers accept eating transgenic Citrus,
which is far from the present situation in
European countries. The ongoing pro-
grammes of ploidy manipulation will result
in the near future in a broad range of
triploid seedless cultivars and will be used
to combine seedlessness and other traits
such as resistances, quality traits or har-
vesting period. The different approaches for
obtaining triploid hybrids can be applied to
different kinds of cultivars (monoembry-
onic, polyembryonic, sterile) and lead to
populations very different in terms of
genetic segregation and recombination. The
development of gametosomatic hybridiza-
tion would considerably enhance the effi-
ciency of this latter strategy. Overall, it is
clear that field evaluation and market vali-
dation in close cooperation with different
operators in the citrus industry is an
absolute necessity to give a chance for the
new seedless hybrids or mutants to reach
the market as popular cultivars.
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Introduction

Sweet orange (Citrus sinensis L. Osbeck) is
the most horticulturally important and
widely grown Citrus species in Florida and
worldwide. Approximately 90% of the
Florida crop and more than 30% of the
world crop are used for processing. Frozen
concentrate orange juice has historically
been the primary product of the Florida
industry, but more recently there has been a
strong shift to fresh pasteurized not-from-
concentrate (NFC) product. Strong interna-
tional competition in the concentrate
market and a demand for increased quality
in juice products has fuelled this change.
The development of higher quality oranges
with expanded maturity dates will facilitate
this change and increase the competitive
ability of the Florida industry. No true
sweet orange cultivars have been produced
by conventional breeding techniques due to
its complex biology including large plant
size, extended juvenility and nucellar poly-
embryony. Commonly grown sweet orange
cultivars probably originated by the selec-

tion of chance seedlings well adapted to a
particular area or from a mutation in a par-
ticular cultivar or seedling (Nishiura, 1965;
Hodgson, 1968). Alternative methods are
therefore required to develop improved
sweet oranges, and we have been investi-
gating somaclonal variation for improving
sweet orange.

The term ‘somaclonal variation’ was
introduced by Larkin and Skowcroft (1981)
to define genetic variation that is present in
plants regenerated from tissue cultures,
either uncovered or induced by a tissue cul-
ture process. Reports of significant
somaclonal variation have been primarily
from solanaceous or cereal crops, affecting
a wide range of traits including plant
height, overall growth habit, flower, fruit
and leaf morphology, juvenility, maturity
date, disease resistance, yield and bio-
chemical characteristics. Long-term studies
in woody perennial fruit crops until now
have been lacking. For the past 17 years, we
have been investigating the use of tissue
culture methods to produce genetic varia-
tion in ‘Hamlin’ and ‘Valencia’ sweet
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oranges, the two most important cultivars
in Florida.

Sweet orange is well suited for studies
of somaclonal variation due to its biology
and excellent performance in tissue cul-
ture. Sweet orange has a natural tendency
to form adventive somatic embryos from
nucellar tissue, and many studies of
somatic embryogenesis have been reported
(Rangan et al., 1968; Button and Bornman,
1971; Kochba et al., 1972). Since the first
report by Vardi et al. (1982), numerous
sweet orange plants have been regenerated
via somatic embryogenesis from protoplasts
isolated from embryogenic callus or sus-
pension cultures. Sweet orange also
responds quite well organogenically, as
adventitious buds can be induced effi-
ciently from non-meristematic juvenile
nucellar seedling explants (Grinblat, 1972;
Barlass and Skene, 1982). This chapter will
discuss ongoing research that shows how
somaclonal variation can be used effec-
tively as a tool to develop improved sweet
oranges, with focus on the development of
improved ‘Hamlin’ and ‘Valencia’ clones
for processing (Grosser et al., 1997).

Production of Sweet Orange Somaclones

A summary of tissue culture-derived plants
of ‘Hamlin’ and ‘Valencia’ sweet oranges
from various sources is provided in Table
9.1. Smaller populations of nucellar
seedlings of each cultivar were also
included in the study as a control and to
provide an assessment of the natural varia-
tion possible in these cultivars.
Regenerated sweet orange plants were
budded to either Carrizo citrange, Swingle
citrumelo or the precocious dwarfing
‘Hamlin’ + Flying Dragon somatic hybrid
rootstock (Grosser et al., 1988) to expedite
fruiting.

Embryogenesis-derived plants were
regenerated from secondary embryogenic
callus cultures according to the method of
Gmitter and Moore (1986). Organogenic-
derived plants were regenerated primarily
from nucellar seedling internodes via

adventitious bud induction on DBA3
medium (Deng et al., 1992), and shoots
were rooted on RMAN medium (Grosser
and Gmitter, 1990). Plants were regenerated
from protoplasts isolated from embryogenic
callus or suspension cultures, or nucellar
seedling leaves from somatic hybridization
experiments requiring cybridization
(Grosser et al., 1996), according to Grosser
and Gmitter (1990). All grafted trees were
planted in the field between 1988 and 1990,
split among four locations. Some trees
began producing fruit during the 1993–94
season, and fruit quality data collection was
initiated at this time. All clones were eval-
uated by comparing Brix, acid and juice
colour data measured by standard methods.
Data from small representative fruit sam-
ples (6–8 fruit per tree) taken over several
years were used to make primary selections
for more in-depth evaluation. For the past
few years, larger samples (40–60 fruit per
tree) from promising clones were run
through the state-certified FMC 091B State
Test juice extractor located in the Citrus
Research and Education Center (CREC)
pilot plant to obtain more meaningful data.
Pilot plant data from two or more seasons
are provided for selected superior clones
with consistent performance for altered
traits. Recently, sensory analyses have been
added as additional screening for clone
selection. Properly conducted, this type of
analysis can provide quantitative data with
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Table 9.1. Summary of ‘Valencia’ and ‘Hamlin’
sweet orange somaclone trees in the field.

Cultivar

Regeneration pathway ‘Valencia’ ‘Hamlin’

Organogenesis 242 229
Embryogenesis 261 219
Protoplasts 352 500
Nucellar (control) 118 20
Totals 973 968

Rootstocks: Carrizo citrange, Swingle citrumelo
and ‘Hamlin’ + Flying Dragon somatic hybrid.
Trees planted from 1988 to 1991. Most of the
‘Hamlin’ embryogenic plants were regenerated by
F. G. Gmitter, Jr.



respect to taste preference and acceptance,
and introduces objectivity to discussions of
flavour (Lawless and Heymann, 1998;
Resurreccion, 1998). Clear clonal differ-
ences in flavour have been observed. All
clones showing promise have been propa-
gated for further evaluation, including col-
lection of yield data.

Results of Fruit/Juice Analyses and
Discussion

Although the majority of the sweet orange
somaclones appear to be normal, significant
stable variation has been observed in tree
and fruit characteristics. Altered tree char-
acteristics include: canopy size/shape; leaf
size/shape; ploidy level; and
juvenility/thorniness/vigour. Altered fruit
characteristics include: Brix:acid ratio;
colour (fruit/juice); maturity date; size; rind
thickness; rag; juice content; and seediness.
Two organogenic-derived tetraploid clones
of ‘Hamlin’ and an embyogenic-derived
tetraploid clone of ‘Valencia’ were recov-

ered and are being used as pollen parents in
our interploid breeding programme to gen-
erate seedless triploids. The remainder of
this chapter will focus on selected superior
somaclones.

Early Maturing ‘Valencia’ Clones for
Processing

Probably the most important clones being
developed in this project are early
‘Valencia’ clones, and CREC pilot plant
data over the past six years from some of
the more interesting selections are provided
in Table 9.2. Presently, there is a significant
gap between optimum harvest dates for our
midseason juice oranges (‘Pineapple’ and
‘Midsweet’ – usually harvested during
January) and the highest quality late matur-
ing standard ‘Valencia’ (harvest usually
runs from March to June). This creates a gap
in the processing season (usually lasting the
entire month of February), resulting in inef-
ficient operation of some processing plants
during this time. An earlier maturing
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Table 9.2. Selected ‘Valencia’ somaclones with a maturity date 2–4 weeks earlier than standard
‘Valencia’: 1997–2002 data (ratio/soluble solidsa/colour).

Harvest date

14 January 15 January 28 January 10 February 4 February 28 January
Clone 1997 1998 1999 2000 2001 2002

B4-70 15.30 ND 16.95 14.88 ND ND
5.72 6.50 6.70

36.4 36.8 36.9
B6-66 13.46 15.72 16.08 13.36 12.48 14.40

7.00 6.15 6.93 7.23 6.44 6.20
36.6 37.2 36.4 36.9 36.1 37.6

B6-68 13.94 15.34 13.84 13.94 10.92 14.06
6.60 6.38 7.15 6.47 6.10 6.19

37.9 38.4 38.2 38.0 38.1 37.7
B10-81 ND 14.58 14.98 13.51 12.54 14.06

6.34 7.01 6.70 6.31 6.48
38.3 38.7 38.5 37.7 38.3

Control 10.53 12.61 12.50 12.20 10.34 11.61
7.15 6.96 6.89 6.65 6.11 6.43

36.3 37.6 38.1 37.6 37.5 37.8

aPounds of solids per 90 lb box.
ND = not determined.



‘Valencia’ would of course solve this prob-
lem. Other advantages to having a superior
early ‘Valencia’ include: (i) the possibility
of harvesting grade A fruit in the event that
there is a fruit-destructive freeze any time
after mid-January; (ii) the availability of
superior quality and highly coloured juice
to blend with ‘Hamlin’ as needed to achieve
grade A juice during the early–middle part
of the season; (iii) expanding the NFC
season; and (iv) the possibility of harvesting
fruit prior to fruit set of the following
season’s crop. Standard ‘Valencia’ has the
new and old fruit on the tree at the same
time, making it difficult to use abscission
chemicals to facilitate mechanical harvest-
ing.

The most promising early maturing
‘Valencia’ clones for processing from the
first group studied (Table 9.2) are B6-68 and
B10-81, and the data suggest that they
should be amenable to a February harvest
(in Florida) during most years. The original
trees of these clones are of normal size and
vigour, and both appear to be yielding well.
Fruits are less seedy than typical ‘Valencia’
and consistently have a high juice content.
Juice of both clones has excellent colour
and a typical ‘Valencia’ flavour. This is sup-
ported by sensory data that indicate that
B10-81 is as acceptable as the control
Midsweet as early as mid-January, well
before ‘Valencia’ fruit can usually be uti-

lized. The two earliest clones of this group,
B4-70 and B4-83, can usually be harvested
in mid–late January, but often their juice
content is lower than average (data not
shown), and their juice colour is also less
than average. The original trees of these two
clones are smaller and less thrifty than typ-
ical ‘Valencia’. Juice from somaclone B6-66
has an excellent rich flavour and the fruit is
totally seedless. The superior flavour of B6-
66 is confirmed by preliminary sensory test-
ing that shows it is significantly preferred to
the control ‘Valencia’ at both mid-February
and mid-March harvests. Unfortunately,
this clone also has lower than average juice
colour scores and juice content. The origi-
nal tree is also smaller than average. The
five clones described in Table 9.2 were all
regenerated from embryogenic callus.

More recently, a protoplast-derived
clone SF14-62W was identified that is even
earlier maturing than the clones mentioned
above (Table 9.3). This clone has a maturity
date very comparable with that of
‘Midsweet’, the currently preferred mid-
season cultivar in Florida. Somaclone
SF14-62W has significantly better juice
colour than ‘Midsweet’, and was favoured
over ‘Midsweet’ in preliminary sensory
testing. Brix:acid ratio data also indicate
that SF14-62W is significantly earlier than
either B10-81 or B6-68. SF14-62W, there-
fore, has excellent potential as a mid-season
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Table 9.3. Recently selected very early maturing ‘Valencia’ somaclone (4–8 weeks earlier than standard
‘Valencia’):(Brix/ratio/colour/soluble solidsa).

Harvest date

Clone 28 January 2000 4 February 2001 15 January 2002

SF14-62W 11.0 12.8 11.8
14.7 15.8 13.8
38 38 37.6
4.9 7.0 ND

Control Valencia 10.1 Valencia 11.7 Midsweet 12.0
10.8 10.3 13.4
37.6 37.5 36.4

5.6 6.1 ND

aPounds of solids per 90 lb box.
ND = not determined.



clone, which could be especially useful for
blending with low-coloured ‘Hamlin’ juice.

Late Maturing ‘Valencia’ Clones for
Processing

The shift from a frozen concentrate indus-
try to an NFC industry requires more fruit
to go directly from the tree into the carton,
which minimizes opportunities for juice
storage and blending. As a result, there is an
increased demand for clones that maintain
a low sugar/acid ratio into the late spring
and early summer (May and June). Acid
levels generally decline rapidly during this
time of year, causing juice ratios to elevate
into the mid-twenties. Processors are seek-
ing clones that can maintain a brix:acid
ratio below or near 18. We have identified a
few clones showing potential to achieve
this, and data from two seasons are pre-
sented in Table 9.4. Maintaining an ade-
quate juice content is also critical during
this time of the year (>55% being desir-
able), and this must be considered when
making selections. It is interesting to note

that all four of these clones are organogenic
derived. Several other clones are showing
promise for late maturity (data not shown)
and have been included in sensory analy-
ses.

‘Valencia’ Somaclones with Fresh
Market Potential

Although a small amount of ‘Valencia’ fruit
in Florida goes to the fresh market, the
value of this cultivar to the fresh market is
much greater for other citrus-producing
regions, including South Africa, California
and Brazil. Improved ‘Valencia’ clones for
the fresh market would therefore make a
significant contribution to citriculture
worldwide. We have identified eight seed-
less somaclones covering a range of matu-
rity dates (three early maturing, three
standard maturity and two late maturing).
We have identified other low-seeded clones
(averaging ~1 seed/fruit) that repeatedly
produce larger fruit than average and are
easier to eat due to a softer rag (more of a
melting flesh) than standard ‘Valencia’.
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Table 9.4. Late maturing ‘Valencia’ somaclones: 1999–2000 CREC pilot plant data.

Harvest date

Clone 24 May 1999 24 May 2000

T3-56 Juice content (%) 59.8 52.4
Brix:acid ratio 19.1 14.6
Pounds of SSa/90 lb box 8.25 6.86
Juice colour score 38.5 39.3

T3-58 Juice content (%) 59.8 58.2
Brix:acid ratio 19.1 16.8
Pounds of SS/90 lb box 7.83 7.28
Juice colour score 38.2 39.7

T3-53 Juice content (%) 56.9 59.7
Brix:acid ratio 19.7 17.9
Pounds of SS/90 lb box 7.74 7.22
Juice colour score 39.0 39.7

T3-51 Juice content (%) 58.6 51.9
Brix:acid ratio 19.6 17.4
Pounds of SS/90 lb box 8.45 6.41
Juice colour score 39.3 39.6

Control fruit were not available. 
aSS = soluble solids.



Some of the more promising clones are
described in Table 9.5. These clones should
be tested in a Mediterranean environment
to determine their potential as improved
fresh fruit clones. Such clones should be
more attractive to the consumer and also
expand the fresh ‘Valencia’ season.

‘Hamlin’ Somaclones with Improved
Colour and Higher Soluble Solids

‘Hamlin’ has been a popular processing
orange in Florida because it matures early
and produces excellent yields. However,
the juice quality of ‘Hamlin’ is poor, lacking
colour and flavour. As a result, ‘Hamlin’
juice is usually blended with mandarin or
‘Valencia’ juice to produce a grade A prod-
uct. Selection of somaclones with improved
colour and soluble solids would increase
the value of ‘Hamlin’ as a processing
orange, particularly for NFC production.
Our studies indicate that ‘Hamlin’ is much
more stable than ‘Valencia’, and we have
observed much less useful somaclonal vari-
ation. Three-year CREC Pilot Plant data
from selected clones are provided in Table
9.6. We have identified a few clones that
consistently produce better colour and
higher solids (although not grade A colour),
and a clone with higher solids that appears
to mature a bit earlier than standard
‘Hamlin’ (clone N14-10). These and other
promising clones have been propagated for

further evaluation. Note that the scores
from the control trees of ‘Hamlin’ were very
poor during 1998 and 1999, but we are not
sure why. We have also noticed that typical
‘Hamlin’ has a colour score that generally
reaches a maximum of approximately 35.5
if fruit is harvested into late December and
January. It will be several years before we
know if selected improved clones yield as
well or better than standard ‘Hamlin’.
Interest in improved ‘Hamlin’ clones has
diminished since the recent release of
highly coloured and flavoured early matur-
ing clones including ‘Early Gold’ and
‘Itaborai’.

Studies to Determine the Cause of Citrus
Somaclonal Variation

Variation occurring from the in vitro cul-
ture of citrus, namely somaclonal variation,
is of importance not only to the genetic con-
servation of germplasm in vitro, but also to
genetic improvement. Theoretically,
somaclonal variation is nearly the same
thing as the somatic variation (namely bud-
sport mutations), in the field. The differ-
ence is that the former is referred to the in
vitro system, and the latter to the in vivo
system. With the in vitro system, it is much
easier to examine the variation at the cyto-
logical and molecular levels than it is with
what occurs in the field, due to the much
higher frequency of variation. For
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Table 9.5. Promising ‘Valencia’ somaclones for the fresh fruit market.

Clone Traits

T2-21 Seedless
Early maturity (February)

SF15-62W Seedless
Large fruit size
Normal maturity

N12-11 Soft rag and candy flavour
Large fruit size
Low seed content
Normal maturity

N11-18 Seedless
Large fruit size
Late maturity (May)



germplasm conservation, unwanted
somaclonal variation is a key issue that
affects the system’s efficiency for maintain-
ing the genetic stability of the conserved
material; on the other hand, for genetic
improvement as previously discussed,
somaclonal variation is an important source
of novel variation, particularly for species
that are difficult to improve by conven-
tional breeding such as sweet orange and
grapefruit.

As described earlier, the reported vari-
ations in sweet orange include maturity
date, morphology, ploidy level and others.
Changes in maturity date and seed content
may have the most practical value. Auto-
tetraploid sweet orange plants have been
obtained via organogenesis from non-
embryogenic callus and nucellar seedling
internodes, and from embryogenic callus.
Generally, somaclonal variation can be
classified into two categories, one is stable
genetic variation that can be transmitted to
the next generation, which includes ploidy
variation, single gene mutation, movement
of retroelements/transposons, etc.
(Grandbastien, 1998; Kubis et al., 2003).
The other is the epigenetic variation, such
as DNA methylation (Fig. 9.1; Finnegan et
al., 1996; Hao and Deng, 2002b), which

leads to variable gene transcription and
translation. Epigenetic variation in general
cannot be transmitted to the next genera-
tion.

For the origin of stable somaclonal
variation, there are two possible primary
pathways; one is that the variation comes
from pre-existing variation in the explant.
Deng et al. (1985) examined the chromo-
some number of the meristems of citrus cul-
tivars, and verified the existence of
variation in ploidy level in 2–7% of cells
examined. Such pre-existing variation that
occurs in somatic cells is rarely expressed
or recovered, but may be recovered if such
cells have an opportunity to regenerate in
vitro, and as a result variable plants will be
found among the regenerates. Another
pathway is that the variation originated
during in vitro culture. Potential induction
factors include the medium, temperature
and the growth regulators used during the
culture. However, how these factors may
cause variation is poorly understood.
Previous experiments have verified that
2,4-dichlorophenoxyacetic acid (2,4-D)
enhanced ploidy variation in citrus non-
embryogenic callus (Deng et al., 1985), but
kinetin did not. Generally, the longer the
time in culture (culture age), the higher the
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Table 9.6. ‘Hamlin’ sweet orange somaclones selected for improved juice colour and soluble solids.
CREC pilot plant data.

Harvest date

Clone 12 December 1997 15 December 1998 1 November 1999

C2-46 Ratio 16.96 19.41 11.29
SS 7.32 6.29 6.01
Colour score 34.6 33.7 32.8

C1-45 Ratio 17.54 17.38 11.21
SS 6.65 6.29 5.76
Colour score 34.6 33.4 33.2

N14-10 Ratio 21.14 23.7 12.59
SS 7.00 6.45 5.41
Colour score 33.6 32.5 33.2

Control Ratio 18.94 14.92 9.92
SS 6.97 4.71 4.18
Colour score 33.8 33.5 31.0

SS = pounds of soluble solids/90 lb box.



rate of associated somaclonal variation. The
most easily observed phenomenon is that
the regeneration capacity of citrus embryo-
genic callus decreases with culture age,

probably due to the accumulation of muta-
tions. This phenomenon has been exploited
to enhance the selection of somatic hybrids
in protoplast fusion experiments by reduc-
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Fig. 9.1. An embryogenic callus incapable (1) and capable (2) of embryogenesis of Newhall navel orange
did not show any differences in their random amplified polymorphic DNA (RAPD) profile (3) with primer
OPV-12. However, the methylation state of DNA was different; some of the sites were demethylated. (4)
Methylation-sensitive amplification polymorphism (MSAP) analysis with the primer pair HM-TCAA/E-ATG
indicated the difference. Lanes M and H were calli incapable of embryoid regeneration, while ‘M’ and H’
were calli capable of regeneration. Arrowheads point to the demethylated sites.



ing or eliminating the regeneration of
diploid plants from the embryogenic parent
(Grosser et al., 2000). To get rid of the inter-
ruption of pre-existing variation, single pro-
toplast sibling lines of Newhall sweet
orange were first established by two rounds
of low-density protoplast culture in agar-
solidified medium. These diploid lines
originated from a single protoplast and
have the same genetic background. During
the regeneration process, chromosome
counts were conducted, and the results
showed that polyploid cells were found as
early as 40 days after culture initiation (Hao
and Deng, 2002a).

Chromosome number variation in
citrus embryogenic callus is a common phe-
nomenon. Embryogenic callus from eight

citrus cultivars was examined, and the per-
centage of cells with variable chromosome
numbers varied from 4.9 to 9.1% of the total
cells (Table 9.7; Fig. 9.2). Most of the cells
with variable chromosome numbers were
tetraploid. Ten microcalli, all of single pro-
toplast descent, were examined for ploidy
level. Data presented in Table 9.8 showed
that eight out of the ten microcalli had clear
chromosomal images and four out of the
eight calli had cells with variable chromo-
some numbers. Out of the total observed
cells of the eight calli, 91.7% of the cells
were diploid, and 3.7% were variable.
Interestingly, the percentage of cells with
variable chromosome numbers did not
increase over time (based on examining
cells from subsequent subcultures). From
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Table 9.7. Chromosomal ploidy of different genotypes of citrus calluses.

Chromosome ploidy levels (%)

Subculture Cells
Varieties years counted Diploid Aneuploid Tetraploid

Newhall navel orange 6 45 93.3 2.1 4.6
Murcott tangor 10 123 93.2 1.4 4.4
Guoqing No. 1 satsuma mandarin 1 143 95.1 2.1 2.8
Marsh grapefruit 4 155 94.8 1.9 3.3
Valencia sweet orange 3 127 90.9 2.7 6.2
Jincheng sweet orange 15 65 92.3 2.9 4.8
Ponkan mandarin 1 22 93.5 1.9 3.9

Table 9.8. Chromosomal variations of citrus calluses derived from protoplasts 40 days after
culture initiation.

Sibling line Total cells Diploid Tetraploid Cells with chromosomes
series number observed cells cells between 2x and 4x

1 20 18 1 1
2 0 0 0 0
3 12 11 0 1
4 9 8 0 1
5 17 15 1 1
6 7 7 0 0
7 0 0 0 0
8 19 17 1 1
9 10 10 0 0

10 14 13 1 0
Total (%) 108 (100) 99 (91.7) 4 (3.7) 5 (4.6)



Table 9.7, data indicate that the subculture
year was not positively correlated with the
variation.

Sibling lines of Newhall sweet orange
were examined for ploidy stability. Data
from Table 9.9 showed that the ploidy level
was relatively stable after one year in cul-
ture. Ploidy level changes apparently reach
an equilibrium, in contrast to other types of
variation that appear to increase over time
in culture. In this case, the Newhall embryo-
genic callus has been subcultured for more
than six years, much longer than an annual
crop, yet the callus still has capacity for
somatic embryogenesis. The chromosomal
stability is probably one of the reasons.
Another reason for this stability may be due
to the culture medium used, which contains
no variation-inducing growth regulators.

To understand better the mechanism of
ploidy level stability in citrus callus, we

tested the mitotic index of cells with differ-
ent ploidy levels (Table 9.10). The results
showed that tetraploid cells have a lower
mitotic index, and a higher percentage of
apoptosis (Fig. 9.3; Hao et al., 2002), which
can explain the ploidy stability phenome-
non, i.e. diploid cell cultures continuously
generate a small percentage of cells with
variable chromosome numbers, but these
cells with variable chromosome numbers
generally have a lower competitive ability
and, therefore, remain at a low level in the
mixed population.

We also examined the chromosome
numbers of callus, embryoids and plantlets
derived from the same callus line of
‘Anliucheng’ sweet orange. We observed
more cells with variable chromosome num-
bers in the callus than in the embryoids,
which had more variable cells than the
resulting plantlets. This result indicates that
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Fig. 9.2. Different ploidy cells found in the embryogenic callus of Valencia sweet orange: (1) Haploid 2n =
x = 9; (2) diploid 2n = 2x = 18; (3) tetraploid 2n = 4x = 36; (4) hexaploid 2n = 6x = 54.



the regeneration pathway screens for normal
diploid cells. Normal cells seem to have a
higher capacity for plant regeneration.

Another point worthy of further study
is the hypothesis that the in vitro system
can generate more variation than in vivo
culture over the same length of time. If such
a comparison is based on the timing of cell
division, maybe both systems would have
the same variation rate. However, cell divi-
sion in the in vitro system is continuous,
whereas over the same period of time, cell
division in the in vivo system is inter-
rupted. Therefore, the in vitro system offers
more opportunities for variation to occur.

Protocols

Protocol for producing citrus somaclones via
organogenesis

Nucellar seedlings of polyembryonic citrus
cultivars grown under aseptic conditions are
the most commonly used and most efficient
explant source. Root, epicotyl, hypocotyl
and stem internodes are all amenable to
adventitious bud induction, but stem intern-
odes are most often utilized. Sections
approximately 1 cm in length are cultured
on DBA3 shoot induction medium (MT basal
medium (Murashige and Tucker, 1969) con-
taining 13.3 µM 6-benzylaminopurine, 0.045
µM 2,4-D and 20 ml/l coconut water; Deng et
al., 1992). Two to three 1-month passages on
DBA3 may be required to obtain multiple
shoots. Shoots are commonly rooted on
RMAN rooting medium (half-strength MT
basal medium containing 0.11 µM naphtha-
lene acetic acid (NAA) and 0.5 g/l activated
charcoal; Grosser and Gmitter, 1990). Rooted
plantlets are acclimated under low-light
humid conditions prior to greenhouse cul-
ture. This technique can also be utilized to
regenerate plants from enlarged, malformed
somatic embryos that fail to germinate.

Protocol for producing citrus somaclones via
somatic embryogenesis

Embryogenic callus from many polyembry-
onic citrus genotypes (including sweet
oranges, mandarins and lemons) can be ini-
tiated by culturing unfertilized or undevel-
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Table 9.9. The relative stability of ploidy constitution of Newhall sweet orange calluses during
subculture.

Before subculture After subculturing for 1 year

Sibling line Diploid Aneuploid Tetraploid Diploid Aneuploid Tetraploid
series number (%) (%) (%) (%) (%) (%)

1 93.4 2.2 4.4 94.5 2.0 3.5
2 93.7 2.3 4.0 93.0 3.6 3.4
3 92.5 2.6 4.9 93.1 2.4 4.5
4 92.8 2.9 4.3 92.8 3.3 3.9
5 93.9 2.3 3.8 92.7 3.0 4.3
6 92.9 2.9 4.2 92.1 2.4 4.6
7 93.1 3.1 3.8 93.5 2.0 4.5
8 94.8 1.8 3.4 95.1 1.6 3.2
Average 93.26 2.79 4.08 93.22 2.6 3.99

Table 9.10. The mitotic index of different ploidy
cells in the same cell population.

Mitotic index (%)

Diploid Tetraploid

Cultivars cells cells
Newhall sweet orange 41.2 4.8
Valencia sweet orange 39.8 4.9
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Fig. 9.3. The cytogenetic mechanisms and control of chromosome variations in the embryogenic callus of
Newhall navel orange. (1) Chromosome lagging at anaphase (1060×). The arrow points to a lagging
chromosome. (2) Lagged chromosomes formed a small nuclear body beside the normal nuclei (850×). The
arrow points to a mininucleus adjacent to the normal nucleus. (3) Meiosis-like division (920×). (4)
Asymmetrical distribution of duplicated chromatins to one protoplast at telophase (520×). (5) Fluorescent
observation of a protoplast stained with Hoechst 33258 (520×). The arrow points to the duplicated
chromatins distributed to one protoplast. (6) Asymmetrical distribution of duplicated chromatins to one cell
at telophase (850×). The arrow points to the duplicated chromatins distributed to one cell. (7) Apoptotic
tetraploid cell and normal diploid cell of Newhall navel stained with Hoechst 33258 (320×). (8) Comet
electrophoresis of an apoptotic tetraploid cell and a normal diploid cell of Newhall navel (260×). (9) An
apoptotic giant protoplast (320×). The arrow points to an apoptotic body budded from the giant protoplast.
(10) An apoptotic giant cell (320×). The arrow points to an apoptotic body budded from the giant cell.



oped ovules (from either developing or
mature fruit) on an MT basal medium
(Murashige and Tucker, 1969) supple-
mented with 5 mg/l kinetin and 0.5 g/l malt
extract (V. Sapp, personal communication).
Large numbers of ovules should be plated,
and 1–3 passages on this medium are gen-
erally required to obtain callus induction.
Although it is difficult and time-consuming
to establish friable embryogenic citrus
callus cultures, habituated culture lines can
be established and maintained indefinitely
on either EME or H+H liquid or solid cul-
ture medium (Grosser and Gmitter, 1990).
Solid medium cultures require mainte-
nance transfers every 4–6 weeks, whereas
suspension cultures are generally main-
tained on a 2-week cycle.

Citrus somatic embryos are routinely
matured on 1500 medium (MT basal
medium supplemented with 1.5 g/l malt
extract; Grosser and Gmitter, 1990).
However, abnormal embryo development
occurs frequently. Niedz et al. (2002) rec-
ommend the use of cellulose acetate semi-
permeable membranes over semi-solid
medium to affect the normalizing of citrus
embryogenesis positively, thereby improv-
ing the efficiency of plant recovery.

Mature citrus embryos are routinely
germinated on MT basal medium supple-
mented with 1–3 g/l gibberellic acid
(Grosser and Gmitter, 1990). Germinated
embryos generally exhibit long, thin and
often spindly roots that are inferior for
acclimatization. Re-rooting of shoots dis-
sected from germinated embryos on RMAN
rooting medium (half-strengh MT basal
medium containing 0.02 mg/l NAA and 0.5
g/l neutralized activated charcoal)
improves acclimatization efficiency
(Grosser and Gmitter, 1990).

Somaclones can also be regenerated via
somatic embryogenesis from protoplasts
(protoclones) isolated from solid or liquid
embryogenic citrus cultures. Protoplast-
derived populations appear to have the
most useful variation. Protocols for produc-
ing protoclones and protoplast-derived
cybrids can be found in Chapter 10.

Concluding Remarks

Significant somaclonal variation in whole
plant characteristics can be found in both
‘Valencia’ and ‘Hamlin’ sweet oranges, with
‘Valencia’ showing more profound and
useful variation. Genetically stable varia-
tion for useful traits can be obtained. We
have identified early and late maturing
somaclones of ‘Valencia’ with superior
quality that should facilitate the processing
industry, particularly NFC production.
Sensory testing has been added as another
tool for evaluating commercial potential of
specific clones, and clones with preferred
flavour are being identified. Improved
somaclones of ‘Valencia’ with fresh market
potential have been identified, including
seedless clones with different maturity
dates, and large-fruited clones with a more
melting flesh. These clones should be eval-
uated in a Mediterranean environment.
Improved somaclones of ‘Hamlin’ have
been selected for better juice colour and
increased soluble solids. The next step is to
determine if the improved traits are
expressed in trees propagated from the orig-
inal selections, and if these selected
somaclones yield adequately. Second-gen-
eration trees of selected clones have been
propagated on various rootstocks and
planted in the three representative citricul-
ture areas of Florida. Results obtained so far
indicate that the generation and evaluation
of somaclonal variation in sweet orange is a
viable method for developing improved
sweet oranges both for processing and for
the fresh market. New cultivars from this
should facilitate NFC production by pro-
viding juice of higher quality throughout an
expanded season. Somaclonal variation can
certainly be exploited as a tool to expand
the maturity dates (and associated market
window) and reduce the seed content of
commercially important citrus cultivars.

Studies to determine the potential
causes of somaclonal variation revealed
that polyploid and aneuploid cells are pro-
duced consistently in cultured citrus cells.
However, their percentages remain rela-
tively constant over increased time in cul-

Somaclonal Variation 231



ture. Also, the percentages of cells with
altered chromosome numbers decrease as
cultures proceed through the plant regener-
ation process. These facts indicate that
more normal diploid cells are more com-
petitive in culture, and that the plant regen-
eration process selects against cells with
radical genetic changes. This suggests that
long-term cultures may accumulate minor
genetic changes (i.e. mutations/movement
of transposons (Kubis et al., 2003) or cyto-
logical aberrations such as inversions or
translocations) that do not significantly
affect the mitotic index or interfere with the
plant regeneration process, thereby result-
ing in regenerated plants with the observed
minor but significant variation.
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Introduction

Although somatic hybridization techniques
are being ignored by variety improvement
programmes for most commodities, their
contribution to citrus variety improvement
continues to expand with increasing com-
plexity. During the last decade, a primary
application has been for citrus rootstock
breeding. Somatic hybridization allows the
addition of all dominant traits, irrespective
of the heterozygosity level of the breeding
material. At the international level, agro-
nomic evaluations are ongoing for several
interspecific and intergeneric hybrids with
some very interesting results. Somatic
hybrids have been obtained between sexu-
ally incompatible species, but their interest
for breeding seems to be limited by
unfavourable traits and problems of nuclear
genome instability for the intersubtribal
and intertribal combinations. A second pri-
mary application is the exploitation of
polyembryonic (apomictic) and sterile cul-
tivars for the synthesis of fertile tetraploid

hybrids. The final objective of such ploidy
manipulation is the synthesis of seedless
triploid cultivars. Somatic hybridization
has resulted in a great diversification of the
tetraploid gene pool available for sexual
hybridization with diploid cultivars, and
thousands of triploids have been produced
from interploid crosses using somatic
hybrid parents. Somatic hybridization has
also allowed the direct synthesis of triploid
hybrids by protoplast fusion between
diploid and haploid lines. Several allo-
plasts and cybrids have also been obtained
by symmetric somatic hybridization. This
material provides an opportunity for
nucleo-cytoplasmic interaction studies and
should open new avenues for citrus
germplasm valorization. An extensive
review that describes the fundamental roles
of somatic hybridization in broad-based
citrus improvement programmes, along
with comprehensive lists of somatic
hybrids and cybrids produced around the
world, was recently provided by Grosser et
al. (2000). The primary goal of this chapter
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is to complement this previous review with
evolving molecular techniques that facili-
tate somatic hybrid and cybrid genome
characterization, and new applications of
somatic hybridization and cybridization
technologies to facilitate citrus scion and
rootstock development. These new applica-
tions are possible due to feedback from field
trials of scion and rootstock citrus somatic
hybrids produced previously, along with
molecular marker information that identi-
fies the progenitors of important citrus cul-
tivars. These new applications have great
potential to facilitate the development of
high quality seedless fresh market citrus
and superior widely adapted rootstocks.
Extensive protocols for the production and
characterization of citrus somatic hybrids
and cybrids are also provided. 

Genomic Characterization of Somatic
Hybrids

Selection of somatic hybrids

After fusion, protoplast suspensions con-
tain parental, homofused, heterofused and
multifused protoplasts. Regeneration is
done without any selection pressure. It is
therefore necessary to select the somatic
hybrids and alloplasmic plants among the
regenerated plants. Morphological charac-
ters can be useful for somatic hybrid identi-
fication (Grosser and Gmitter, 1990).
However, a much more efficient selection is
generally done by the combination of
molecular or isozyme marker analysis and
ploidy evaluation.

Restriction fragment length polymor-
phism (RFLP) analysis with rDNA probes
was one of the first molecular techniques
for somatic hybrid identification (Ohgawara
et al., 1985; Takayanagi et al., 1992;
Miranda et al., 1997). However, isozyme
analysis is still a very easy and powerful
tool for such applications. Several isozyme
systems are routinely used, e.g. peroxidase
(Tusa et al., 1990; X.X. Deng et al., 1992;
Grosser et al., 1992a; Ye et al., 1992), phos-
phoglucomutase (Grosser et al., 1992a; Tusa

et al., 1992; Ye et al., 1992; Ollitrault et al.,
1996b) and phosphoglucose isomerases
(PGIs; Tusa et al., 1990, 1992; Ollitrault et
al., 1996b). Relative band intensity is gener-
ally efficient for identification of somatic
hybrids when a homozygous genotype is
combined with a heterozygous one sharing
a common allele with diploid plants. It is
particularly true with dimeric enzymes
such as PGI or isocitrate dehydrogenase
(IDH). Moreover, these enzymes generally
allow distinction between triploid and
tetraploid hybrids arising from diploid +
haploid protoplast fusion (P. Ollitrault,
2002, France, unpublished data). Random
amplified polymorphic DNA (RAPD;
Grosser et al., 1996b; Kobayashi et al., 1997;
Shi et al., 1998b; Guo et al., 2000) has also
been used and should be particularly useful
when co-dominant markers such as
isozymes or RFLP do not exhibit any poly-
morphism between parents. STMS
(sequence-tagged microsatellites) display-
ing high polymorphism between mandarins
(Luro et al., 2001) should also be interesting
for combinations inside this cultivar group.
Chromosome counting can now be
favourably by-passed by flow cytometry for
quicker ploidy analysis (Ollitrault et al.,
1996b; Grosser et al., 2000). By using flow
cytometry and isozymes or polymerase
chain reaction (PCR) markers, it is possible
to select somatic hybrids at the in vitro
stage of plant regeneration.

Accurate nuclear genome characterization
and somatic hybrid meiotic analysis

Nuclear genome instability has been
observed for several crops, particularly for
wide somatic hybridization (Téoulé, 1992;
Kisaka et al., 1997; Oberwalder et al., 1998).
Correlations between genetic distance and
chromosome elimination have been
described in Brassica (Sundberg and
Glimelius, 1991). The multiple subcultures
generally necessary to regenerate wide
hybrids should be favourable to chromo-
some elimination or recombination
(Oberwalder et al., 1998; Guo and Deng,

236 P. Ollitrault et al.



1999). Moreover, the systematic use of
embryogenic callus lines as one of the par-
ents in citrus somatic hybridization could
be another source of nuclear genome insta-
bility. In the case of asymmetric hybridiza-
tion, it is clearly necessary to manage tools
to evaluate the contribution of the donor
parent in the hybrid genome. It is therefore
important to be able to analyse precisely the
nuclear genome constitution for both sym-
metric and asymmetric hybridization.
Tetraploid somatic hybrids are used as par-
ents for sexual crosses for triploid scion or
tetraploid rootstock breeding (Grosser et al.,
2000). Thus, the knowledge of meiotic
behaviour of allotetraploid somatic hybrids
appears essential to establish efficient
breeding schemes.

Molecular tools currently used for somatic
hybrids nuclear genome characterization

Several tools are currently used for somatic
hybrid nuclear genome analysis.
Schematically, two main classes of markers
can be distinguished. Markers allowing a
large random coverage of the genome such
as RAPD (Forsberg et al., 1998b), single
sequence repeats (SSRs; Harding and
Millam, 2000; Cheng et al. 2002), inter-
simple sequence repeats (ISSRs; Scarano et
al., 2002) and amplified fragment length
polymorphism (AFLP; Tian and Rose, 1999;
Guo et al., 2002) are very useful. Specific
locus analysis allowing marking of each
individual chromosome will be the better
approach when addition or deletion lines
are studied. For this purpose, RFLP
(Rutgers et al., 1997) or STMS analysis with
mapped markers will be preferred.

None of these methods will allow the
display of evidence of interspecific chromo-
some recombination. For such structural
studies and global visualization of complex
genomes, genomic in situ hybridization
(GISH) has proved to be efficient for several
crops including woody persimmon (Choi et
al., 2002). For example, this approach has
been used to demonstrate that hexaploid
hybrids arising from somatic hybridization

between Lycopersicon esculentum (2x) and
Solanum lycopersicoïdes (2x) contain two
sets of L. esculentum with several chromo-
some rearrangements between the two
genera (Escalante et al., 1998). Specific
elimination of Allium cepa in somatic
hybrids between A. cepa and Allium
ampeloprasum has also been demonstrated
(Buiteveld et al., 1998). GISH is also very
powerful for studying somatic hybrid meio-
sis (Garriga-Calderé et al., 1999; Gavrilenko
et al., 2001).

Potential of GISH for analysis of citrus
somatic hybrid genomes

To determine the potential of GISH for
citrus, Ollitraut et al. (2000d) have analysed
three diploid species of Citrus (C. medica cv
‘Poncire’, C. reticulata cv ‘Willow leaf’ and
C. maxima cv ‘Pink’), Poncirus trifoliata cv
‘Pomeroy’ and Fortunella japonica cv
‘Marumi’. GISH has also been applied on
diploid sexual and tetraploid somatic
hybrids between these genotypes. GISH did
not allow colouring of all the set of chromo-
somes. In most cases, only five pairs from
nine were coloured. Moreover, the staining
appeared limited to the extremity of chro-
mosomes and some central rDNA sites. The
double staining of the C. reticulata + P. tri-
foliata intergeneric somatic hybrid, with
genomic DNA of each parent marked with
different colours, showed that genomic dif-
ferentiation between the two parental
species was sufficient to identify the stained
chromosomes of each species (Fig. 10.1). In
the case of C. reticulata + F. japonica as well
as C. reticulata × C. maxima and C. maxima
× C. medica, the differentiation of chromo-
somes appeared much more difficult and
many spots displayed similar affinity with
the genomic DNA probes of both parents. A
better specificity of in situ hybridization at
the interspecific level was found for the C.
reticulata × C. medica hybrid.

In situ hybridization with 18S–25S
rDNA has also been tested by Ollitrault et
al. (2000d). They found that the number of
chromosomes marked with the rDNA probe
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(pTA71) varied between two for C. medica
and C. limon to six for P. trifoliata (Fig.
10.2). Three sites were found for C. sinensis
and C. aurantium, and four for F. japonica.
These results are similar to those of Roose
et al. (1998), who found six major sites and
one occasional minor site for P. trifoliata,
and three strong and two minor sites for C.
sinensis.

From these results, it appears that the
incomplete staining of the chromosome set
and the very partial coloration of each chro-
mosome will limit the application of GISH
for citrus somatic hybrid genome analysis.
It could be used to identify the relative con-
tribution of each parental species to multi-
ploid intergeneric genomes. Such an

application should also be found at the
inter- and intrageneric levels, with rDNA
probes if parental species present a differ-
ent number of rDNA sites. The use of bacte-
rial artificial chromosome (BAC) probes for
in situ hybridization could perhaps be an
interesting complementation of rDNA for
chromosome distinction and then for the
analysis of specific introgression or elimi-
nation in breeding schemes.

Nuclear genomic structure of citrus somatic
hybrids

The majority of publications report on the
symmetric addition of nuclear parental
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Fig. 10.1. Double in situ hybridization of an allotetraploid hybrid C. deliciosa + P. trifoliata with total
genomic DNA of C. reticulata (green) and P. trifoliata (red), from Ollitrault et al. (2000d).



genomes in citrus somatic hybrids arising
from polyethylene glycol (PEG) or electri-
cally mediated protoplast fusions at the
intrasubtribal level (Citrinae) (Grosser et al.,
1996b; Guo and Deng, 2001). However,
unexpected ploidy levels are observed
among somatic hybrids for some combina-
tions. Triploid plants were obtained from
Severinia buxifolia (2x) + C. sinensis (2x)
(Grosser et al., 1992b) as well as pentaploid
hybrids from tetraploid Fortunella hindsii +
diploid P. trifoliate (Miranda et al., 1997). A
somatic hybrid between Fortunella crassi-
folia cv ‘Meiwa’ and C. sinensis cv
‘Valencia’ with abnormal growth was
proven to be a chimera containing non-
tetraploid cells along with amphidiploids
(Shi et al., 1998a; Guo and Deng, 2001).
Aneuploid cells and chromosomal varia-
tions were also observed in embryoids aris-
ing from C. sinensis + C. reticulata Blanco
hybridization (Ye et al. 1992). These results
suggest that chromosome elimination could
occur in citrus somatic hybrids as has been
observed for other crops (Sundberg and
Glimelius, 1991; Kisaka et al., 1997;
Oberwalder et al., 1998). At the intertribal

level, Guo and Deng (1998) obtained sym-
metric tetraploid hybrids between Citrus
and Murraya, while all the plants regener-
ated from C. sinensis (2x) and Clausena
lansium (2x) were hexaploid (Guo and
Deng, 1999). Froelicher (1999) also
obtained unexpected polyploid hybrid
embryoids from intersubtribal and inter-
tribal combinations: hexaploids from
Triphasia trifolia (2x) + C. aurantifolia (2x),
and 10x and 11x from the 2x C. aurantifolia
+ 6x Clausena excavata androgenetic line.
As discussed by Guo and Deng (2001), these
high ploidy levels observed in wide
somatic hybrids could be due to: (i) multi-
fusion leading to more favourable genomic
structures; (ii) ploidy variation at the level
of parental embryogenic callus lines; and
(iii) chromosome doubling of either parent
or global doubling of the hybrid genome fol-
lowed by specific chromosome elimina-
tions.

Ollitrault et al. (1998) observed a
greater ploidy level diversity on regener-
ated material from diploid + haploid
somatic hybridization than that generally
described for diploid + diploid combina-
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Fig. 10.2. In situ rDNA hybridization on chromosomes of six species of citrus (1, C. medica; 2, C. lemon;
3, C. sinensis; 4, C. aurantium; 5, F. japonica; 6, P. trifoliata); from Ollitrault et al. (2000d).



tions. Indeed, triploid, tetraploid and pen-
taploid hybrids were obtained from most of
the 2x + x combinations. This result could
be due to the ploidy instability in the ‘hap-
loid callus line’. Indeed, the presence of
diploid and triploid cells in this callus has
been demonstrated by flow cytometry
analysis (Ollitrault et al., 1998).
Furthermore, the fact that Kobayashi et al.
(1997) have obtained only diploids (with
one of the nuclear parental genomes) or
triploid somatic hybrids by combining pro-
toplasts from diploid calli and haploid
leaves confirms that triploid cells arising
from haploid + diploid combinations do
not present a specific nuclear genome insta-
bility during mitosis.

Cytoplasmic genome analysis

Somatic hybridization allows combining
nuclear, chloroplastic and mitochondrial
genomes in new patterns with no pre-
defined rule, unlike sexual hybridization.
Moreover, organelle genome recombination
(mainly mitochondria) has been observed
in several crops following somatic
hybridization (Belliard et al., 1979;
Rothenberg et al., 1985; Galun et al., 1987;
Kanno et al., 1997). Thus, the organelle
genomic constitution must be characterized
for each regenerated plant. For citrus
plants, cytoplasmic genome analysis is
classically done by RFLP (Kobayashi et al.,
1991; Saito et al., 1993, 1994; Yamamoto
and Kobayashi, 1995; Grosser et al., 1996a;
Ollitrault et al., 1996b; Moriguchi et al.,
1997; Moreira et al., 2000a, b; Cabasson et
al., 2001). This method is powerful but not
applicable to plants in vitro because it
requires too much fresh leaf material. Thus
PCR methods for cytoplasmic analysis are
required for easier and earlier organelle
analysis. Direct sequencing or restriction
analysis of fragments amplified with uni-
versal primers defined by Demesure et al.
(1995) for organelle DNA has been used for
different plants (Gielly and Taberlet, 1994),
and was applied to somatic hybrids of
Brassica by Bastia et al. (2001).

CAPS analysis of citrus organelle genomes

Following Luro and Ollitrault (1996),
Ollitrault et al. (2000c) have analysed the
potential of cleaved amplified polymorphic
sequences (CAPS) for differentiation of
organelle genomes at the intrageneric level
(Citrus) and intergeneric levels within the
Aurantioideae subfamily. Fourty-four geno-
types from 31 species were studied combin-
ing tagged PCR amplification with two
mitochondrial and five chloroplast univer-
sal primers (Demesure et al., 1995) revised
for citrus by Lotfy et al. (2002) and
restricted with 12 enzymes.

From this study, the CAPS technique
appears more powerful for displaying poly-
morphisms for chloroplasts than for mito-
chondria. Polymorphisms have only been
found at the intergeneric level for mitochon-
dria, while intrageneric diversity was
revealed for chloroplasts. The chloroplast
genomes of all cultivated Citrus species can
be distinguished, except C. maxima, C.
sinensis and C. paradisi for one group, and
C. aurantium and C. limon for a second
group. This is in agreement with the gener-
ally accepted hypothesis that sweet orange
and grapefruit originated from female pum-
melo interspecific hybridization. One combi-
nation of primer pair/enzyme
(trnT3/trnD2/DraI) allows the distinction of
C. lemon/C. aurantium plastones from those
of C. maxima/C. sinensis/C. paradisi. Such
differentiation was not observed in the study
of plastone restriction carried out by Green
and Vardi (1986). Nicolosi et al. (2000)
hypothesized, from chloroplastic CAPS and
nuclear genome analysis, that C. limon was
derived from hybridization between C.
aurantium (female) and C. medica. In the
same study, including a broad range of citrus
species, a very close relationship was found
between C. micrantha and C. aurantifolia
chloroplasts, and they are very different
from the other cultivated species.

CAPS analysis has been successfully
applied on interspecific and intergeneric
somatic hybrids for mitochondrial and
chloropast genomes (Fig. 10.3, Lofty et al.
(2002) and Fig.10.4). This method is much
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more simple, rapid and less expensive than
traditional methods, and can be applied to
small in vitro plants. Recently, new PCR
markers for cytoplasmic genomes have
been successfully developed: microsatellite
markers for chloroplast (Lofty et al., 2003;
Cheng et al., 2005) and SSCP markers for
mitochondria (Olivares et al., in press).

Cytoplamic genomes of citrus somatic
hybrids

Genetic studies on the regenerated citrus
somatic hybrids and cybrids after fusion of
callus-derived protoplasts with leaf-derived
protoplasts demonstrate the non-segregation
of mitochondrial genomes (the mitochondr-
ial genome from the embryogenic parent
always prevails in cybrids, as well as com-
plete somatic hybrids) and segregation of
chloroplastic genomes (random segregation
of the chloroplast genome in both cybrids
and hybrids) (Kobayashi et al., 1991; Saito et
al., 1993, 1994; Yamamoto and Kobayashi,
1995; Grosser et al., 1996a; Ollitrault et al.,
1996b; Moriguchi et al., 1997; Moreira et al.,
2000a, b; Cabasson et al., 2001; Guo et al.,
2002). In the case of fusion between callus-

derived protoplasts of the two parents,
random segregation of the chloroplast and
mitochondria is observed, allowing four dif-
ferent cytoplasmic constitutions with the
same nuclear genome (Grosser et al., 2000).
Moreover, rearrangements of the cytoplas-
mic genomes that have often been observed
in somatic hybrids and cybrids of many
plant species were also reported in some
citrus studies following asymmetric (Vardi
et al., 1987, 1989) and standard (Motomura
and Hidaka, 1995; Moriguchi et al., 1997;
Cheng et al., 2002) somatic hybridizations.
Moreira et al. (2000a, b) observed non-
parental mitochondrial fragments in several
somatic hybrids and cybrids. Moreira et al.
(2000b) also made a unique observation of
the addition of choroplastic parental
genomes on all the 14 ‘Succari’ + Citropsis
gilletiana somatic hybrid plants analysed.

The sole presence of the mitochondrial
genome from the embryogenic parent in all
regenerated cybrids and somatic hybrids
suggests a critical role for these organelles in
plant regeneration via somatic embryogene-
sis (Kobayashi et al., 1991; Saito et al., 1993;
Grosser et al., 1996a; Moriguchi et al., 1996;
Ollitrault et al., 1996b; Moreira et al., 2000a,
b; Cabasson et al., 2001). Moreira et al.
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Fig. 10.3. CAPS analysis of chloroplast segregation in a population of somatic hybrids between ‘Star Ruby’
grapefruit and ‘Willow Leaf’ mandarin (from Ollitrault et al., 2000a). Products generated after amplification
and restriction using trnT3/trnD2 primers and DraI restriction enzyme are from somatic hybrids (lanes
2–11), ‘Willow Leaf’ mandarin (lane 12) and ‘Star Ruby’ grapefruit (lane 13). Lane 1 = molecular size
marker.



(2000a, b) hypothesized that this may be a
quantitative effect and that only cultured
cells have adequate quantities of mitochon-
dria to provide the necessary energy for
somatic embryogenesis. They also verified
that the number of mitochondria per
embryogenic culture cell was significantly
higher than per leaf cells.

New Avenues for Somatic Hybridization
in Citrus 

Haploid + diploid protoplast fusions and
gametosomatic hybridizations

Triploid breeding is an important method
in citrus variety improvement, mainly for

small citrus fruit and lemons. For all the
strategies involving 2n gametes, interploid
sexual crosses or endosperm culture, both
of the parental genomes are submitted to
meiotic recombination. Maximum het-
erozygosity in triploid progeny will be
obtained from interploid crosses involving
an allotetraploid parent. Concerning
triploids arising in diploid sexual crosses, it
appears that only a part of parental het-
erozygosity is present in the 2n gametes
producing the spontaneous triploids
(Ollitrault et al., 1998). Considering that
cultivars are generally highly heterozygous,
it is clear that in most cases the selected
genetic balances of the diploid parental cul-
tivars will be lost in triploid hybrids. So,
the effectiveness of selection made at the
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Fig. 10.4. Molecular analysis of G1 satsuma + HB pummelo diploid cybrid plant. Genotype identification
per lane: 1, 8 and 12, 100 bp DNA ladder; 2, 7, 9 and 13: satsuma mandarin cv. Guoqing No 1 (G1); 3, 6,
10 and 14: G1 + HB pummelo diploid regenerant; 4, 5, 11 and 15: HB pummelo. Lanes 1–4: SSR analysis
by primer pair TAA15 confirmed that the nuclear genome was derived from HB pummelo. Lanes 5–11:
CAPS analysis of the mitochondria genome by primer pairs 18S rRNA/5S rRNA and
Nad4exon1/Nad4exon2, respectively, and cut by the enzyme TaqI, which showed that the mtDNA was
derived from G1. Lanes 12–15: CAPS analysis of the chloroplast genome by primer pair TrnD/TrnT and cut
by the enzyme TaqI, which showed that the chloroplast DNA was derived from HB pummelo. Note: a 3%
Metaphore agarose gel was used to separate the small size DNA fragments.



diploid level for complex characters is low,
and it is necessary to make final selections
from a large number of triploid hybrids.
The production of allotriploids from
somatic hybridizations between haploid
potato and diploid tomato has been previ-
ously described (Schoenmakers et al.,
1991), while triploid somatic hybrid plants
of Nicotiana and Petunia have been
obtained by gametic + somatic (n + 2n) pro-
toplast fusions (Pirrie and Power, 1986; Lee
and Power, 1988). These methods allow the
synthesis of triploids in one cycle of
hybridization, and provide an interesting
alternative to diploid × tetraploid sexual
crosses or spontaneous triploid selection.
Indeed it is the only method allowing the
addition of a haploid genome to the whole
genome of a diploid cultivar without
recombination.

Triploid citrus hybrids have been syn-
thesized by somatic hybridization between
diploid cultivars and haploid lines
(Kobayashi et al., 1997; Ollitrault et al.,
1997, 1998). Indeed, the regeneration of
haploid plants and cell lines by anther cul-
ture (Germaná, 1992) or by induced gyno-
genesis (Oiyama and Kobayashi, 1993;
Ollitrault et al., 1996a) has opened up
avenues for this new breeding scheme.
Ollitrault et al. (1998, 2000b) have com-
bined two haploid cell lines of clementine
obtained by induced gynogenesis with 11
diploid cultivars. Triploid and tetraploid
hybrids have been obtained for each combi-
nation as well as a few pentaploid hybrids.
Triploid hybrids should be exploited
directly and will soon be evaluated in trop-
ical, subtropical and Mediterranean areas.
Tetraploid hybrids obtained by this
approach will join the pool of allote-
traploids for further diploid × tetraploid
sexual crosses.

Citrus is the first example of triploid
hybrids obtained by somatic hybridization
in fruit crops. The main limitation of
this strategy is the lack of haploid lines.
This could be overcome by the applica-
tion of gameto-somatic hybridization
mentioned by Z. A. Deng et al. (1992)
and X.X. Deng et al. (1995), who have

regenerated only chimeric plants with 18
and 19 chromosomes. This technique is
currently being developed by CIRAD
(France), and will hopefully allow the pro-
duction of polymorph triploid progeny
recombining only for the haploid source. If
successful, this would provide a new
avenue for citrus genetics and breeding
research.

Asymmetric nuclear hybridization

For numerous crops, somatic hybridization
is a way to by-pass sexual incompatibility
between species. In this case, it is of inter-
est to transfer only a limited amount of
genetic material from a foreign species to a
crop rather than to combine two complete
genomes (Forsberg et al., 1998b). The diffi-
culty in obtaining viable somatic hybrids
between Citrus and very distant species
suggests that this strategy should be inter-
esting for introgression of resistance charac-
ters from wild germplasm, such as
resistance of Murraya paniculata against
Huanglongbing. Moreover the diversifica-
tion and breeding of species such as sweet
orange or grapefruit (that are not amenable
to conventional breeding) would probably
benefit greatly from such a strategy, even for
partial transfer of the genome of compatible
species. Two main methods can be distin-
guished for partial nuclear genome transfer
leading to the development of asymmetric
hybrids: chromosome fragmentation before
somatic hybridization and microprotoplast
fusion.

Transfer of fragmented chromosomes

The most common method used for asym-
metric hybridization has been to expose the
donor protoplasts to γ irradiation (Bates et
al., 1987) or X irradiation (Dudits et al.,
1980). Correlations between irradiation
dose and the degree of chromosome elimi-
nation have been demonstrated in some
studies (Melzer and O’Connell, 1992;
Schoenmakers et al., 1994). More recently,
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UV irradiation has also been proven to be
efficient to fragment and eliminate chromo-
somes (Jazdzewska et al., 1995; Forsberg et
al., 1998a, b). The transfer of fragmented
chromosomes demonstrates its efficiency
when it was combined with in vitro selec-
tion pressure. For instance, it has allowed
transfer of resistances to methotrexate and
5-methyltryptophan from carrot to tobacco
(Dudits et al., 1987), resistance to Phoma
linguam from Brassica juncea, Brassica car-
inata and Brassica nigra to Brassica napus
(Sjödin and Glimenius, 1989) or resistance
to tobacco mosaic virus from Nicotiana
repanda to Nicotiana tabacum (Bates,
1990). More recently, the use of fluores-
cence-activated cell sorting (FACS) has
been proven to be efficient to select asym-
metric hybrids just after fusion (Rasmussen
et al., 1997). The proportion of foreign
genome transfer is usually evaluated with
RFLP (Forsberg et al., 1998b), RAPD
(Rasmussen et al., 1997) or AFLP (Tian and
Rose, 1999).

This technique has not been explored
in citrus. It should find application to breed
tolerant cultivars when in vitro selection is
possible both for pathogens such as Mal
Secco by application of toxin in cell cul-
tures (Gentile, 1992) and abiotic stresses
such as salinity (Spiegel Roy and
Ben Hayvin, 1985). This should also be a
way to induce genetic diversity in very
monomorphic species such as sweet orange
and grapefruits. However, the uncontrolled
transfer of multiple chromosome fragments
would require a very strong effort of selec-
tion in the field as well as the development
of molecular markers to select specific traits
in large populations.

Chromosome transfer by microprotoplast
technique

The microprotoplast-mediated chromo-
some transfer (MMCT) method was origi-
nally developed for mammalian cells.
Micronuclear induction in plant by herbi-
cides (amiprosphosmethyl, oryzalin) was
demonstrated in Solanum tuberosum,

Daucus carota, Nicotiana plumbaginifolia
and Helianthus sp. (Morejohn et al., 1987;
Verhoeven et al., 1990; Ramulu et al., 1994;
Binsfeld et al., 2000). Successful induction
of micronuclei and microprotoplast isola-
tions for asymmetric hybridization have
allowed the transfer of a single potato chro-
mosome to tomato and tobacco (Ramulu et
al., 1996a, b), and addition lines in sun-
flower (Binsfeld et al., 2000).

For citrus, Louzada et al. (2002) have
developed a method to produce citrus
microprotoplasts containing a limited
number of chromosomes, and used them in
protoplast fusions with diploid lines. If suc-
cessful, this method should have very inter-
esting applications both for genetic study
with monosomic addition line and for
breeding. Indeed, it is possible that the
addition of a single chromosome from
wild species may be more efficient to
obtain viable and interesting cultivars
than symmetric hybridization. Moreover,
the preservation of pomological and
organoleptic specific traits of species such
as sweet orange and grapefruit should be
more efficient by adding single chromo-
somes of the Citrus gene pool for improving
disease tolerance/resistance.

Somatic cybridization

Production of diploid somatic hybrid
plants containing the nuclear genome of
one parent and either the cytoplasmic
genome of the other parent or a combina-
tion of both parents (cybrids) has been a
common approach in plant improvement.
Characterization of such cybrids can deter-
mine cytoplasm inheritance and cytoplasm-
coded agronomic traits, and may lead to
improved selections (Kumar and Cocking,
1987). Male sterility and tolerance traits
with cytoplasmic determinism have been
the more common objective of such strate-
gies (Pelletier et al., 1983; Barsby et al.,
1987; Thomzik and Hain, 1988; Varotto et
al., 2001). Classically, cybrid and alloplas-
mic plants are obtained by asymmetric pro-
toplast fusions between irradiated donor
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protoplasts (with destroyed nuclei) and
recipient protoplasts whose mitochondria
and chloroplasts have been inactived by
iodoacetate treatments (Sidorov et al., 1981;
Galun et al., 1987; Vardi et al., 1987; Li et
al., 1993). Cytoplasmic genome recombina-
tion should occur and concern principally
the mitochondrial genome (Belliard et al.,
1979; Rothenberg et al., 1985; D’Hont et al.,
1987) while reports of new chloroplast
profiles are very rare (Medgyest et al.,
1985).

Besides the success achieved in sym-
metric citrus somatic hybridization world-
wide, only a few reports can be found
pursuing the production of citrus cybrid
plants by asymmetric somatic hybridization
(Vardi et al., 1987, 1989; Li and Deng, 1997;
Liu and Deng, 2002). The challenging
methodology involved with the original
donor–recipient method and the lack of
information concerning cytoplasmic traits
initially slowed the evolution of cybridiza-
tion in citrus. However, chance and nature
have played an important role in this field,
allowing the regeneration of several citrus
alloplasmic plants as a by-product from the
application of standard somatic hybridiza-
tion procedures (Kobayashi et al., 1988;
Ohgawara et al., 1989, 1991; Tusa et al.,
1990; Saito et al., 1993, 1994; Yamamoto
and Kobayashi, 1995; Grosser et al., 1996a;
Moreira et al., 2000a; Moriguchi et al.,
1996, 1997; Ollitrault et al., 1996b, 2000b;
Cabasson et al., 2001).

Potential seedlessness via cybridization

As mentioned, seedlessness is a prerequi-
site for new fresh market citrus cultivars.
Seedlessness in diploid citrus generally
relates to male and/or female sterility. The
seedless satsuma mandarin is typically
male sterile, and its male sterility has been
identified to be a cytoplasmic male-sterile
(CMS) type (Yamamoto et al., 1997). CMS
in higher plants is known to be controlled
by mitochondrial DNA (mtDNA). Navel
orange is also male sterile, accompanied by
partial ovule sterility, and it has not been

determined whether its sterility is the CMS
type. Due to complex citrus biology, it is
not easy to transfer the sterility character
from satsuma mandarin to other seedy
citrus cultivars by conventional breeding.
However, it may be possible to transfer the
CMS trait of satsuma (and possibly navel
orange) into commercially important
diploid cultivars via cybridization, and
efforts are underway to achieve this.

For citrus somatic hybridization, the
fusion model of ‘diploid embryogenic pro-
toplasts + diploid leaf-derived protoplasts’
has been used extensively. Normally,
unfused leaf protoplasts do not divide and
regenerate into plants. However, diploid
plants resembling the leaf parent morpho-
logically have been recovered unexpectedly
from more than 30 symmetrical fusion com-
binations (Deng et al., 2000; Grosser et al.,
2000). In all such cases examined, RFLP
analysis indicated that these plants were
not directly regenerated from unfused leaf
protoplasts, but were cybrids with the
nuclear DNA from the leaf parent and the
mtDNA from the corresponding embryo-
genic parent (Saito et al., 1993; Yamamoto
and Kobayashi, 1995; Grosser et al., 1996a;
Moriguchi et al., 1996; Moreira et al.,
2000a; Cabasson et al., 2001; Guo et al.,
2002, Wuhan, PR China, unpublished data).
Chloroplast DNA was randomly inherited
in these plants. Moreira et al. (2000a) theo-
rized that leaf protoplasts do not have an
adequate quantity of mitochondria as
needed to undergo somatic embryogenesis,
and that cybridization fulfils this need.
These results suggest that it should be pos-
sible to transfer the mtDNA from male-ster-
ile cultivars to seedy diploid fresh fruit
cultivars by simply conducting symmetric
fusion experiments, and the research
groups directed by X.X. Deng and J.W.
Grosser are collaborating to achieve this.
Using an embryogenic suspension culture
of ‘Guoqing No. 1’ satsuma mandarin pro-
vided by X.X. Deng, the Grosser laboratory
has produced diploid cybrid plants of
‘Hirado Buntan Pink’ pummelo, ‘Sunburst’
mandarin and an unnamed ‘Clementine’ ×
‘Murcott’ hybrid (Guo et al., 2004a).
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Confirmation of the cybridity of the latter
two combinations has been difficult due to
the close relatedness of the parental mito-
chondrial genomes. These plants will be
fruited and flowered as soon as possible to
determine if the substitution of satsuma
mtDNA can result in a new mitochon-
dria–nucleus interaction that could result
in making these cultivars seedless without
otherwise altering their cultivar integrity. If
successful, this strategy could be applied to
remove seed from many superior diploid
cultivars. With the same objective, Xu et al.
(2006) have developed a very promising
new technique of cytoplast isolation and
fusion to generate citrus hybrids.

Breeding agronomic traits via cybridization

With the exception of potential seedless-
ness, the agronomic value of citrus cybrids
is currently unknown. The evaluation of
citrus cybrids in the field will allow charac-
terization of agronomic traits encoded by
the cytoplasmic genome. Tusa et al. (2000)
suggested from cybrid evaluation that spe-
cific mechanisms of resistance against Mal
secco could be activated in these genotypes.
Mandarin and sweet orange cybrids in the
field at the CREC (Florida) are showing sig-
nificant variation in agronomically impor-
tant traits including fruit maturity date and
seed content. In the same way, Fanciullino
et al. (2005) found significant quantitative
variation of aromatic compounds in cybrids
indicating that cybridization is a potential
source of genetic variation for citrus culti-
var improvement. As an additional interest,
the development of citrus cybrid callus
should increase the range of somatic
hybridization parents (Saito et al., 1994;
Grosser et al., 1996a).

Scion improvement: potential tetraploid
somatic hybrid cultivars

Several allotetraploid somatic citrus
hybrids produced for the purpose of serving
as tetraploid breeding parents in interploid

crosses to generate seedless triploids have
flowered and produced fruit. Although still
emerging through juvenility, a few somatic
hybrids are producing fruit with cultivar
potential. A somatic hybrid of ‘Succari’
sweet orange + ‘Page’ tangelo produces
seedless fruit with a shape similar to that of
sweet orange. Fruits of this hybrid are very
early maturing and have had sugar/acid
ratios over 15 by the beginning of October
of the past two seasons. These fruits also
have adequate juice content and excellent
flavour. This hybrid therefore has potential
as an early season fresh fruit cultivar.
Another somatic hybrid of ‘Valencia’ sweet
orange + ‘Murcott’ tangor produces nearly
seedless fruits (about one seed every three
fruit). Fruits of this hybrid are very much
intermediate to that of the parents, possess-
ing excellent flavour, and are peelable. This
hybrid has potential as a mid–late season
fresh fruit cultivar. It is possible that some
somatic hybrids are seedless because of
mutations that accumulate in the embryo-
genic callus lines used as parents. These
results suggest potential for designing
fusion experiments to generate hybrids
with cultivar potential at the tetraploid
level, and CREC have conducted numerous
fusion experiments to achieve this. CREC
has focused on using parents that have been
successful in previous work, or comple-
mentary parents that provide low acidity,
high juice content and/or excellent fruit
quality (i.e. colour and flavour). Of course
any resulting hybrids would also have great
potential as tetraploid breeding parents.
Recent successes of CREC in the endeavour
are summarized in Table 10.1. (Guo et al.,
2004b). As with many other recent somatic
fusion experiments, flow cytometry (using a
Partec table-top model) was used to identify
tetraploid embryos early on in the plant
regeneration process to save time and
money. These hybrids will all be top-
worked to mature field trees to expedite
flowering and fruiting as needed to acceler-
ate the evaluation process.
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Rootstock improvement: building a better
sour orange

Sour orange was formerly the most impor-
tant rootstock worldwide due to its wide
adaptation, tolerance to citrus blight and
ability to produce good yields of high qual-
ity fruit. However, due to its susceptibility
to citrus tristeza virus (CTV)-induced quick
decline disease, it can no longer be used in
most situations. A suitable replacement
rootstock has yet to be developed.
Molecular marker analyses indicate that
sour orange is a hybrid of pummelo and
mandarin (Nicolosi et al., 2000), but it is
unlikely that it was produced from the best
pummelo or mandarin. This report also
demonstrates that the vigorous rootstocks
including rough lemon, rangpur, Palestine
sweet lime and Volkamer lemon have a sig-
nificant genetic contribution from citron.
Such vigorous rootstocks are also highly
susceptible to citrus blight, and generally
produce fruit of poor quality. Perhaps
avoiding citron-based material in building
new rootstocks could minimize these prob-
lems. CREC therefore use somatic
hybridization to combine widely adapted
mandarins (Amblycarpa and Shekwasha
mandarins) with tristeza-resistant pumme-
los or superior pummelo seedlings selected
following germination of seed in flats of
winder soil (calcareous soil, pH = 5.8) inoc-
ulated with both Phytophthora nicotianae
and P. palmivora. (Note: a successful
replacement for sour orange must also be
able to handle challenging soils and

Phytophthora.) To date, ten such mandarin
+ pummelo somatic hybrids have been pro-
duced, and several are showing excellent
nursery vigour (Table 10.2) (Grosser et al.,
2004). These promising hybrids and others
produced subsequently will be immedi-
ately tested for resistance to tristeza-
induced quick decline disease and entered
into field trials. It should be possible to
develop a quick decline-resistant replace-
ment for sour orange that also provides
some level of tree size control.

Rootstock breeding at the tetraploid level:
production of ‘tetrazygs’

The breeding of somatic hybrids at the
tetraploid level provides an opportunity to
mix the genes from three to four proven
rootstocks (or other valuable contributing
parents) simultaneously, thereby maximiz-
ing genetic diversity in progeny. CREC has
used two somatic hybrids, Nova mandarin
+ Hirado buntan pummelo (zygotic) and
sour orange + rangpur, that are performing
well in field trials and produce high per-
centages of zygotic seed, as females in such
crosses at the tetraploid level. Selected high
performance somatic hybrids including
sour orange + Carrizo, Cleopatra + trifoliate
orange and sour orange + Palestine sweet
lime are being used as pollen parents.
Grosser et al. (2003) have coined the term
‘tetrazygs’ to identify tetraploid progeny
from such crosses. They routinely screen
progeny from such crosses by germinating
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Table 10.1. New allotetraploid citrus somatic hybrids with direct cultivar potential produced at the
CREC.

Embryogenic callus parent + Leaf parent

‘Guoquing’ Satsuma No. 1 + ‘Murcott’ tangor
‘Page’ tangelo + LB8-9 (Clementine × Minneola)
‘Page’ tangelo + Lee hybrid (Clementine × Murcott)
‘Page’ tangelo + unnamed (Clementine × Satsuma)
‘Page’ tangelo + ‘Ortanique’ tangor
‘Page’ tangelo + ‘Murcott’ tangor
‘Murcott’ tangor + ‘Dancy’ tangerine



seed directly in a high pH, calcareous
‘winder’ soil inoculated with Phyto-
phthora. Superior ‘tetrazyg’ hybrids are
then grafted with sweet orange infected
with a quick decline isolate of CTV to deter-
mine their resistance to CTV-induced quick
decline disease. Simultaneously, the
selected hybrids can be propagated by top-
working and/or rooted cuttings to provide
clonal material for further evaluation. This
approach is expected to shorten the time
required to develop a new rootstock by
8–10 years. This programme began at the
CREC in 1999, and so far more than 300
genetically diverse ‘tetrazyg’ hybrids have
been selected for further evaluation.
‘Tetrazygs’ are also being screened for toler-
ance to salinity and to the Diaprepes root
weevil–Phytophthora complex (Grosser et
al., 2003).

Protocols

Protocol for PEG-induced fusion and plant
regeneration (CREC)

Citrus somatic hybrids are most often pro-
duced from the fusion of protoplasts iso-
lated from embryogenic callus or
suspension cultures of one parent with leaf-

derived protoplasts of the second parent. At
least one parent in any fusion combination
must be embryogenic to provide the capac-
ity for plant regeneration in the somatic
hybrid progeny. This protocol has been
used successfully to produce somatic
hybrid plants from more than 120 parental
combinations at the University of Florida’s
Citrus Research and Education Center
(CREC), Lake Alfred, Florida, USA.

Protoplast isolation: embryogenic parent

Embryogenic callus or suspension cultures
are generally maintained on either EME
(MT basal medium containing 0.5 g/l malt
extract (Murashige and Tucker, 1969)) or
H+H (modified MT basal medium contain-
ing 1.55 g/l glutamine, 0.5 g/l malt extract
and 50% less KNO3 and NH4NO3). Cultured
cells used for protoplast isolation should be
in the log phase of growth. For protoplast
isolation, transfer 1–2 g of friable callus
tissue into a 60 × 15 mm Petri dish (for sus-
pension, transfer ~2 ml of suspension with
a wide-mouth pipette and drain off the
liquid using a Pasteur pipette). Resuspend
the cells in 2.5 ml of 0.7 M BH3 medium
(Grosser and Gmitter, 1990) (BH3 is a
nitrate-free MT basal medium containing
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Table 10.2. New mandarin + pummelo somatic hybrids produced recently at the CREC – efforts to
rebuild a better ‘sour orange’ rootstock.

Embryogenic parent + Leaf parent

‘Murcott’ tangor + Citrus grandis ‘Hirado Buntan Pink’ (HBP)a

‘Murcott’ + HBP sdl-JL1a

Amblycarpa mandarin (C. amblycarpa) + HBPa

Amblycarpa + C. grandis ‘Chandler’a

Amblycarpa + HBP sdl-JL1
Amblycarpa + HBP sdl-5-1-99-1Ba

Amblycarpa + HBP sdl-JL2Ba

Amblycarpa + C. grandis ‘LingPingYau’ sdl-8-1-99-4Aa

Amblycarpa + HBP sdl-JL4
Amblycarpa + Chandler sdl-A1-11
Shekwasha mandarin + HBPa

Shekwasha + ‘Chandler’a

Amblycarpa + HBP sdl-JL12

aHybrid confirmed by RAPD analyses



3.1 g/l glutamine, 20 ml/l coconut water
and the Kao and Michayluk (1974) organic
addenda), and then add 1.5 ml of filter-ster-
ilized enzyme solution containing 0.7 M

mannitol, 12.0 mM CaCl2, 6.0 mM MES
buffer, 1.4 mM NaH2PO4, 1% Onozuka RS
cellulase, 1% macerase, 0.2% pectolyase Y-
23, pH 5.6. Seal dishes with Nescofilm (or
Parafilm) and incubate overnight on a
rotary shaker at 20 r.p.m., in either low light
or darkness.

Leaf parent

The best results are generally obtained using
fully expanded leaves of new flush that have
not fully hardened, taken from seedlings or
recently budded plants maintained in a
growth chamber or heavily shaded green-
house. Use of in vitro grown leaf material
precludes the need for decontamination
prior to isolation. Leaf material is decontam-
inated by immersion in 1 N HCl for a few sec-
onds followed by a 12–15 min immersion in
10–15% commercial bleach containing three
drops of Liquinox soap or other surfactant,
followed by a 5 min rinse and two 10 min
rinses in double-distilled H2O. Damaged vas-
cular tissue and the midvein region are
removed with a sharp scalpel. Remaining
leaf material is feathered or cut into thin
strips with a sharp scalpel and incubated in
3 ml of enzyme solution combined with 8 ml
of 0.7 M BH3 medium in a 125 ml side-armed
Erlenmeyer flask (with the side arm covered
with Miracloth to prevent contamination).
Leaf material in the enzyme cocktail is then
evacuated for 15 min at 50 kPa to facilitate
enzyme infiltration. Preparations are then
sealed and incubated as above.

Protoplast purification (using a
sucrose/mannitol gradient)

Following incubation, preparations are
passed through a 45 µm stainless steel (or
nylon) mesh screen to remove undigested
cell clumps and debris. Protoplast-containing
filtrates are then centrifuged for 4–10 min at
100 g in 15 ml calibrated screw-top cen-
trifuge tubes. The supernatant is removed

with a Pasteur pipette, and the pellet con-
taining the protoplasts is gently resuspended
in 5 ml of a 25% sucrose solution containing
CPW nutrients (27.2 mg/l KH2PO4, 100 mg/l
KNO3, 150 mg/l CaCl2, 250 mg/l MgSO4, 2.5
mg/l Fe2(SO4)3·6H2O, 0.16 mg/l KI, 0.00025
CuSO4, pH 5.8) (Frearson et al., 1973). This is
followed by slowly pipetting 2 ml of a 13%
mannitol solution (containing CPW salts)
directly on top of the sucrose layer (avoid
mixing). Centrifuge for 6 min at 100 g. Viable
protoplasts form a band at the interface
between the sucrose and the mannitol.
Carefully remove the protoplasts from this
interface and resuspend them in the appro-
priate volume of BH3 medium as necessary
for further manipulation.

PEG-induced protoplast fusion

This protocol is simple, efficient, inexpen-
sive and non-toxic to citrus protoplasts.
Mix approximately equal volumes of puri-
fied protoplasts from each parental source
in 0.6 M BH3 medium and centrifuge for 4
min at 100 g. Resuspend the pellet of mixed
protoplasts in a volume of BH3 medium
equal to 4–20 times the volume of the orig-
inal pellet (10× is recommended for initial
experiments, followed by fine tuning).
Pipette two drops of the resuspended mix-
ture into 60 × 15 plastic Petri dishes (the
number of dishes determined by the
volume of mixed protoplasts). Immediately
add two drops of PEG solution (40% poly-
ethylene glycol 8000, 0.3 M glucose and 66
mM CaCl2 at pH 6.0) to each fusion dish and
incubate for 8 min. Note that the PEG solu-
tion rapidly acidifies over time – the pH
should be checked prior to use. Add two
drops of A + B solution (9:1 (v/v), A = 0.4 M
glucose, 66 mM CaCl2 and 10% dimethyl-
sulphoxide at pH 6.0; and B = 0.3 M glycine
at pH 0.5 using KOH pellets) to each fusion
dish. To avoid precipitation, the A + B solu-
tion should be mixed just prior to use.
Following another incubation of 12 min,
add 12–15 drops of BH3 medium around
the periphery of the fusing protoplasts.
After incubating for 5 min, carefully
remove the PEG plus [A + B] solution with
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a Pasteur pipette and replace it with 15
drops of BH3 medium. After incubating for
another 10 min, remove the BH3 medium
with a Pasteur pipette and replace it with
12–15 drops of fresh BH3 medium. Repeat
this washing step twice more, carefully
avoiding the loss of protoplasts. After the
final wash, protoplasts are cultured directly
in the fusion Petri dish in either a shallow
pool (8–12 drops of medium) or thin-layer
culture (1.5 ml of medium) in either BH3
medium, EMEP medium or a 1:1 (v/v) mix-
ture of BH3 and EMEP (Grosser and
Gmitter, 1990). Seal plates with Nescofilm,
and culture in either darkness or low light. 

This protocol is not only useful for
generating somatic hybrids, but also fre-
quently produces cybrids as a by-product
(as does the electofusion protocol below).
The cybrids generally contain the nucleus
of the leaf parent, the mitochondrial
genome of the callus parent, and the
chloroplast genome is randomly inherited. 

Protoplast culture and plant regeneration

Following incubation for 4–6 weeks, cul-
tures can be supplemented with medium
containing reduced osmoticum, which is
accomplished by adding 10–12 drops of a
1:2 (v/v) mixture of 0.6 M BH3 medium and
0.38 M EME medium (MT basal containing
125 g/l sucrose and 0.5 g/l malt extract).
After another two weeks, cultures can be
transferred to solid medium in 100 × 20
Petri dishes with further osmoticum reduc-
tion as follows: add 2 ml of a 1:2 (v/v) mix-
ture of BH3 medium and 0.15 M EME
medium (MT basal containing 50 g/l
sucrose and 0.5 g/l malt extract) to each
fusion dish and pour the entire contents on
to solid medium plates containing standard
agar-solidified EME medium. The liquid
medium containing the protoplast-derived
colonies should be spread evenly over the
entire plate. Vigorously growing cultures
may require dilution in order to achieve
somatic embryo induction. Cultures recalci-
trant to embryo induction can also be trans-
ferred to EME medium containing 50 g/l
maltose instead of sucrose as the carbohy-

drate source. Recovered somatic embryos
are enlarged and germinated using any
standard citrus somatic embryogenesis
media sequence (Grosser and Gmitter,
1990). Niedz et al. (2002) have recently
shown that the use of certain semi-perme-
able membranes (i.e. cellulose acetate) can
positively affect the normalizing of citrus
embryogenesis, thereby improving the effi-
ciency of plant recovery. Abnormal
embryos that fail to germinate can be dis-
sected into large sections and cultured on
DBA3 medium (X.X. Deng et al., 1992) for
shoot induction. Resulting shoots can be
rooted on RMAN medium (Grosser and
Gmitter, 1990). Rooted plants can be trans-
ferred to any suitable commercial potting
mixture and maintained under cover at
high humidity for 2–3 weeks for acclimati-
zation.

Protocol for protoplast electrofusion and
plant regeneration

Suspension and leaf protoplasts were iso-
lated and purified as described by Grosser
and Gmitter (1990). The purified protoplast
bands are transferred to new centrifugation
tubes, and then washed twice by centrifu-
gation at 100 g for 10 min in electrofusion
solution containing 0.6 M mannitol and
0.25 mM CaCl2, pH 5.8. Fusions are con-
ducted using an SSH-2 instrument
(Shimadzu Somatic Hybridizer-2, Japan).
The electrofusion chamber is the FTC-03
with 0.8 ml volume. A protoplast mixture
(0.8 ml) containing 3–5 × 105 callus proto-
plasts and 10–15 × 105 mesophyll proto-
plasts was transferred to the FTC-03
chamber, sealed by parafilm and kept still
for 5 min before fusion treatment. The elec-
trical fusion parameters were carefully
determined prior to fusion (Guo et al.,
1998). For most fusion combinations, the
following parameters can work well: AC
(alternate current) field, 60 s, 125 V/cm; DC
(direct current) field, 1250 V/cm, 30 µs in
duration, five times at 0.5 s intervals; final
time, 5 s. For some fusion combination
such as red tangerine + trifoliate orange,
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where the protoplast size of the latter was
only 1/3–1/5 the size of the former, altered
parameters (i.e. AC field, 5 s, 200 V/cm;
then AC field, 30 s, 100 V/cm; DC field,
1250 V/cm, 30 µs in duration, five times at
0.5 s intervals; final time, 5 s) are required,
which not only resulted in good formation
of protoplast pearl chains, and a 5–6% bin-
uclear heterokaryon rate, but also circum-
vented the negative effect of the long
duration time of high AC field strength on
the viability of protoplasts (Guo et al.,
2002). After fusion treatment, the proto-
plast mixtures are incubated for at least 10
min before being transferred to 10 ml cen-
trifuge tubes, and then centrifuged at 100 g
for 4 min. This results in an optimum rate
of binuclear heterokaryons. The super-
natant is then discarded, and the fusion
products are resuspended at a density of
1–2 × 105 cells/ml in BH3 medium (Grosser
and Gmitter, 1990) by liquid thin-layer cul-
ture. The subsequent protoplast culture and
plant regeneration procedures are the same
as mentioned above.

Protocol for in situ hybridization in citrus
(CIRAD, from D’Hont et al., 1996, 1998) 

Small fragments (1 mm2) of leaf or root
mitotic areas are digested in pectinase +
cellulase solution before performing chro-
mosome squashes. For GISH, total genomic
DNA of each species is used as a probe.
DNA probes of approximately 300 bp are
marked by nick translation of dNTPs linked
with two kinds of molecule (biotin or
digoxigenin) that should be revealed by two
florochromes with different emission
colours. For rDNA study, the probe pTa71
(18S–25S rDNA) marked with digoxigenin
is used. The chromosome squashes are
hybridized with probes after a step of
denaturation. Then the biotin probes are
revealed by avidin marked with Texas red
(red coloration), while digoxigenin probes
are revealed with anti-digoxigenin antibod-
ies marked with fluorescein isothiocyanate
(FITC; green coloration). After an amplifica-
tion step, a counterstaining of chromo-

somes with 4’,6-diamino-2-phenylindole
(DAPI) is performed. See D’Hont et al.
(1996, 1998) for detailed protocols.

Protocol for CAPS analysis of citrus
mitochondrial and chloroplastic genomes

(CIRAD, from Lotfy et al., 2002)

DNA amplification

The 13 pairs of universal cytoplasmic
primers are described in Demesure et al.
(1995). Some of them have been modified to
obtain better amplification with citrus
(Lotfy et al., 2002). The primers and PCR
conditions selected are described in Table
10.3. The PCR mixture (25 µl) contains 67
mM Tris–HCl (pH 8.8), 16 mM (NH4)2SO4,
0.01% Tween-20, 0.2 µM of each primer and
300 µM of dNTP (Eurobio), 1.5–2.5 mM

MgCl2, 0 or 4% glycerol (depending on the
primer pair used, Table 10.3), 0.5 U of Taq
DNA polymerase (Eurobio) and 50 ng of
citrus DNA sample. The mixture is covered
with a drop of mineral oil, and the reaction
is performed in a DNA thermal cycler
(model PTC-100 MJ Research), programmed
for an initial denaturing cycle of 4 min at
94°C then 30 cycles of 45 s denaturation at
92°C, 45 s annealing at 55 or 58°C (depend-
ing on the primer pair used, Table 10.3), 3
min elongation at 72°C and a final step of 10
min at 72°C to complete the synthesis of
DNA strands.

DNA restriction

Amplified DNA fragments are digested
using 4–6 base recognition restriction
endonucleases (DraI, AluI, Bsp143-I, HaeIII,
RsaI, EcoRI, MvaI, HinfI, HindIII, AvaII and
Ama 87I) (Eurogentec or Amersham), in a
final volume of 25 µl containing 1× specific
buffer (Eurogentec or Amersham) for each
restriction enzyme, 5 U of endonuclease
and 15 µl of amplification product. The
reaction medium is incubated for 3 h at
37°C.
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Table 10.3. Description of seven pairs of universal primers of chloroplast and mitochondrial DNA used for Citrus CAPS development by Lotfy et al. (2002)a.

PCR conditions for Citrus

Primer 1 Primer 2 Observed length Annealing MgCl2 Glycerol
in citrus temperature (mM) (%)

Chloroplast primers
psaA (PSI (P700 apoprotein A1)) trnS (tRNA-Ser(GGA)) 3054 bp 58.0°C 2 0
5’-ACTTCTGGTTCCGGCGAACGAA-3’ 5’-AACCACTCGGCCATCTCTCCTA-3’
trnM (tRNA-Met (CAU)) rbcL (RuBisCo large subunit) 3000 bp 58.0°C 2 0
5’-TGCTTTCATACGGCGGGAGT-3’ 5’-GCTTTAGTCTCTGTTTGTGG-3’
trnH (tRNA-His (GUG))b trnK (tRNA-Lys (UUU) exon 3) 4072 bp 55.0°C 1.5 4
5’-ACGGGAATTGAACCCGCGCA-3’ 5’-CAACGGTAGAGTACTCGGCTTTTA-3’
trnC (tRNA-Cys (GCA) exon 2)c trnD [tRNA-Asp (GUC) exon 1) 3500 bp 55.0°C 2 0
5’-CCAGTTCAAATCCGGGTGCC-3’ 5’-GGGATTGTAGTTCAATTGGT-3’
trnT (tRNA-Thr (GGU) exon 3)d trnD (tRNA-Asp (GUC) exon 2) 1850 bp 55.0°C 2 0
5’-CCCTTTTAACTCAGTGGTAG-3’ 5’-ACCAATTGAACTACAATCCC-3’
Mitochondrial primers
nad4 exon 1 nad4 exon 2 2036 bp 58.0°C 1.5 4
5’-CAGTGGGTTGGTCTGGTATG-3’ 5’-TCATATGGGCTACTGAGGAG-3’
nad4 exon 3 nad4 exon 4 3054 bp 55.0°C 2 4
5’-TGTTTCCCGAAGCGACACTT-3’ 5’-GGAACACTTTGGGGTGAACA-3’

aUniversal primers previously described by Demesure et al. (1995) are used but some modifications are introduced.
bNew combinations.
cThe trnC2 sequence contains two different bases compared with Demesure et al. (1995).
dThe trnT3 sequence is inverted compared with Demesure et al. (1995).



DNA analysis

Native and digested amplification products
are separated by electrophoresis in a 1.8%
agarose gel with 1× TBE during 5 h, and
then visualized by UV fluorescence after
staining with ethidium bromide (3 µg/ml).
The size of the separated fragments is esti-
mated by comparison with the 1 kb DNA
ladder (0.5–10 kb) (Sigma).

Propidium iodide staining for flow cytometry
(Yu et al., 1993)

Ploidy analysis and cell cycle distribution
analysis

PROTOCOL

1. Pellet 2–3 × 106 cells in a 15 ml cen-
trifuge tube and wash once with cold phos-
phate-buffered saline (PBS)/azide solution.
2. Resuspend cells in 1 ml of low salt stain
by gently vortexing. Cover the tube with foil
and incubate in a 37˚C water bath for 20
min with gentle mixing every 5 min.
3. Add 1 ml of high salt stain by gently vor-
texing and store at 4˚C for at least 1 h, and
preferably overnight.

The Bauer DNA staining technique
uses a hypotonic solution of Triton X-100
detergent to strip cell membranes and pro-
duce a nuclear suspension. RNase digestion
destroys RNA which also stains with pro-
pidium iodide. The high salt buffer is
added to re-establish an isotonic solution.

SOLUTIONS

1. Sterile PBS + 0.1% sodium azide. Store
a 4˚C. 
2. Low salt stain (100 ml).

● 3.0 g of PEG 8000.
● 5.0 ml of propidium iodide solution (1

mg/ml). Dissolve 0.01 g of propidium
iodide in 10 ml of autoclaved distilled
water; use 5 ml for low salt stain and 5 ml
for high salt stain. Cover the cylinder
with foil.

● 18,000 units of RNase A (Worthington
Biochemicals supplied as DNase-free
liquid) add 180 units/ml to staining solu-
tion just before use.

● 1 ml of 10% (v/v) Triton X-100 with 9 ml
of PBS/azide, vortex. Use 1 ml for low
salt stain and 1 ml for high salt stain.

● Add 4 mM sodium citrate to bring the
volume to 100 ml (~94 ml).

● Add the above reagents, bring the volume
to 100 ml with citrate and cover the cylin-
der with foil.

3. High salt stain (100 ml).

● 3.0 g of PEG 8000.
● 5 ml of propidium iodide solution (1

mg/ml).
● 1 ml of 10% (v/v) Triton X-100 (see

above).
● Add 400 mM sodium chloride to bring the

volume to 100 ml (~94 ml).
● Pipette 4 ml of each stain into sterile pop-

top tubes and store at –20˚C covered with
foil.

The stain is stable for 1 year.

Concluding Remarks

Many laboratories around the world are
now engaged in citrus improvement
research that utilizes somatic hybridization
and cybridization techniques. In this
regard, Citrus is certainly the model crop
for applying such techniques to variety
improvement efforts. Verification of tar-
geted somatic hybrids and cybrids, and
characterization of their genomes have been
enhanced by emerging plant molecular
biology methods in combination with flow
cytometry. Feedback from commercial field
trials and/or molecular marker-generated
progenitor species information regarding
important scions and rootstocks is guiding
current somatic hybridization research and
suggests new applications to produce
improved scions and rootstocks. At a time
when most plant improvement programmes
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are focused on production of transgenics,
which tends to narrow the germplasm base
and may have consumer acceptance prob-
lems, successful somatic hybridization
offers opportunities to expand the
germplasm base greatly. The most success-
ful citrus improvement programmes are
integrating somatic hybridization and
cybridization techniques along with con-
ventional breeding, standard tissue culture
and evolving plant molecular biology meth-
ods – whatever it takes to get the job done
efficiently.
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Introduction

The development of new improved culti-
vars is the key for the economic success of
the agricultural marketing of any crop.
Cultivars with unique traits facilitate
expansion of crop areas and attract small
growers interested in developing niche
markets to avoid the competition with large
and well established growers. Conventional
breeding has been the most used method to
create cultivars in most crops; however, for
citrus this is not very practicable.
Conventional breeding has been irrelevant
for the development of improved cultivars
for the most economically important citrus
species, specifically sweet orange, grape-
fruit and lemon. Barriers such as sterility
(Soost and Cameron, 1975) and self- and
cross-incompatibility (Soost, 1969) prevent
important crosses from being successful.
Additionally, the widespread nucellar
embryony (Frost and Soost, 1968; Soost and
Cameron, 1975) in conjunction with high
heterozygosity makes the production of a
large segregating population for the selec-
tion of a specific trait an almost impossible
task.

The development in the last decade of

molecular methods for the introduction of
genes into several citrus species (Gutierrez
et al., 1997; Bond and Rose, 1998;
Dominguez et al., 2000; Yang et al., 2000)
opened up new opportunities for the cre-
ation of improved citrus varieties in the
near future. Many horticulturally important
traits, however, are polygenically encoded
and, therefore, are not amenable to be trans-
ferred by the currently available genetic
transformation procedures. Additionally,
for the gene to be transferred by genetic
transformation, it needs to be isolated, and
currently the availability of genes of horti-
cultural importance for citrus is still very
limited. Somatic hybridization by proto-
plast fusion is a method that allows combi-
nation of the entire genome of two different
species. This has been an excellent method
in citrus for combining closely (Louzada et
al., 1992; Grosser et al., 1998) and distantly
related genotypes (Grosser et al., 1988,
1990; Louzada et al., 1993), overcoming
incompatibility barriers. Fertility seems to
be no problem among several somatic
hybrids produced to date (J.W. Grosser,
Florida, 2002, personal communication).
This method has been very successful in
producing tetraploid breeding parents to be
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used in interploid crosses targeting seedless
triploid cultivars. In addition, it has been of
great importance for the production of new
genotypes to be tested directly as root-
stocks. For direct use as scion varieties,
however, the tetraploid nature of the
somatic hybrids seems to be, in most cases,
less beneficial probably due to the overex-
pression of some genes. The production of
citrus somatic hybrids containing the com-
plete genome of a recipient species, and
only one or a few chromosomes, or chro-
mosome segments from a donor species
would be of great interest for the citrus
industry; so far there are no reports on the
production of such hybrids.

To achieve partial genome transfer,
usually asymmetric somatic hybridization
is performed by irradiating donor proto-
plasts with high doses of UV, X- or [γ]-rays,
before fusion, to induce donor chromosome
elimination or recombination in fusion
products. Sometimes, most donor chromo-
somes are eliminated in the asymmetric
hybrids (Vlahova et al., 1997; Yemets et al.,
2000), and at other times only a few are
eliminated (McCabe et al., 1993), and, fur-
ther, donor chromosomes may undergo
fragmentation and recombine with the
recipient genome (Lie et al., 1999; Tian and
Rose, 1999; Tian et al., 2002). Highly asym-
metric hybridization,  however,  is more
common when distantly related species are
used as parents, being more difficult to
accomplish when the parents are from the
same genus (Dudits et al., 1987).
Asymmetric hybridization involving dis-
tantly related species is important to
introgress genes from incongruent species
into cultivated species. For citrus, it would
also be of great interest to have a method
that would facilitate the transfer of one or a
few chromosomes from one species to a
closely related one, for the production of
new cultivars in one step without further
sexual hybridization. Additionally, it
would probably be more profitable if partial
genome transfer could be performed with-
out the use of irradiation to minimize the
damage to the donor genome. Partial
nuclear genome transfer in citrus is still to

be explored since hybrids with very limited
chromosome numbers from a donor species
have never been produced. In this chapter,
we will discuss the methodology of micro-
protoplast-mediated  chromosome transfer
(MMCT) as a new approach for partial
genome transfer in citrus.

Partial Genome Transfer in Mammals

In mammals, a method for partial transfer
called chromosome-mediated gene transfer
(CMGT) was established more than three
decades ago, which allowed the transfer of
subchromosome fragments from Chinese
hamster to mouse (McBride and Ozer,
1973). The method consists of isolation of
metaphase chromosomes from cells
arrested in mitosis by colchicines or col-
cemid. The donor chromosome enters
recipient cells by phagocytosis, which is
facilitated by the addition of poly-L-
ornithine. The donor genotype carries com-
plementary genes that, when transferred to
the recipient cells, allow their proliferation
in a selective medium. Isozyme analysis of
transformant cell lines demonstrate expres-
sion of the complementary gene derived
from the donor cells (McBride and Ozer,
1973). This method was later improved by
Miller and Ruddle (1978) to increase the
frequency of donor chromosome transfer.
Since CMGT transfers chromosome frag-
ments, the breakage event disrupts syntenic
relationships of genes on a chromosome
and, therefore, this method can be used to
produce mapping data (Klobutcher and
Ruddle, 1981). CMGT mapping was suc-
cessfully used to map genes in human chro-
mosome 17 (Klobutcher and Ruddle, 1979).
The CMGT procedure may be stable or
unstable, and no donor chromosome frag-
ments can be detected cytologically
(McBride and Ozer, 1973) even though the
transfer is confirmed by gene complemen-
tarity.

Another technique called microcell-
mediated chromosome transfer was later
developed by Fournier and Ruddle (1977),
which enabled them to transfer 1–5 murine
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chromosomes to mouse, hamster or human
recipient cells. Unlike CMGT, microcell-
mediated chromosome transfer allows
intact chromosomes to be transferred from
one cell to another, resulting in karyotypi-
cally simple somatic cell hybrids for cyto-
genetic and genetic analysis (Killary and
Lott, 1996). To date,  microcell-mediated
chromosome transfer is one of the most
important tools in mammalian cells and
especially for humans for gene mapping,
analysis of gene function and molecular
cloning of defined chromosomal regions
(Jacob et al., 1999). Most of the 22 human
chromosomes are currently available in
monochromosomal cell hybrids, produced
using microcell-mediated chromosome
transfer (Cuthbert et al., 1995; Murakami et
al., 2000; Inoue et al., 2001). The proce-
dure, as initially set up (Fournier and
Ruddle, 1977), consists of exposure of
donor cells to colcemid, a microtubule
polymerization inhibitor, which prevents
formation of a functional mitotic spindle,
and thereby arrests the cells in metaphase.
This treatment will induce chromosomes
from donor cells to be scattered throughout
the cytoplasm. When the cells eventually
exit mitosis, a nuclear membrane reforms
around a single chromosome or small clus-
ters of chromosomes to produce micronu-
clei. Individual micronuclei may be
isolated from the micronucleated cells by
the action of cytochalasin B (CB) together
with gradient centrifugation to form micro-
cells. CB induces nuclear extrusion which,
when combined with centrifugation,
causes extruded micronuclei to break out
on a thin rind of cytoplasm (McNeill and
Brown, 1980). Purer microcells can be pro-
duced by incorporating a microfiltration
procedure after the centrifugation step
(Stubblefield and Pershouse, 1992). The
microcells are then fused with recipient
cells to produce microcell hybrids.

Chromosome Transfer in Plants

Partial nuclear genome transfer in plants
has generally been performed by asymmet-

ric hybridization; however, in most cases,
the amount of donor chromosomes elimi-
nated in hybrids tends to be low. It is even
more difficult to eliminate chromosomes if
the species involved are closely related. In
plants, little progress has been made in the
development of new methods for the trans-
fer of a limited number of chromosomes
from one species to another. Szabados et al.
(1981) established a procedure for mass iso-
lation of chromosomes from wheat
(Triticum monococcum) and parsley
(Petroselinum hortense), and showed evi-
dence of introduction into parsley, maize or
wheat protoplasts. Unfortunately, the cul-
ture period for hybrid protoplast was too
short to verify the feasibility of this proce-
dure as a partial genome transfer method.
Later, de Laat and Blaas (1987) microin-
jected metaphase chromosomes isolated
from kanamycin-resistant Nicotiana
plumbaginifolia suspension cells into pro-
toplasts of wild-type N. plumbaginifolia;
however, only visual observation was made
on the transfer process. Griesbach (1987)
microinjected Petunia alpicola chromo-
somes into protoplasts of P. hybrida and
demonstrated biochemically that enzymes
from the donor could be detected in the
calli formed; however, no cytological analy-
sis was performed, and no plants were
obtained. One of the most promising
methodologies, which proved to be an
excellent tool in mammalian cells is micro-
cell-mediated chromosome transfer, which
for plants is called microprotoplast-medi-
ated chromosome transfer (MMCT). This
technique is a combination of several
important steps, some of which were devel-
oped more than a decade ago. For example,
the first step in MMCT is to induce donor
chromosomes to be scattered in small num-
bers throughout the cytoplasm to form
micronucleated cells. This phenomenon is
induced by microtubule (MT)-depolymeriz-
ing agents, which prevent formation of a
mitotic spindle, arresting the cells in
metaphase. Micronucleation has been
known in mammalian cells for many years
(Phillips and Phillips, 1969); however, for a
long time the lack of an efficient and
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reversible anti-MT drug in plants hampered
the development of MMCT. In 1987, de Laat
et al. (1987) demonstrated that Amiprophos-
methyl (APM) induced a high degree of
chromosome metaphase arrest in cells of N.
plumbaginifolia and, after a prolonged
exposure, the chromosome decondensed
and formed micronuclei. Falconer and
Seagull (1987) observed that APM is a rapid
and reversible anti-MT agent for plant cells.
APM was reported to be a highly efficient
mitosis-arresting agent that induced forma-
tion of a high frequency of micronuclei in N.
plumbaginifolia (Ramulu et al., 1988a) and
in Solanum tuberosum, Daucus carota and
Haplopappus gracilis cells (Ramulu et al.,
1988b). They also observed that a large per-
centage of the micronuclei contained 1–3
chromosomes and suggested the application
of their data to initiate a new method to pro-
duce microcell hybrids in plants, which
would be suitable for genetic manipulation
and gene mapping. Ramulu et al. (1994)
reported that the herbicide Cremart®
(butamiphos) was also very efficient as an
anti-MT agent to induce mitosis arrest and
the formation of micronuclei in plants.

Micronucleation is only the first step in
the development of a chromosome transfer
procedure, because individual micronuclei
must to be isolated from the cells by an effi-
cient enucleation process. Lorz et al. (1981)
enucleated protoplasts of Hyoscyamus
muticus, Nicotiana tabacum and Zea mays
using a density gradient of percoll, calcium
chloride and mannitol to produce cyto-
plasts and miniprotoplasts. Later, Lesney et
al. (1986) enucleated Solanum nigrum L.
protoplasts using a mannitol/sucrose gradi-
ent. In mammals, the most efficient enucle-
ation process, which has been used for
MMCT since the first establishment as a
partial genome transfer procedure (Fournier
and Ruddle, 1977), has been CB, which is a
fungal metabolite that interferes with the
microfilament attachment to the cell mem-
brane (Carter, 1967) inducing the extrusion
of the nuclei from the cell. Combination of
this treatment with centrifugation proved to
be very efficient for enucleation in mam-
malian cells (Fournier and Ruddle, 1977).

Wallin et al. (1978) observed that CB plus
centrifugation was efficient for enucleation
of plant protoplasts; however, Lorz et al.
(1981) reported reduction of viability and
plating efficiency of miniprotoplasts pro-
duced using this chemical in concentra-
tions from 1 to 200 µg/ml and incubation
times of up to 24 h. Verhoeven and Ramulu
(1991) demonstrated that a continuous iso-
osmotic gradient of mannitol and percoll in
association with CB was very efficient to
produce of microprotoplasts of N.
plumbaginifolia. Additionally, the negative
effect of CB on regeneration of subproto-
plasts was compensated by a better frac-
tionation and by higher yields of
evacuolated, intact subprotoplasts. Ramulu
et al. (1993) observed that the most impor-
tant parameters for production of a large
number of small microprotoplasts were the
synchronization of the suspension cell
cycle with hydroxyurea or aphidicolin,  the
presence of CB during protoplast isolation
and ultracentrifugation, and passage of
microprotoplasts through sieves of 48, 20,
15 and 5 µm. With these parameters, these
authors were able to isolate a fraction with
approximately 80% of microprotoplasts
containing 1–4 chromosomes. The culmina-
tion in the establishment of MMCT for
plants occurred when Ramulu et al. (1995)
reported the application of this method for
transgenic S. tuberosum and N.
plumbaginifolia as donors, and
Lycopersicon peruvianum or N. tabacum as
recipients. They successfully produced
hybrid plants containing 24 or 48 L. peru-
vianum chromosomes and one S. tubero-
sum chromosome. Additionally, they
observed several plants with phenotypes
between that of wild tomato and potato; one
of these plants had 71 tomato chromo-
somes, five potato chromosomes and two
chromosomes with interchanged or recipro-
cally translocated parts of the wild tomato
and potato chromosomes. For the S. tubero-
sum + N. tabacum combination, all plants
resembled the recipient parent, N.
tabacum; however, they expressed donor
characteristics such as kanamycin resist-
ance and β-glucuronidase (GUS) activity.
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Later, Ramulu et al. (1996a) using the anti-
MT agent cremart and transgenic potato
suspension cells as chromosome donor,
were able to produce several hybrid plants
containing one chromosome of potato, car-
rying a single copy of the nptll and gus
genes, and a complete set of tobacco or wild
tomato. In the first backcross progeny of
these hybrids, they recovered monosomic
and disomic additions, and introgression
plants showing integration of gus and nptll
genes. This demonstrates that the trans-
ferred potato chromosomes had a normal
function in the wild tomato genome back-
ground. In all the above microprotoplast
hybrids, the chromosome donor parents
were transgenic and the hybrids were
regenerated under selection pressure. If
there is a need for a donor parent to carry a
selectable marker for MMCT to be applied,
the broad use of this procedure would be
limited. Binsfeld et al. (2000) using non-
transgenic donors obtained microprotoplast
hybrid plants of Helianthus annuus con-
taining 2–8 chromosomes of H. giganteus or
H. maximiliani. Further analysis of 12
microprotoplast hybrids indicated that
despite some meiotic abnormality (bridges,
laggard chromosomes, univalent or multi-
valent pairing), most of the hybrids pre-
sented regular chromosome pairing
(Binsfeld et al., 2001). In addition, the
hybrids produced highly viable pollen per-
mitting sexual transmission of the trans-
ferred chromosomes to their progeny.
Chromosome elimination or rearrangement
also seems to occur in the progeny.
These results clearly indicate that there is
no need for selection pressure to maintain
an alien chromosome in the recipient
parent.

Establishment of MMCT in Citrus

MMCT is still an emerging technology for
partial genome transfer in plants, with the
procedure being completely established
only for a few members of the Solanaceae
and Compositae families. This technology
has a great potential for partial genome

transfer in citrus and especially for the
highly polyembryonic species, which are
completely dependent on natural or
induced mutation for the development of
new improved cultivars, as previously dis-
cussed. The most important parameter to
establish MMCT in citrus is to know the
growth rates of suspension cells of several
species. According to Verhoeven et al.
(1991), a high division activity is very
important for the formation of a large
number of micronucleated cells, since
micronuclei are formed during cell divi-
sion. Ramulu et al. (1993), in order to
obtain a sustained division activity of sus-
pension cells of N. plumbaginifolia, subcul-
tured the cells at 3–4 day cycles. A day after
subculture, at an early log phase, the cell
cycle was synchronized by applying
hydroxyurea (HU) or aphidicolin for 24 h,
after which, APM was applied. Similar con-
ditions were applied to S. tuberosum sus-
pension cells (Ramulu et al., 1996b).
Binsfeld et al. (2000) observed that on the
fourth day of cultivation, suspension cells
of H. giganteus and H. maximiliani had
their highest mitotic activity and, therefore,
cells were treated with APM on the third
day, during early log-phase growth without
cell cycle synchronization.  The conditions
used for the induction of high micronucle-
ation rates of N. plumbaginifolia and S.
tuberosum suspension cells were very suit-
able for all citrus species tested and there-
fore we have been using a 3–4 day
subculture cycle, with cell cycle synchro-
nization performed a day after subculture,
followed by APM treatment (Louzada,
2001, unpublished data). Cell cycle syn-
chronization, 24 h before APM treatment
was critical to maintain high micronucle-
ation rates in citrus. Concentrations of APM
ranging from 24 to 48 µM for 24 h, preceded
by treatment with 10 mM HU for 24 h, were
very effective in inducing high micronucle-
ation rates in ‘Ruby Red’ grapefruit (Citrus
paradisi), ‘Valencia’ sweet orange (C. sinen-
sis), ‘Changsha’ mandarin (C. reticulata),
‘Murcott’ tangor (C. sinensis × C. reticulata),
and the citrus relatives Swinglea glutinosa
and Microcitrus papuana. The best concen-
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tration, however, for mass production of
microprotoplasts was 32 µM APM preceded
by 10 mM HU (Louzada, 2002, unpublished
data). After this initial APM treatment, pro-
toplasts need to be isolated and maintained
highly micronucleated.  In N. plumbagini-
folia (Ramulu et al., 1993) and S. tuberosum
(Ramulu et al., 1996b), the presence of APM
or cremart plus CB during the entire
process of donor protoplast manipulation
was required for efficient fractionation of
micronucleated protoplast by ultracentrifu-
gation.  APM prevented the reformation of
MTs in micronucleated protoplasts, and CB
disrupted the microfilaments while main-
taining the integrity of the plasma mem-
brane. Louzada et al. (2002) produced large
quantities of microprotoplasts from ‘Ruby
Red’ grapefruit and from the citrus relative
S. glutinosa using the procedure described
by Ramulu et al. (1993) for N. plumbagini-
folia, with a few modifications as briefly
described. Early log phase suspension cells
(1.0 g fresh weight drained) of ‘Ruby Red’
grapefruit and S. glutinosa were harvested 1
day after subculture (3–4 day cycle) and
treated with a freshly prepared solution of
10 mM HU for 24 h. Non-treated suspen-
sion cells were used as a control. Treated
and control cells were washed four times
with H+H medium (Grosser and Gmitter,

1990) and incubated with 32 µM APM
(Bayer Corp., Agricultural Division, Kansas
City, Missouri) for 24 h. During this time,
cells with scattered chromosomes (Fig.
11.1) of with several micronuclei (Fig. 11.2)
could be visualized. After the initial APM
treatment, suspension cells were incubated
for 24 h in a cell wall digesting mixture
containing equal parts of enzyme solution
and 0.6 M BH3 medium (Grosser and
Gmitter, 1990) supplemented with 32 µM
APM, and 20 µM CB (Sigma, St Louis,
Missouri). Protoplasts were then filtered
through a 45 µm stainless steel mesh screen
and pelleted at 100.g to remove enzyme.
Protoplasts were purified by centrifugation
using a 25% sucrose–13% mannitol gradi-
ent and washed once with 0.4 M mannitol.
During the protoplast manipulations, all
solutions contained 32 µM APM and 40 µM
CB. A continuous iso-osmotic gradient of
percoll was prepared by adding 7.2% (w/v)
mannitol to a percoll solution (Amersham
Pharmacia Biotech, Piscataway, New
Jersey) followed by centrifugation for 30
min at 100,000.g in a swinging bucket rotor
(SW 41 Ti-Beckman Instruments, Inc.,
Fullerton, California) and 6 × 13.2 ml tubes.
The protoplast suspension was layered in
the pre-formed gradient and centrifuged for
2 h using the above conditions. After cen-
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trifugation, bands ‘b’ and ‘c’ (Fig. 11.3)
were collected together in 15 ml of 0.6 M
BH3 (Grosser and Gmitter, 1990) and fil-
tered sequentially through a 20 µm
nylon mesh screen (Small Parts Inc., Miami
Lakes, Florida), 14 µm nucleopore mem-
brane (Corning, Action, Massa-chusetts)
and 10 and 5 µm nylon mesh screens
(Small Parts, Inc.). When bands ‘d’ and ‘e’
were dense enough, they were collected
together with bands ‘a’ and ‘b’. Filtration
was performed by gravity flow, and a light
pressure was applied, if necessary.
Microprotoplasts were collected by two
rounds of centrifugation at 80.g and 100.g
using a table top centrifuge, and resus-
pended in an appropriate volume of BH3
medium (Grosser and Gmitter, 1990).
Microprotoplasts were stained with one
drop of acridine orange solution at 10 µg/ml
and checked for integrity using fluores-
cence microscopy. To determine yield,
microprotoplasts were counted under a
light microscope using a haemacytometer.
In the original protocol described by

Ramulu et al. (1993) and others for plants of
the Solanaceae and Compositae families,
the microprotoplast bands collected from
the percoll gradient were diluted in 0.4 M
mannitol, and also used to wash the sieves
during the microfiltration. For citrus, if too
much mannitol was collected from the gra-
dient, or if the bands were diluted in man-
nitol, the microprotoplasts could not be
precipitated after filtration. Therefore, spe-
cial attention must be paid during the
removal of bands from the percoll gradient.
In cases where more mannitol was col-
lected together with the bands, it was very
important to dilute further with 0.6 M BH3
medium.

The procedure has been very consis-
tent, always producing a large amount of
microprotoplasts, of the order of 2 × 106

microprotoplasts/g of drained suspension
cells, and almost 80% of the microproto-
plasts have only one chromosome. A size
comparison between protoplast (P) and
microprotoplast (M) is shown in Fig 11.4.
‘Ruby Red’ microprotoplasts produced
were used in fusion with ‘Succari’ sweet
orange protoplasts isolated from embryo-
genic suspension cells. No plants were
regenerated; however, two embryos
were produced. One of the embryos pro-
duced roots, enabling us to determine cyto-
logically the chromosome number, which
was 22.

The swinglea glutinosa microproto-
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Fig.11.4. Size comparison between a protoplast (P)
and a microprotoplast (M).

Fig.11.3. A percoll gradient.



plasts were fused with sour orange (C.
aurantium) mesophyll protoplasts, but no
embryos were obtained, even though the
fusion products grew very rapidly and pro-
duced microcallus. Suspension cells were
produced from the fusion products and
many cells containing 2–6 extra chromo-
somes were observed. Since mesophyll pro-
toplasts from sour orange do not regenerate
by themselves, neither do the S. glutinosa
microprotoplasts (Louzada, 2001, unpub-
lished data), it was expected that many
cells would have extra chromosomes.
Several other combinations were attempted
but, even though callus were obtained, no
embryos were produced. Later, we found
that the reduction or inhibition of embryo-
genesis of the fusion products was directly
related to the concentration of CB used
during the MMCT process (Louzada, 2001,
unpublished data). Lorz et al. (1981)
reported a reduction of viability and plating
efficiency of miniprotoplasts using concen-
trations of CB from 1 to 200 µg/ml and incu-
bation times of up to 24 h. By reducing the
concentration of CB from 20 to 10 µM
during the enzyme incubation, and from 40
to 10 µM during the percoll gradient, we
were able to produce a large amount of
embryos from several fusion combinations.
The majority of the embryos were bipolar
and produced roots and shoots; however,
the roots were initially very vigorous, but
when the shoots were approximately 1.5
cm, they reduced their growth rates dramat-
ically. Attempts to produce adventitious
roots failed in all cases, therefore, the
shoots were micro-grafted in vivo (Skaria,
2000).  Cytology performed in root tips of
several plantlets from the fusion ‘Succari’
sweet orange (recipient) + ‘Ruby Red’
grapefruit (donor) revealed chromosome
numbers ranging from 2n + 1 to 2n + 6. This
fusion combination was cultured in EME
medium (Grosser and Gmitter, 1990) which
contains 0.6 M sucrose. It is well known
that the embryogenesis capacity of
sweet orange is inhibited in medium with a
sucrose concentration higher than 0.3 M
(Ohgawara et al., 1985), and the micro-
protoplasts do not divide when cultured

alone (Louzada, 2001, unpublished
data). We therefore, expected that only
those with extra chromosomes would be
able to regenerate into plants. All cyto-
logical analyses performed so far in root
tips revealed additional chromosomes. A
micro-grafted plant is shown in Fig. 11.5,
and a root tip cell containing 24 chromo-
somes (2n + 6) is shown in Fig. 11.6. We are
currently micro-grafting plantlets from sev-
eral other fusion combinations. Molecular
characterization of all the plants is under-
way.

MMCT in Citrus – Detailed Procedure

The following is the complete protocol for
microprotoplast isolation. It is important to
emphasize that the suspension cells to be
used as donor must be fast growing ones for
the isolation of a large quantity of micro-
protoplasts, since the micronucleation
occurs during cell division.
1. Grow suspension cells in a 3-4 day sub-
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culture cycle in H+H medium (Grosser and
Gmitter, 1990) containing 50% of macronu-
trients, under appropriated lighting condi-
tions.
2. One day after subculturing, add 10 mM of
Hu for 24 h.
3. Wash out the HU four times with H+H
medium.
4. Add 32 µM APM for 24 h. Cells with
chromosomes scattered (Fig. 11.1) or with
several micronuclei (Fig. 11.2) can be visu-
alized by staining fixed cells with 4′,6-
diamidino-2-phenyindole (DAPI) at 0.4
µg/ml.
5. Drain and divide the cells into approxi-
mately 300 mg amounts in 60 × 15 mm Petri
dishes and add 32 µM APM + 10 µM CB +
one part of enzyme solution to three parts of
0.6 M BH3 medium (enzyme and 0.6 M
BH3, as described by Grosser and Gmitter,
1990). Incubate in the dark with gentle agi-
tation for 15–18 h.
6. Filter the micronucleated protoplasts
through a 45 µm stainless steel screen
(Small Parts, Inc.,) and pellet them at 100.g
to remove enzyme. Purify the protoplasts
by centrifugation through a 25% sucrose –
13% mannitol gradient and wash once with

0.4 M mannitol. Remove most of the man-
nitol and maintain the protoplasts as a
dense solution. All solutions must contain
32 µM APM + 10 µM CB during the whole
process of protoplast isolation and purifica-
tion.
7. Prepare an iso-osmotic gradient of per-
coll by adding 7.2% mannitol to a percoll
solution (Amersham Pharmacia Biotech),
and spin at 100,000.g at 20°C for 30 min in
a swinging bucket rotor.
8. To the top of the pre-formed percoll gra-
dient add the dense solution of micronucle-
ated protoplasts and spin at 100,000.g for 2
h at 20°C in a swinging bucket rotor.
9. After centrifugation, usually nine bands
are obtained (Fig. 11.3). The number of
bands will depend on the amount of proto-
plasts loaded and on the efficiency of
micronucleation. Band ‘a’, forms at the sur-
face of the gradient and is usually com-
posed of a sticky material. This band
should not be collected since it will con-
taminate the microprotoplast suspension. A
glass rod or the tip of a Pasteur pipette can
be used to remove the central part of this
band to facilitate the collection of the
others. Band ‘b’ is normally very thick and
contains a large amount of microproto-
plasts, and is usually collected together
with band ‘c’. In all microprotoplast isola-
tions performed so far, for citrus, the
amount and quality of microprotoplasts
originated from these two bands has been
more than can be handled by one person
per day in fusion experiments. The other
bands below ‘c’ contain very clean and
good quality small size microprotoplasts;
however, the amount of mannitol collected
together with the bands makes it very diffi-
cult to precipitate the microprotoplasts,
even when  diluted with large amounts of
0.6 M BH3.
10. Collect bands ‘b’ and ‘c’ (Fig. 11.3)
and dilute it to at least 15 ml with 0.6 M
BH3.
11. Filter the microprotoplasts suspension
sequentially through a 20 µm nylon mesh
screen, 14 µm nucleopore membrane, and
10 and 5 µm nylon mesh screens. The nylon
screens are manufactured by Small parts
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Inc., and the Nucleopore membranes by
Corning. If necessary, a light pressure can
be applied to facilitate the flow; if high
pressure is applied, the microprotoplasts
may be damaged and larger microproto-
plasts will flow through.
12. The microprotoplasts can be visualized
under fluorescence after staining with 3 µl
of an acridine orange solution at 10 µg/ml.
A size comparison of a protoplast (P) and
microprotoplasts (M) is shown in Fig. 11.4.
13. Protoplasts from a recipient species
should by this time already be isolated and
purified as described by Grosser and
Gmitter (1990).
14. Protoplasts and microprotoplasts are
mixed in a proportion of 1:2 or 1:3 and
fused by polyethylene glycol (PEG) method
as described by Grosser and Gmitter (1990).
15. The fusion products are cultured as
described by Louzada et al. (2002) and
plants are regenerated using B germination
medium (Grosser and Gmitter, 1990) with
half strength of macronutrients.
16. Regenerated plants are rooted or micro-
grafted on suitable rootstock.
17. Chromosome counting is performed
according to Louzada et al. (2002), or by
any other cytological method. Molecular
characterization can be carried out by
polymerase chain reaction (PCR)-based
methods or amplified fragment length poly-
morphism (AFLP). If the species are dis-
tantly related, probably GISH (genome in
situ hybridization) will be feasible.
Fluorescence in situ hybridization (FISH)
or (GISH) for MMCT between closely
related citrus species is very difficult to
accomplish.

Potential and Prospects of MMCT in
Citrus

MMCT in citrus is still in its developmental
stages; however, it is possible to envisage
its potential for citrus breeding. The trans-
fer of a limited number of chromosomes
from one citrus species or relative to
another citrus could greatly impact the
development of new cultivars. For sweet

orange, grapefruit, lemon and limes, which
are highly polyembryonic, this would be
especially important, since so far natural or
induced mutation has been the primary
method for cultivar development for these
groups. In mammalian cells, as previously
discussed, microcell-mediated chromo-
some transfer is still one of the most power-
ful tools for gene mapping, analysis of gene
function and the molecular cloning of
defined chromosome regions (Jakobs et al.,
1999).  Most of the 22 human chromosomes
are currently available in monochromoso-
mal cell hybrids, produced using microcell-
mediated chromosome transfer (Cuthbert et
al., 1955; Murakami et al., 2000; Inoue et
al., 2001). For citrus, MMCT could also
become an important tool for cultivar
improvement and for others genetic and
molecular analysis. Theoretically, several
different individuals can be produced in a
single microprotoplast fusion experiment.
Considering that the haploid chromosome
number of citrus is nine and that a single
chromosome is transferred from a donor to
a recipient species, at least nine different
hybrids may be produced. Since the micro-
protoplast suspension contains a mixture of
donor chromosomes, the fusion with the
recipient genome will occur in a com-
pletely random way. Therefore, if two chro-
mosomes are transferred, the number of
different hybrids would theoretically be
the combination of nine chromosomes
two by two. More than two chromo-
somes can be transferred, which further
increases the probability of different indi-
viduals per fusion. We have been regenerat-
ing plants with 2n + 1 to 2n + 6
chromosomes so far.

Additionally, more than one donor can
be used per single recipient species.
Recently we fused microprotoplasts from
grapefruit plus mandarin as donor, with
sweet orange as recipient. We have so far
obtained four plantlets from this combina-
tion, which have been micro-grafted into
sour orange and will later be analysed cyto-
logically and molecularly. Additionally, if
delay of the DNA replication of the donor
chromosomes in the immediate cell cycle



after fusion occurs, the progression of the
recipient genome to metaphase may induce
pre-chromosome condensation (PCC) of the
S-phase donor chromosome, leading to
donor DNA or chromosome breakage. The

released DNA may be integrated into the
recipient genome through the transforma-
tion and repair process (Ramulu et al.
1955), further increasing the possibilities
for new hybrid genotypes.
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Introduction and Objectives of Mapping

Genetic linkage maps are a statistical
description of the organization of DNA seg-
ments into chromosomes and the order and
recombination frequency of DNA segments
within chromosomes. Maps can include
both DNA markers and trait genes that are
detected by affecting the phenotype of an
individual. A good map should include one
linkage group that corresponds to each
chromosome of the genome (nine in Citrus
and closely related genera). Each linkage
group will be comprised of a linearly
ordered set of markers and/or trait genes,
with distances between adjacent markers
determined by the proportion of gametes
that have a crossover event between the
markers. A map is created by studying seg-
regation of heterozygous markers and genes
in progeny of a specific genotype or cross,
and is therefore specific to that genotype or
cross. Maps created for different genotypes
may differ in marker order because geno-
types actually differ in the order of DNA
segments (due to various DNA rearrange-
ments). Distances between the same marker
pair may differ in different maps because
genotypes differ in the rate of recombina-
tion. Since maps are statistical descrip-
tions, such differences can also arise by

chance sampling errors, particularly if the
number of progeny tested is small.

For citrus breeders, the objective of
mapping is to identify markers that can be
used in marker-assisted selection (MAS).
MAS involves identification of DNA mark-
ers that are near a variable trait gene, and
selection of progeny carrying markers that
predict which progeny will carry the
desired trait gene allele. This process is
described later in this chapter.

Mapping Populations

The first step in developing a genetic link-
age map is to choose a population in which
to make the map. Since the map is based on
segregation of heterozygous markers in one
or both parents, at least one parent should
be heterozygous. If trait genes are to be
mapped in the same population, then these
also must be heterozygous in the same
parent(s). Generally, mapping populations
are formed by crossing a specific female
with a specific male and using the progeny
as the mapping population. The population
should be large enough to allow mapping to
the desired marker density. If the breeder
wishes to develop a dense map, with very
closely spaced markers, then the popula-
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tion size must be large in order for there to
be an adequate number of progeny with
crossovers between closely spaced markers.
For example, with a population size of 100,
if one parent is heterozygous for markers
having 2% recombination, then we expect
only about two recombinant progeny, and
there is a fair chance that we will observe
none, in which case the two markers cannot
be ordered. In the early days of mapping,
citrus geneticists often used relatively small
mapping populations (50–60 progeny)
because resources were limited and devel-
opment of dense maps seemed unlikely.
The development of new high-throughput
methods for marker analysis makes it possi-
ble to develop much denser maps and, if
this is anticipated, then the mapping popu-
lation should be larger (100–300 progeny).
A discussion of mapping population sizes
is given by Maliepaard et al. (1997).

A second choice that the mapper must
face is the type of population. In annual
crops where homozygous lines are avail-
able, mapping is much simpler because seg-
regation of markers and traits is predictable.
In citrus, virtually all genotypes are het-
erozygous. An advantage of this situation is
that elite cultivars can be used as parents,
but a disadvantage is that markers will
show various types of segregation which
complicates mapping. This can be illus-
trated by considering the mapping popula-
tion used by Jarrell et al. (1992). This
population is a cross of two citrus root-

stocks, Sacaton citrumelo × Troyer citrange
((Citrus paradisi × Poncirus trifoliata) × (C.
sinensis × P. trifoliata)). For each linkage
group, each parent contains one chromo-
some derived from a Citrus parent and one
derived from a Poncirus parent. Depending
on the specific allele carried by each chro-
mosome, three types of segregation can be
observed for each marker locus (see Table
12.1). These different segregation types lead
to different mapping strategies and several
different maps. The different map types are
listed in the last column of Table 12.1.
Markers that segregate in only one parent,
say Sacaton, can be used to construct a map
of that parent that reflects the frequency of
crossovers between homologous chromo-
somes in that genotype. A parallel map can
be prepared for those markers that segregate
only in the other parent. Markers showing
the 1:1:1:1 segregation can also be com-
bined with those segregating 1:1 by ‘renam-
ing’ the two alleles in the homozygous
parent. For example, segregation type ab1 ×
ab2 can be combined with ab × aa by renam-
ing all b2 alleles as a alleles. Markers segre-
gating in 3:1 and 1:2:1 ratios can be
combined with each other, but cannot be
accurately mapped with 1:1 markers
(Maliepaard et al., 1997), essentially
because recombinant gametes from one
parent are identical to non-recombinant
gametes from the other parent. Similarly,
for dominant markers in an F2 configura-
tion, only markers in coupling phase (dom-
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Table 12.1. Types of marker segregation that can be expected in a cross between two heterozygous
parents (Sacaton and Troyer).

Expected
Sacaton Troyer Progeny segregation ratio Map

aa ab aa, ab 1:1 Troyer
bb ab bb, ab 1:1 Troyer
ab aa aa, ab 1:1 Sacaton
ab bb aa, ab 1:1 Sacaton
ab ab aa, ab, bb 1:2:1 Sacaton*, Troyer*, F2
Aa Aa A_, aa 3:1 F2
a1b a2b a1a2, a1b, ba2, bb 1:1:1:1 Sacaton, Troyer, F2
a b1 ab2 aa, ab2, b1a, b1b2 1:1:1:1 Sacaton, Troyer, F2
a1b1 a2b2 a1a2, a1b2, b1a2, b1b2 1:1:1:1 Sacaton, Troyer, F2



inant alleles on one chromosome and reces-
sive alleles on the homologue) can be accu-
rately mapped (Knapp et al., 1995).

One mapping strategy is the ‘pseudo-
testcross’ in which two maps are prepared,
one for each parent, using only those loci
that segregate 1:1 or 1:1:1:1. An ‘F2-type’
map can also be prepared using loci that
segregate 1:2:1, 3:1 or 1:1:1:1. The F2 map
can then be merged with the single parent
maps, using the 1:1:1:1 loci that occur on all
maps as anchors. The F2 population type is
more efficient because recombination fre-
quency from two meioses (one in each
parent) per progeny plant is determined.
However, if recombination frequencies are
quite different in the two parents, then this
map is a compromise that does not reflect
the biology of either parent.

Another issue that must be considered
in choosing a mapping population is
inbreeding in the parents. Whether the
cross considered is a backcross type, or F2,
if the heterozygous parent(s) are somewhat
inbred, then there may be regions of the
genome that are homozygous (identical-by-
descent) in that parent. Such regions cannot
be mapped because there will be no het-
erozygous markers. It should be noted that
such regions may occur in parents not
known to be inbred. For example, P. trifoli-
ata genotypes are capable of self-pollina-
tion, and many zygotic seedlings
apparently originate by selfing (Khan and
Roose, 1988). It is possible that standard
cultivars originated through selfing or
mating between relatives and, if so, then we
would expect to find such homozygous
regions. Comparison between maps of
Poncirus and Poncirus × Citrus hybrids,
which should not contain homozygous seg-
ments, should reveal homozygous segments
provided that the maps share a sufficient
density of common markers.

Map Construction

Maps are prepared using computer pro-
grams to identify loci in linkage groups and
then determine the order of the loci and dis-

tances between them. Linkage groups are
generally identified by computing pairwise
tests for evidence of linkage at a range of
criteria, usually the LOD score. The LOD
score is a ‘log of odds’ to the base 10, so that
a LOD score of 2 means that it is 100 times
more likely that the data are explained by
linkage at the most probable recombination
fraction, than that they are explained by no
linkage. A locus is considered a member of
a linkage group if it shows significant link-
age (at the current LOD value) to any other
member of the group. When the LOD score
is low (say 1–2), all loci may fall into a
single or a few linkage groups. Generally,
with error-free data that meet the assump-
tions of the analysis, a LOD score of 3–4
will identify a number of linkage groups
equal to the number of chromosomes. The
number of larger linkage groups will be
fairly stable at this value, gradually increas-
ing as the LOD score is increased. Linkage
groups identified at scores of 3 or 4 are gen-
erally used for mapping, but higher values
may be appropriate for some data sets.

Once linkage groups are identified, the
loci within each group are ordered and dis-
tances between loci are computed. These
calculations, and locus grouping, are per-
formed by computer programs. Commonly
used programs for construction of linkage
maps are MAPMAKER (Lander et al., 1987)
and JOINMAP (Stam and Van Ooijen, 1995).
MAPMAKER performs multipoint linkage
analysis, an approach with great power.
The major limitation of this program for
analysis of citrus maps is that it can analyse
only a backcross or F2-type segregation.
This means that 1:1:1:1 loci must be
recoded with a loss of information, and that
maps that combine backcross and F2-type
segregation patterns cannot be prepared.
The MAPMAKER interface is command line
(DOS or Unix), making it somewhat diffi-
cult to use. JOINMAP uses multiple two-
point linkage estimates, an intrinsically less
powerful approach, but it allows analysis of
all types of segregation patterns. JOINMAP

also allows maps developed in different
populations with shared markers to be
merged. JOINMAP 3.0 has a modern
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Windows interface and is considerably
easier to use than MAPMAKER, but it is a
commercial product that requires purchase
of a licence, whereas MAPMAKER is free. It is
probable that additional mapping programs
will become available, so those conducting
such projects should carry out an Internet
search for linkage mapping programs to
identify suitable programs.

Another issue that needs to be
addressed in citrus mapping is marker
phase. This refers to the actual physical
chromosome on which allelic markers are
located. For example, dominant markers
can be in coupling (A B/a b) or repulsion (A
b/a B) phase. If the grandparents of the
mapping population are known, then the
marker phase is also generally known.
However, in many citrus crosses, the par-
ents are not hybrids of known ancestry. In
such situations, the phase must be inferred
from the data. JOINMAP performs this analy-
sis, while with MAPMAKER data of unknown
phase must be entered in both possible
phases, linkage groups identified and one
member of each pair of linkage groups dis-
carded. If known, the phase can be speci-
fied by the allele code: for a/b-type allele

codes, all a alleles are assumed to be on one
homologue, and b alleles on the other. For
some programs, allele position in the geno-
type code indicates phase. For example, for
two loci if the parents are specified as ab ×
cd and ab × ab, then the chromosomes of
the two parents are a a/b b and c a/d b.

Marker Types

Mapping can be conducted with a variety of
marker types (Table 12.2). Two general
classes can be identified: markers that gen-
erally are expressed in a co-dominant fash-
ion so that the heterozygote is
distinguishable from both homozygotes,
and dominant markers in which the het-
erozygote is identical to one homozygote.
Isozymes, RFLPs (restriction fragment
length polymorphisms), CAPS (cleaved
amplified polymorphisms) and SSRs
(simple sequence repeats) are usually co-
dominant markers, while many polymerase
chain reaction (PCR)-based markers such as
RAPDs (random amplified polymorphic
DNAs), ISSRs (inter-simple sequence
repeats) and AFLPs (amplified fragment
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Table 12.2. Characteristics of some common types of DNA markers.

AFLP Amplified fragment length polymorphism – PCR based, gel analysis, multilocus,
sequence anonymous

CAPS Cleaved amplified polymorphic sequence – PCR followed by restriction enzyme
digestion, gel analysis, single locus per gel, sequence known, can target genes

ISSR Inter-simple sequence repeat – PCR based, gel analysis, multilocus, sequence
anonymous

RAPD Random amplified polymorphic DNA – PCR based, gel analysis, single to a few
loci per gel, sequence anonymous

RFLP Restriction fragment length polymorphism – restriction enzyme and gel based,
single to a few loci per gel, can target genes

SNP Single nucleotide polymorphism – PCR based, gel, plate or chip analysis; single
locus, but multiplexing possible, sequence known, can target genes

STS Sequence-tagged site – PCR based, gel analysis, single locus, sequence known
SSR (STMS, STR) Simple sequence repeat – PCR based, gel analysis, single locus, sequence

known, can target some genes

The method of detection of the DNA sequence (e.g. PCR) is listed, the method for distinguishing alleles
(e.g. gel analysis), whether the method generally detects one or several to many marker loci in a single
analysis, whether the DNA sequences detected are known or anonymous, and whether the method can
target specific genes.



length polymorphisms) are dominant. For a
cross in which most markers are expected
to have 1:1 segregation, dominance does
not affect mapping. However, for an F2-type
population, or one in which a variety of seg-
regation types occurs (as is usual in citrus),
co-dominant markers are more informative,
meaning that, for a given population size,
the accuracy of a linkage estimate from co-
dominant markers is greater than that for
dominant markers. Figure 12.1 illustrates
the relationship between DNA sequence
variation and banding patterns for several
gel-based marker systems. Note how domi-
nant markers arise when sequence variation
in the PCR primer-binding site prevents
amplification of one allele. Figure 12.2
shows examples of each marker system in
citrus.

A second classification of markers is
based on the number of loci detected per
analysis. Maps can be developed much
more rapidly and inexpensively using high-

throughput markers where several to many
markers can be detected in a single analysis.
This is often called multiplexing. Marker
systems in this class include AFLPs, ISSRs
and RAPDs, all PCR-based techniques in
which anonymous DNA sequences are
analysed. In contrast, RFLPs, CAPS and SSR
markers are based on detection of known
DNA sequences through hybridization or
PCR amplification. These markers are typi-
cally analysed ‘one at a time’.

An advantage of the sequence-based
markers such as RFLPs and CAPS is that the
primers or probes can be designed to target
genes, while most anonymous DNA
sequences are not likely to be genes.
Mapping genes allows comparison of maps
with those of other plant species, a process
known as synteny analysis. Such markers
are also relatively useful for quantitative
trait locus (QTL) analysis because markers
may themselves be candidate genes to con-
trol the trait (see below).
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Fig. 12.1. Relationship between DNA sequence differences between two alleles and banding patterns
observed for five types of gel-based marker systems.



At present, an efficient mapping
approach is to use a moderate number (100)
of co-dominant markers such as SSRs as
anchors for the map, and a larger number
(200) of AFLP or other high-throughput
markers to increase marker density. SSRs
are particularly informative because they
have many alleles and are heterozygous in
many individuals. These characteristics
allow them to be used to combine and com-
pare maps developed in different popula-
tions. CAPS or single nucleotide
polymorphism (SNP) markers could also be
used for this purpose if they are sufficiently
polymorphic.

On the horizon, but not yet developed
in citrus, are very high-throughput map-
ping methods that involve parallel analysis
of many markers (e.g. SNPs) per individual,
or many individuals per marker. These
approaches are being developed in humans,
and in model organisms such as
Arabidopsis and rice. These methods could
revolutionize citrus mapping by facilitating
analysis of much larger populations and/or
development of much denser maps.

Marker Methods

As indicated above, a variety of different
marker methods are available for citrus
mapping and marker-aided selection.
Methods involving PCR amplification are

generally preferred over older methods
such as RFLP because they require much
less DNA from each individual to be tested,
and PCR-based methods require less labour
per marker. Most marker methods require
separation of PCR products on agarose or
polyacrylamide gels. Polyacrylamide gels
have higher resolution than agarose gels so
that more allelic variants can be distin-
guished. Polyacrylamide gels can also
reveal more loci per gel than agarose if they
are stained with silver or very sensitive
DNA-binding dyes such as SYBR-Gold,
which reveal more fragments than the
ethidium bromide stains traditionally used
with agarose gels. However, polyacry-
lamide gels require more labour for gel
preparation and generally have lower
throughput than agarose gels, so choosing
between these systems is not an easy deci-
sion.

Citrus Maps

Six groups have published linkage maps of
citrus (Table 12.3), and additional maps are
being developed. It is difficult to compare
these maps because they have been devel-
oped with different mapping programs and
generally share few markers (Roose et al.,
2000), but see Ruiz and Asins (2003) for a
comparison of Citrus and Poncirus maps.
These maps are incomplete in that the
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Fig. 12.2. Examples of marker variation for five types of DNA marker systems. The RFLP and RAPD mark-
ers were separated on agarose gels. The SSR and AFLP patterns were analysed on an automated DNA
analyser. The ISSRs were analysed on a silver-stained polyacrylamide gel and show patterns in
seedlings from different source trees, not a single segregating population.



number of major linkage groups is often less
than the number of chromosomes (nine),
and in most cases the total number of mark-
ers is too few to give complete coverage of
the genome. These criticisms do not indi-
cate that the maps are not useful, but rather
that development of effective linkage maps
in citrus is incomplete. A second criticism
of some of the maps is that the mapping
populations are too small. Resolution of a
map is determined by the number of recom-
bination events on each chromosome.
When too few meioses are studied, then few
or no recombinants will be found between
some loci and these cannot then be ordered
accurately. Mapping populations should
consist of at least 100 progeny to minimize
these problems.

Markers for Specific Genes

Markers for several genes have been identi-
fied in citrus. In many cases, the approach
used was bulked segregant analysis
(Michelmore et al., 1991) rather than com-
plete mapping. In this strategy, a popula-
tion in which the trait segregates is

identified, and equal amounts of DNA from
6–8 individuals with contrasting pheno-
types for the trait are combined to form two
bulks. For example, with a disease resist-
ance gene, one bulk is composed of resist-
ant individuals, and one of susceptible
individuals. These two samples are then
screened for a large number of PCR-based
markers. Only if a marker is closely linked
to the trait gene is it likely that one bulk
will have a specific marker band that is
absent in all individuals of the other bulk.
The basis of this approach is that a 1/8 dilu-
tion of template DNA still allows detection
of a band. Candidate markers are then
tested on individual plant samples to deter-
mine whether the marker–trait association
is robust. It is efficient to analyse two bulks
of each phenotypic class to reduce the fre-
quency of false positives. Often many can-
didate markers are discarded based on
analysis of these single-individual samples.
For the remaining markers, the analysis is
then extended to a larger population of 100
or more individuals to confirm the associa-
tion and estimate a map distance between
the trait and marker. For traits determined
by major genes, bulked segregant analysis is
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Table 12.3. Summary of linkage maps of citrus (modified from Roose et al., 2000).

Map Major
Total Marker Pop. length linkage Percent

Cross Markersz typesy size cM groupsx distorted Reference

C. maxima x Sankar and 
(C. maxima x P. trifoliata) 310 I, F, R, S, O 60 874 9 26 Moore, 2001

C. maxima x
(C. reshni x P. trifoliata) 34, 97 I, F, R, O 52 600, 1500 4, 7 6, 37 Luro et al., 1995

C. sunki x P. trifoliata 63, 62 R 80 732, 867 5, 5 nd Cristofani et al.,
1999

C. volkameriana x P. trifoliata 97, 73 I, R, F, S, O 80 460, 342 5, 4 29, 40 Ruiz and Asins.,
2003

C. latipes x C. aurantium 92, 247 A, R, F 120? 433, 964 5, 8 nd Recupero et al.,
2000

(C. paradisi x P. trifoliata) x 
(C. sinensis x P. trifoliata) 153 I, F, R, S, O 57 701 14 17 Roose et al., 2000

z Where two values are given, these refer to maps for the female and male parent respectively
y I=isozymes, F=RFLP, R=RAPD, A=AFLP, S=SSR, O=Other
xMajor linkage groups is the number of groups with more than 4 markers.



quite effective in citrus. However, because
the individual plants are not homozygous,
only some linked markers are informative
for dominant traits. For example, in an F2-
type segregation, a dominant marker allele
(M) linked in repulsion phase to a trait
allele (t) will not be discovered because the
dominant phenotypic class (genotypes TT
and Tt) will have marker genotypes mm
and Mm. The recessive phenotypic class (tt)
will have marker genotype MM and so the
marker band will be observed in both trait
classes.

Cheng and Roose (1995) located mark-
ers for dwarfing by the rootstock Flying
Dragon trifoliate orange, but these are not
needed in breeding because the dwarfing
trait appears associated with visible mark-
ers, curved thorns and ‘zigzag’ stem growth.
Additional research (M. L. Roose, unpub-
lished) indicates that the dwarfing trait is
not transmitted to progeny of citrus × Flying
Dragon crosses. Markers for Ctv, the citrus
tristeza virus resistance gene, in trifoliate
orange have been developed by several
groups (Gmitter et al., 1996; Mestre et al.,
1997, Fang et al., 1998b), and markers very
close to the resistance are available.
Another gene for which markers have been
identified is acitric, a pummelo gene that
reduces citric acid in fruit when heterozy-
gous and nearly eliminates it when
homozygous (Fang et al., 1998a). Markers
for genes involved in nucellar embryony
(Garcia et al., 1999), citrus nematode toler-
ance (Ling et al., 2000) and salinity toler-
ance (Tozlu et al., 1999b) have also been
located. There is considerable ongoing
work in this area, and it is likely that mark-
ers for many additional traits will be
reported in the future. Such markers are
useful to the breeder in that they allow
MAS as described below.

QTL Analysis

QTL analysis refers to a genetic analysis of
a trait in which genes that influence the
trait are located on a genetic map. The
quantitative value of a trait is normally con-

sidered to be influenced by one to many
genes and the environment. Analytical
approaches are now quite sophisticated,
but all depend upon particular marker alle-
les being associated with particular trait
alleles (linkage disequilibrium). If we con-
sider a genetic linkage map, each progeny
individual has a particular genotype for
each locus. If a marker locus is near a gene
that influences the trait, then there will
have been little recombination between the
marker alleles and the trait alleles. Various
statistical tests are applied to identify those
marker loci or positions for which values of
the trait differ significantly. These are puta-
tive QTLs. Many different computer pack-
ages are available to conduct QTL analysis,
but not all are easy to use for citrus crosses
because some require populations (such as
F2, backcross or recombinant inbred lines)
derived from homozygous parents. QTL
CARTOGRAPHER (Basten et al., 1998) and
MAPQTL (Van Ooijen and Maliepaard, 1996)
have been used in previous QTL mapping
studies. See Liu (1998) for a through dis-
cussion of QTL analysis.

The conventional approach to QTL
analysis is to study a measurable trait on
progeny (replicated if possible) in a segre-
gating population for which a linkage map
has been developed. Marker and trait data
are then jointly analysed to identify QTLs.
However, citrus crosses are more complex
than generally assumed by programs
designed to analyse populations derived
from inbred lines. Consider for example a
‘backcross’ between pummelo, as the recur-
rent parent, and trifoliate orange. Both
pummelo and trifoliate orange are some-
what heterozygous, so their potential geno-
types are A1A2 and A3A4, although for any
locus A1 may be identical to A2 and/or A3 to
A4. This means that the ‘backcross’ parents
could be A1A2 × A1A3, A1A2 × A1A4, A1A2 ×
A2A3, A1A2 × A2A4, etc. instead of the
simple A1A1 × A1A3 configuration assumed
by models developed for a true backcross.
Thus this design does not detect effects of
all alleles in trifoliate orange, only the par-
ticular alleles that are passed to the F1
parent. Furthermore, the effects of trifoliate
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alleles are not cleanly separated from
effects of pummelo alleles if the pummelo
parent is heterozygous for a QTL.

An alternative approach, linkage dise-
quilibrium mapping, is now being devel-
oped; it depends only on natural linkage
disequilibrium between traits and markers.
These methods do not require a mapping
population derived from specific parents.
Instead, existing individuals (such as a
variety collection) are measured for the trait
and genotyped for previously mapped
markers. In this approach, it is essential
that marker genotypes reflect the specific
DNA sequence (haplotype) present at the
locus because the marker information is
used to infer that individuals of unknown
ancestry but having the marker allele also
share alleles for genes in the surrounding
region. Statistically significant associations
between marker alleles and trait values are
then identified. The extent of linkage dise-
quilibrium varies among plants depending
on their history, mating system and other
factors. If disequilibrium extends for large
distances (hundreds of kilobases), then it is
fairly easy to locate regions containing
QTLs, but fine-scale mapping of the QTL is
not possible. Conversely, if disequilibrium
covers only short distances, fine mapping is
easier if an initial QTL–marker association
can be found. We know little about the
extent of disequilibrium in citrus, but it is
likely to vary greatly with the population.
With a species group having sexual repro-
duction, such as pummelo or mandarin,
disequilibrium is likely to cover smaller
regions than if interspecific hybrids such as
orange are included. In general, current
citrus maps are not sufficiently dense to
apply these methods, but this is likely to
improve in the future. See Flint Garcia et al.
(2003) for a review of linkage disequilib-
rium mapping in plants.

Several QTL studies have been
reported in citrus. Tozlu et al. (1999a, b)
studied QTLs for many traits related to
growth and ion accumulation under normal
and saline conditions in 47 progeny from a
backcross of pummelo and trifoliate orange.
Despite the rather small population size,

they identified 70 putative QTLs that influ-
enced various traits. Some QTLs influence
growth under both normal and saline con-
ditions, while others were specific to only
one environment. In some cases, QTLs for
ion accumulation localized to the same
region as QTLs for growth under saline con-
ditions.

A second example is provided by
Garcia et al., (1999) who studied QTLs asso-
ciated with nucellar embryony (apomixis)
in 50 progeny of a cross of C. volkameriana
× P. trifoliata. They found QTLs affecting
polyembryony in both parents, indicating
that genes influencing the trait segregate in
both parents. No QTLs of major effect were
found. However, the single-parent maps on
which this analysis was based included
only 45 and 38 markers, and it is not clear
what portion of the genome is covered by
these maps. Therefore, it is likely that only
some of the heterozygous genes influencing
nucellar embryony in these parents were
discovered. Any QTL analysis is limited to
discovery of QTLs in the portion of the
genome covered by segregating markers, so
map coverage is an important issue.

Marker-assisted Selection

MAS can increase the efficiency of citrus
breeding, and may speed release of new
cultivars. Essentially, the procedure
involves identification of a marker that is
polymorphic in the target population and
closely linked to a gene that is segregating
and the target of selection. In such situa-
tions, selection for the marker allows the
breeder to identify seedlings that carry the
trait gene with a low error rate. Only
seedlings with desirable genotypes are car-
ried forward for additional testing.
Conditions in which MAS is more efficient
that conventional breeding have been dis-
cussed by a number of authors (Luby and
Shaw, 2001). Traits that are costly to score
by phenotype, such as traits that require
fruiting trees, or those that have low heri-
tability and can be accurately scored only
with a progeny test (percentage of nucellar
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seedlings in a rootstock) are likely to be
good candidates for MAS.

Markers must be informative about the
trait, i.e. the marker genotype must predict
the progeny genotype. A dominant marker
(M) that is in repulsion phase with a domi-
nant trait gene (T) is not efficient in an F2
configuration: Mt/mT × Mt/mT will give
25% Mt/Mt, 50% Mt/mT and 25% mT/mT
in the progeny if there is no recombination
between the marker and the trait gene. All
mm progeny will be TT, but 75% of the
population will be discarded, including
50% of the T-carrying progeny. If the
marker and trait gene are in coupling phase,
MT/mt × MT/mt, the progeny will contain
25% MT/MT, 50% MT/mt and 25% mt/mt;
all progeny with the M phenotype will
carry the T gene and therefore selection will
only require discarding 25% of the popula-
tion, and no progeny with the desirable
allele T will be discarded. Since it is not
easy to generate very large populations in
citrus, discarding progeny with desirable
genes reduces the overall efficiency of the
program. Co-dominant, multiallelic mark-
ers are more informative in general, but still
can be inefficient in certain crosses.

A common situation where MAS is
useful is in transferring a gene from one
species to another. It is easy to find inform-
ative markers in such crosses.

The breeder should always consider
the economic efficiency of MAS before
implementing it. Such a program may
require identification of markers, and this

may be costly and take at least 1–2 years.
The cost of DNA extraction and marker
analysis should also be considered. If the
same degree of improvement can be
achieved by phenotypic or family selection,
then MAS is not justified (Luby and Shaw,
2001).

As markers for more traits become
available, the costs of DNA extraction and
marker testing will effectively decrease
because they will be spread over multiple
traits. Citrus biology limits what can be
achieved with these methods. If we start
with a population of 1000 hybrids, which is
larger than usually obtained in citrus breed-
ing, and impose MAS for three independent
traits that segregate 1:1, we will have 1000
(1–0.53) = 125 selected hybrids to evaluate
in the field for other traits. If the target traits
segregated 3:1 and the recessive was
selected, then we would expect only 1000
(1–0.753) = 15.6 progeny to have the desired
marker genotype. This is too few to have
much chance of finding hybrids with addi-
tional desired traits. Therefore, it is not
realistic to expect that we can select for a
large number of traits by MAS in a single
generation. Similarly, it may often be diffi-
cult to select for a complex QTL and still
have sufficient plants to select for other
traits. A two-generation strategy involving
MAS for different sets of traits in two pop-
ulations, then intercrossing selections from
these populations, might be more effective,
but the long generation time of citrus
reduces the value of this approach.
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Introduction

The establishment of the new science of
genomics in the 1980s has revolutionized
biological research into a completely new
era. This revolution is enabling scientists
through the use of powerful new tools to
know the sequence of the entire genome, to
understand the structure and function of
every single gene, to study the organization
and evolution of any sequence and to deter-
mine the molecular bases of genetic varia-
tion. Undoubtedly, the Human Genome
Plan (HGP) and other similar genome pro-
grammes on model organisms (e.g.
Arabidopsis and rice as model plant organ-
isms) have been playing the leading role in
the incredible developments in this area.
Among the special focuses and major objec-
tives in these genomic programmes are the
characterization, isolation and manipula-
tion of the agriculturally important disease
resistance (R) genes responsible for defend-
ing against diseases caused by various
pathogens (Takken and Joosten, 2000).

Dozens of plant R genes have been iso-
lated from various plant species or crops

since the first four were published (Martin
et al., 1993; Bent et al., 1994; Jones et al.,
1994; Whitham et al., 1994): Pto from
tomato resistant to Pseudomonas syringae
pv. tomato, N from tobacco resistant to
tobacco mosaic virus (TMV), RPS2 from
Arabidopsis resistant to Pseudomonas
syringae pv. tomato and Cf-9 from tomato
resistant to Cladosporium fulvum. A few
excellent reviews have been written on
plant R genes regarding their structure,
function, evolution, organization, classifi-
cation, defence mechanisms, and so on
(Ellis et al., 2000; Takken and Joosten,
2000; Young, 2000; Lehmann, 2002).
Briefly, there are six major classes of R
genes (Table 13.1), five classified earlier
plus a new class from RPW8 in Arabidopsis
(Xiao et al., 2001). Most R gene products
have the LRR (leucine-rich repeat) domain,
and also largely are in the NBS (nucleotide-
binding site)–LRR form. Two groups of
NBS–LRR R genes were clearly distin-
guished by the conserved amino acid motifs
in the NBS domain. One group, which was
comprised of sequences encoding an N-ter-
minal domain with homology to Toll/inter-
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leukin-1 receptor (TIR), surprisingly was
entirely absent from monocot plants. The
other group was found in both monocot and
dicot plants. The conservation of R gene
structural domains provides not only an
informative guide for isolation of other R
genes, but also a broad potential to enable
use of natural genetic resistance more effi-
ciently by rapid transfer of genes among
crops for specific resistance breeding objec-
tives.

Citrus is one of the most important fruit
crops widely planted in the tropical and
subtropical zones of the world. It is a major
source of revenue in many regions of the
developed world, as well as an important
nutrient source in some less industrialized
areas. However, in every growing region of
the world, cultivated citrus species are sus-
ceptible to various diseases or pests,

including but not limited to citrus tristeza
virus (CTV), citrus nematode (Tylenchulus
semipenetrans), Phytophthora species,
citrus canker (Xanthomonas axonopodis),
viroids, phytoplasmas, etc. that can result
in tremendous economic losses of citrus
production. Traditional genetic manipula-
tion methods and conventional hybridiza-
tion breeding programmes, which are time
consuming and labour intensive, have been
proven ineffective or irrelevant for many
citrus breeding objectives. Such goals as
breeding disease-resistant cultivars of most
species are nearly impossible to achieve
because of high genetic heterozygosity, long
periods of juvenility and little genetic
knowledge of the inheritance of most traits.
Most scion cultivar groups, specifically
sweet oranges, grapefruit, most lemons and
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Table 13.1. Classes of resistance genes, classified by their structural domains.

Class Example of R genes Structural domain description First reference

PK Pto Serine/threonine protein Martin et al., 1993
kinase with myristoylation site

TIR–NBS–LRR N, RPP1, RPP10, Cytoplasmic protein with Whitham et al.,
RPP14, L6, L1-12, homologies to Toll cytoplasmic 1994
M, RPP5, RPS4 domain, apoptotic ATPases

CED4 and Apaf1, and
C-terminal LRRs

CC–NBS–LRR RPS2, Prf, RPM1, Cytoplasmic protein with Bent et al., 1994
RPS5, RPP8, Mi, homologies to CC,
I2, Dm3, Pi-B, Xa1 apoptotic ATPases CED4 and

Apaf1, and C-terminal LRRs
(also called LZ–NBS–LRR)

LRR–TM Cf-9,Cf-2, Cf-4, Cf-5, Transmembrane protein with
Hcr9-4E, HSIpro-1 extracellular LRRs (eLRRs) Jones et al., 1994

LRR–TM–PK Xa21 Transmembrane protein;
extracellular LRRs, Song et al., 1995
cytoplasmic (LRR kinase)

SA–CC RPW8.1, RPW8.2 Putative signal anchor (SA) Xiao et al., 2001
for membrane insertion,
and putative CC domain

Genes in bold are the first reported in each class.
LRR = leucine-rich repeat; NBS = nucleotide-binding site; TIR = Toll/interleukin-1 receptor; CC
= coiled-coil; LZ = leucine zipper; PK = protein kinase.



many mandarins, have diversified by
somatic mutations and not through sexual
recombination and segregation; these
groups, by virtue of their limited genetic
base in addition to the other breeding
impediments, are not amenable to genetic
manipulation through hybridization strate-
gies. Other characters, such as nucellar
embryony, self-incompatibility or large tree
size in most citrus varieties, will signifi-
cantly increase the difficulties because
these characters generally reduce the possi-
bilities of obtaining genetic information on
the transmission and heritability of useful
agronomic traits in citrus. The rapidly
developed molecular marker technology
and MBC (map-based cloning) approach in
the past several years have greatly acceler-
ated understanding of the citrus genome
(Durham et al., 1992; Cai et al., 1996; Liou
et al., 1996) and the genetics of several agri-
culturally important single gene or quanti-
tative trait loci (QTLs) related to disease,
pest and stress resistances (Cai et al., 1994;
Gmitter et al., 1996, 1997; Deng et al., 1997,
2000; Fang et al., 1997, 1998; Ling et al.,
2000). The polymorphic DNA markers
closely linked to an important specific trait
can greatly facilitate early selection (called
marker-assisted selection; MAS) and mini-
mize costs associated with plant size and
juvenility. Genetic transformation methods
allow trait-specific modification of commer-
cial cultivars, including those listed above
for which sexual hybridization is precluded
as a strategy for improvement. We will sum-
marize the advances in MBC of the single
dominant CTV resistance gene, designated
Ctv (Gmitter et al., 1996), and in characteri-
zation of a major citrus nematode resistance
QTL, named Tyr1 (Ling et al., 2000). We
will discuss the cloning and characteriza-
tion of other R genes within the citrus
genome, through a strategy based on
sequence homologies among plant R genes
in general, and provide information on the
distribution of R genes and resistance gene

candidates (RGCs). Finally, the chapter will
conclude with consideration of the future
prospects for manipulating disease resist-
ance through genomic approaches.

Map-based Cloning Approach – A
Powerful Tool for Citrus Genetic

Improvement

MBC, also called positional cloning, is a
very powerful approach used to isolate
genes without prior knowledge of the gene
product or even the mechanism of function,
as long as the gene is associated with a seg-
regating natural or mutant phenotype
(Jander et al., 2002). MBC consists of four
basic steps; Fig. 13.1 shows the schematic
diagram of the entire process. The first step
is to develop a local genetic map where at
least two closely linked or co-segregating
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Fig. 13.1. A schematic diagram of the map-based
cloning process.



molecular markers flanking the gene have
been identified. The genetically closer to
the gene of interest the markers are, the less
difficult the subsequent screening will be.
A larger mapping population is used after
the initial marker screening of a smaller
population so that the recombination
between those markers and the gene is
evaluated more precisely. The second step
is to screen a large insert genomic library
such as BAC (bacterial artificial chromo-
some) with the markers and conduct chro-
mosome walking to construct a physical
contig covering the flanked region. This
step also includes the essential task of find-
ing additional co-segregating (no recombi-
nation) markers to narrow the gene further
into a short physical region, facilitating the
selection of the BAC clones to sequence
from the contig. The third step is to
sequence the selected large insert clones
and to predict the candidate gene(s). This
step relies on the application of various
programmes for gene prediction. The last
step generally is to perform genetic comple-
mentation tests through transformation of
the candidate gene(s) into a selection with-
out the known phenotype to confirm the
gene function. If the transgenic selection
expresses the expected phenotype such as a
disease resistance, the gene of interest
should be enclosed within that transformed
fragment. Once the gene is successfully iso-
lated, an in-depth molecular and biochemi-
cal analysis can follow.

The tremendous advantage of the MBC
process is the ability to tag and clone any
gene associated with a distinct and scorable
phenotype. Such resources, either natural
or mutant, appear nearly unlimited. One of
the most interesting applications of MBC is
the isolation of resistance genes to the dis-
eases and pests that cause tremendous pro-
duction losses in food species, as well as
resulting in environmental pollution due to
use of pesticides for control. The process is
likely to become more routine as the so-
called post-genome era of most model
organisms is coming. Already for some
organisms there exist powerful and publi-
cally available resources, including high

density genetic and physical maps, and
even full genome sequences, which greatly
speeds up the whole process of MBC. For
example, in Arabidopsis, it took a total
effort of 3–5 person-years to isolate a gene
in 1995, while now less than 1 person-year
is required (Jander et al., 2002). For citrus,
an intensive effort in genomic tool develop-
ment and MBC will enable greater under-
standing of citrus genetics and cloning of
important genes. Application of the
improved tools for genetic improvement is
essential to keep the world’s citrus indus-
tries functioning as profitable enterprises
into the future.

Citrus Tristeza Virus Resistance Gene
(Ctv) – A Single Dominant Allele

CTV is the most significant viral pathogen
of citrus worldwide, inducing two major
serious disease syndromes: ‘quick decline’
and ‘stem-pitting’ (Garnsey and Lee 1988).
The former may cause tree death resulting
from phloem necrosis below the graft union
of the infected scions on sour orange (C.
aurantium L.) rootstock; the latter will
decrease tree vigour, fruit size and quality,
and productivity regardless of rootstock
(Bar-Joseph et al., 1989). There is no known
source of broad resistance to CTV among
Citrus species. The CTV resistance gene
was characterized as a single dominant
gene (Yoshida 1985, 1993) and designated
Ctv (Gmitter et al., 1996); it is found only in
Poncirus trifoliata (the trifoliate orange), a
sexually compatible species related to
Citrus.

Several populations were used initially
to evaluate the inheritance of CTV resist-
ance and susceptibility by enzyme-linked
immunosorbent assay (ELISA) to detect the
virus in rootstocks and in the grafted
hybrids, using either a monoclonal anti-
body or polyclonal antibodies (Garnsey et
al., 1981, 1987; Gmitter et al., 1996). A min-
imum of four repeated ELISAs over time
were run independently at two laboratories
to ensure identical results for individuals
from a larger population, consisting of 65
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BC1 hybrids of ‘Thong Dee’ pummelo (C.
grandis L.) × USDA 17-40 (‘Thong Dee’
pummelo × Pomeroy trifoliate orange (P. tri-
foliata)). It was designated the R family and
used as the primary marker screening and
genetic mapping population. The first local-
ized map derived from the R family, as well
as the consensus map based on all popula-
tions used, is presented in Fig. 13.2
(Gmitter et al., 1996). This map started the
powerful engine to move the exploration of
the gene forward.

Because of limitations in using quickly
identified random amplified polymorphic
DNA (RAPD) markers in genomic library
screening and other applications, the
amplified fragments were cloned,
sequenced, and used to develop the specific
sequence characterized amplified region
(SCAR) markers linking the Ctv gene (Deng
et al., 1997). In this stage, a preliminary
screening of a BAC library using those spe-
cific markers resulted in several individual
BAC clones in this region (Gmitter et al.,
1997; Chen et al., 1999). Continued marker
development and mapping in a larger segre-
gating population led to an increase of
marker density on the genetic map, and
development of additional BAC libraries
harbouring larger inserts were screened so
that both the genetic and physical maps in
this region were integrated (Deng et al.,
2001a, b; Fig. 13.3). Finally, BAC contigs

that spanned both the resistance and sus-
ceptibility allelic regions were constructed,
additional fine mapping was conducted to
delimit the gene region, and full sequences
of both allelic chromosome regions were
determined.

Similar work has been conducted at the
University of California at Riverside, and
Texas A & M University (Fang et al., 1998),
and a full-length sequence of the resistant
chromosome region has been published by
Yang et al. (2003). This sequence reveals
numerous RGCs, as well as other gene
sequences and mobile genetic elements,
based on gene prediction software. Many of
these candidate genes have been cloned
into transformation vectors, and several are
already confirmed to have been integrated
into the genomes of CTV-susceptible citrus
lines for genetic complementation assays
(F. G. Gmitter, T. E. Mirkov and M. L.
Roose, unpublished data). To date, how-
ever, the gene or genes ultimately responsi-
ble for the broad-spectrum resistance of the
Mendelian gene, Ctv, have not yet been con-
firmed.

Citrus Nematode Resistance Gene (Tyr1)
– A Major QTL

Citrus nematode (T. semipenetrans (Cobb
1914)) is an important rhizospheric para-
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Fig. 13.2. The first genetic linkage map of the Ctv region, based on the R family (C. grandis and P. trifoliata
backcross to C. grandis), containing eight linked RAPD markers (a). The consensus map of the Ctv region
based on the R family and the other four families (b). MAPMAKER 3.0 and JOINMAP 1.3 were used for
mapping, respectively. All RAPD markers were identified initially using bulked segregant analysis (BSA;
Michelmore et al., 1991).



sitic pest that causes severe damage to
citrus roots and results in decreased pro-
duction (Duncan and Cohn 1990). Selecting
citrus nematode-resistant rootstocks is an
important objective for citrus breeding. The
traditional screening and selection
approach is very labour intensive and inef-
ficient. Molecular linkage markers have
made it possible to understand the quanti-
tative inheritance of citrus nematode resist-
ance. Once their linkage with the nematode
resistance was identified and mapped, it
became possible to perform early selection
in citrus-resistant rootstock breeding pro-
grammes, through the MAS process. It was
found that most biotypes of Poncirus are
resistant to citrus nematode (Cameron et
al., 1954) and that the resistance is inher-
ited in some fertile intergeneric hybrids
from the trifoliate orange (Swingle and
Reece 1967). An intergeneric backcross
family from (Clementine mandarin (C. retic-

ulata) × Hamlin orange (C. sinensis), desig-
nated LB6-2) × (Swingle citrumelo (C. para-
disi × P. trifoliata)) was used to identify
associated molecular markers and to evalu-
ate the mode of inheritance of citrus nema-
tode resistance.

It was critical to determine the pheno-
type of citrus nematode resistance and sus-
ceptibility segregating among individuals of
this family. The individuals, including par-
ents and hybrids, were inoculated at the
same time to monitor the nematode popula-
tion development with live citrus nema-
todes directly collected from the heavily
infected roots of field citrus trees. The num-
bers of citrus nematode females, eggs and
juveniles were estimated by counting from
nematode extractions prepared from root
samples (Baines et al., 1968). Nematode
extracts were taken three times from each
replicate, and the mean number of female
nematodes per gram of fresh root (females/g
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of root) was calculated for each hybrid. All
the hybrids and parental plants were evalu-
ated for their response to citrus nematode
inoculation by counting the female nema-
todes in each of the root samples. Data were
subjected to analysis of variance using the
MSTATC computer program.

Analysis of variance revealed that there
were significant differences among the
hybrids for the numbers of females/g of
root (P < 0.001). The mean values among
the hybrid individuals were contin-
uously distributed in a wide range, indicat-
ing the quantitative nature of the resis-
tant trait (Fig. 13.4; Ling et al., 2000). The
most resistant and susceptible individuals
were assorted into groups by mean number
of females/g of root to perform bulked
segregant analysis (BSA) and identify the
associated DNA markers, which resulted
in a local map with 14 RAPD, SCAR

and RGC markers (Fig. 13.5; Ling et al.,
2000).

Some 15 specific markers were devel-
oped in the Tyr1 region and used to evalu-
ate their potential in selecting for nematode
resistance in a citrus rootstock breeding
programme, by applying the markers to sev-
eral populations and other individuals with
known phenotype (unpublished data). This
was done by screening the BAC library
described above with NBS–LRR class RGC
sequences; over 200 positive clones were
identified by two RGCs that mapped in the
Tyr1 QTL region. A few of the BAC clones
were found to be closely linked with Tyr1,
when the primers based on the clones’
insert sequences yielded polymorphic frag-
ments that were associated with the pheno-
types in the population previously
phenotyped by Ling et al. (2000). By apply-
ing the primer walking approach, three
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Fig. 13.4. The phenotypic distribution (mean and standard deviation from six replicates) of 62 hybrids in
response to citrus nematode inoculation. The infestation levels of the resistant (Swingle citrumelo) and
susceptible parent (LB6-2) are indicated (Ling et al., 2000).



complete NBS–LRR class resistance gene
sequences were tagged and identified sepa-
rately in three BAC clones. More specific
markers were developed from these tagged
sequences and relatively high density
genetic maps were constructed by incorpo-
rating the newly developed markers and
previously developed markers in the CN
(citrus nematode) family. These markers are
being applied in a larger mapping popula-
tion to enrich the marker linkage map
between the Ctv and Tyr1 region. In addi-
tion, the utility for MAS for citrus nema-
tode resistance is being explored (X. Xiang,
Q. Zheng, S. Huang, C. Chen, L. W. Duncan,
Z. Deng, K. D. Bowman and F. G. Gmitter,
Jr, unpublished results).

Homology-based Cloning of RGCs – A
Tool for Gene Discovery

Technological primers

Homology-based cloning of RGCs has
become feasible in the last several years
after a number of plant R genes had been
isolated through transposon tagging or MBC
(Kanazin et al., 1996; Leister et al., 1996; Yu
et al., 1996). Characterization of the pre-
dicted protein products from these cloned
R genes indicates that different plant
species may use just a few classes of pro-
teins in conferring resistance to various
bacterial, fungal and viral pathogens, and
nematodes (Hammond-Kosack and Jones
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Fig. 13.5. The localized linkage map of the citrus nematode resistance gene region, generated by
MAPMAKER/QTL. The map distances (cM) were calculated using the Kosambi function and are indicated
between markers. The major citrus nematode resistance gene (Tyr1) region corresponded to the highest
QTL peak. The LOD score value indicated that the Tyr1 region was most closely associated with marker
loci OPO07650 and SCA07650. The co-segregating marker loci are indicated by solid bars.



1997; Staskawicz et al., 2001). In addition,
the proteins encoded by R genes seem to
contain domains and motifs that are con-
served across different classes of R genes. A
domain that is particularly common among
cloned R genes is the NBS domain
(Hammond-Kosack and Jones, 1997; Meyers
et al., 1999). A few highly conserved motifs
within the NBS domain have allowed the
development of degenerate oligonucleotide
primers able to amplify DNA sequences
that are very similar to the NBS–LRR class
R genes. Subsequently, this polymerase
chain reaction (PCR)-based approach has
also been used to clone DNA sequences in
the kinase or receptor-like kinase class R
genes (Deng and Gmitter 2003). Several
terms are used in the literature to refer to
these sequences, including RGCs (resist-
ance gene candidates), RGAs (resistance
gene analogues) or RGLs (resistance gene-
like sequences); the term RGC is used in the
present discussion. The choice of this term
is based not only on the strong similarities
of these sequences to cloned plant R genes
and their possession of the typical features
of cloned R genes, but also on their
increased uses in a so-called candidate gene
cloning approach and their potential of
being functional R genes, as confirmed in a
few recent cases (Aarts et al., 1998;
McDowell et al., 1998; Pflieger et al., 2001).

Though many of the RGCs obtained so
far correspond only to part of the full struc-
tures of cloned R genes, they have found
valuable uses in plant breeding and genet-
ics research. Linkage mapping data have
confirmed that many RGCs are tightly
linked or co-segregate with known disease
resistance gene loci that are responsible for
resistance to bacterial, fungal or viral
pathogens, or parasitic nematodes (Kanazin
et al., 1996; Leister et al., 1996; Yu et al.,
1996). In this sense, RGCs may provide the
ultimate molecular markers for tagging
plant disease resistance traits (Michelmore,
1996). Several RGCs, when used with an
MBC strategy, have led to isolation of func-
tional resistance genes. Examples include
the cloning of lettuce Dm3 and Arabidopsis
Rpp8 that are responsible for resistance to

two different downy mildew pathogens,
Bremia lactucae and Pernospora parasitica,
respectively (Aarts et al., 1998; McDowell
et al., 1998). Thus, RGCs may serve as valu-
able resources for using a candidate gene
approach to clone plant R genes. Because of
their close association with R genes, RGCs
can also provide effective tools to facilitate
understanding of some fundamental fea-
tures of R genes, such as R gene organiza-
tion, distribution and evolution
(Michelmore, 1996).

Application of a homology-based
cloning approach may be of particular sig-
nificance to citrus and many other horticul-
tural, agricultural crops and forest plants
for genetic improvement or engineering of
disease resistance. Transposon tagging and
MBC, two approaches previously widely
used in plant R gene cloning, are not read-
ily accomplished in citrus and many other
crops, because of their long generation
times, large plant sizes or complex genetic
behaviours. In addition, each plant genome
may contain hundreds of potential R gene
sequences to specify resistance to different
pathogens. Isolating these sequences one by
one, as in the case of MBC or transposon
tagging, can be time consuming. A homol-
ogy-based PCR amplification approach may
allow access to numerous candidate
sequences in a genome within a short
period of time, thus making it desirable,
perhaps essential, in order to tag and under-
stand the enormous repertories of R genes
in plant genomes.

Cloning and characterization of citrus RGCs

In citrus, cloning of RGCs initially was
attempted as a way to facilitate map-based
isolation of Ctv. As the previous section in
this chapter stated, a high resolution link-
age map and molecular markers tightly
linked to or co-segregating with the target
disease resistance genes are prerequisites
for using a map-based gene cloning strat-
egy. The Ctv locus had been tagged with a
dozen RAPD and several SCAR markers by
1997, but most of these markers were found
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to be more distant from the resistance gene
locus than expected and desired, in subse-
quent mapping with a large population con-
sisting of 678 backcross progeny. This
indicated the need to search for more
molecular markers closer to the gene. To
meet this need, Deng et al. (2000) used two
previously reported primers (LM637 and
LM638) and four primers (F11, R11, R16
and R18) newly designed from the con-
served NBS domain and amplified four
major DNA bands from the genomic DNA of
USDA 17-47, an intergeneric CTV-resistant
hybrid of C. grandis and P. trifoliata. When
these bands were cloned and 39 individual
clones were sequenced, they identified 22
RGCs. These sequences were very similar to
the NBS–LRR class R genes and contained
the typical motifs (P-loop, kinase-2 and
kinase-3a) of the NBS domain found in this
class of R genes. The overall amino acid
identity between these citrus RGCs and five
representative R genes (Arabidopsis RPS2,
RPM1, tobacco N, flax L6 and tomato I2)
ranged from 18 to 42%. Using a 70% amino
acid identity threshold value, the 22
sequences were grouped into ten classes,
RGC1–RGC10. The majority of the citrus
RGCs seem to belong to the so-called non-
TIR group of NBS–LRR genes, while only
two of the classes, RGC1 (clone Pt6) and
RGC2 (clone Pt14), fall into the TIR group.
Specific primers developed from the diver-
gent regions of 13 representative RGC
sequences detected three types of polymor-
phism between ‘Thong Dee’ pummelo and
USDA 17-40: fragment length difference,
restriction site difference, or presence and
absence of amplified bands. Three markers
(18P33, Pt8a and Pt9a) from the RGCs were
found to be closely linked to Ctv. Marker
Pt8a also segregated in a population for
citrus nematode resistance mapping and
was located very close to Tyr1 (Deng et al.,
2000; Ling et al., 2000).

This initial success in finding RGCs
associated with disease resistance loci in
Poncirus prompted a more targeted and
thorough search for new RGCs more tightly
linked to or even co-segregating with Ctv.
Sixteen combinations of degenerate primers

designed from the NBS–LRR class R genes
were screened on two genomic DNA pools
each consisting of eight CTV-resistant and
eight CTV-susceptible individuals, respec-
tively, from a segregating backcross popula-
tion (the R family). One DNA band
polymorphic between the two bulks was
detected on a polyacrylamide gel. This
DNA fragment was highly similar to the
NBS–LRR class R genes. Two markers
derived from this fragment, 11R1-1a
(cleaved amplified polymorphic sequence
(CAPS) marker) and 11R1-1a5 (restriction
fragment length polymorphism (RFLP)
marker), co-segregated with Ctv in high res-
olution linkage mapping. Subsequently,
they allowed a chromosome landing on
BAC clones of the Ctv locus, thus greatly
expediting the progress in constructing
BAC contigs to cover the CTV resistance
and susceptibility allelic regions.

Recent efforts in citrus RGC cloning
have been focused on the receptor-like
kinase class R genes that are represented by
rice Xa21. This class of R genes is unique in
that they each contain an extracellular LRR
domain for signal recognition and a cyto-
plasmic catalytic kinase domain for signal
transduction (Song et al., 1995; Ronald,
1997). Few of this class of RGCs have been
amplified or cloned in plants other than
rice and its related species, and
Arabidopsis. Degenerate primers are not
readily available for this class of R genes,
because their LRRs are poorly conserved
while their kinase domains are too common
in many proteins responsible for diverse
functions. Deng and Gmitter (2003) aligned
the kinase domains of rice Xa21 and tomato
Pto protein (a kinase class R gene for tomato
bacterial streak resistance) and found two
well-conserved motifs in the kinase subdo-
mains I and VIII. Degenerate primers,
kindF1 and kindR1, designed from these
motifs, amplified genomic DNA sequences
from the intergeneric hybrid USDA 17-47
that are similar to rice Xa21. Subsequently,
oligonucleotide primers derived from one
of the genomic sequences (A2UP and
A2LW) amplified Xa21-like sequences from
citrus BACs. All 53 sequences contained
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open reading frames (ORFs); their deduced
peptide sequences carried the features
found in the corresponding region of rice
Xa21 protein and they shared 55–60%
amino acid identity and 65–71% similarity.
In multiple sequence alignment, the
sequences were clustered into five groups,
designated as CRK1–5 (citrus receptor-like
kinase). Each group was further divided
into 2–4 subgroups, according to their
sequence similarities. Rice Xa21 specifies
broad-spectrum resistance to more than 30
isolates of Xanthomonas oryzae pv oryzae
(Xoo), the causal agent of rice bacterial
blight. Xanthomonas axonopodis pv citri
(Xac), a pathogen related to Xoo, causes the
devastating disease citrus canker in citrus.
Resistance to citrus canker has been
observed in C. ichangensis and kumquat
(Fortunella spp.). It will be an intriguing
question to determine whether Xa21-like
sequences are involved in resistance to
citrus canker.

The rice genome may contain more
than 700 copies of NBS type sequences, and
Arabidopsis may have nearly 1% of its total
genomic sequences encoding NBS domains.
The copy number of NBS–LRR class
sequences in citrus genomes has yet to be
determined, but it may be expected to be in
the hundreds. Capturing some of these
sequences, converting them into specific
markers and locating them on to genetic
linkage maps may provide powerful tools to
tag, track and utilize gene loci for disease
resistance in Poncirus, Citrus or Fortunella.
As a first step to realize this potential of
citrus RGCs, Deng et al. (2001a) probed sev-
eral BAC and transformation-competent
(TAC) libraries with cloned RGC sequences
to identify large-insert clones containing
resistance gene-like sequences. Screening
of the USDA 17-47 BamHI BAC library with
13 representative NBS sequences from
RGC1 to RGC10 yielded 322 positive
clones. These clones may correspond to
40–70 genetic loci in the Citrus or Poncirus
genome and contain 80–140 copies of
unique NBS sequences. A similar BAC
library screening with A2, a prevalent
Xa21-like sequence identified above,

resulted in 79 BAC clones containing recep-
tor-like kinase-encoding capacity. These
clones were assembled into 35 contigs, and
contain approximately 50–70 copies of
Xa21-like sequences. These BACs can pro-
vide a valuable source in citrus R gene tag-
ging, mapping, cloning and
characterization. Insert ends of some of
these BACs have been sequenced and will
be converted into specific PCR markers for
further tests of potential association with
particular resistance gene loci.

RGCs amplified by PCR with NBS or
kinase domain-derived primers usually are
400–650 bp in size and correspond only to
part of the full-length structures of the
cloned R genes. A genuine question is fre-
quently raised regarding whether the
amplified RGCs are from structurally and
functionally ‘real’ genes. Compared with
the rapid increase in the number of cloned
RGCs in various plants, progress in this area
is lagging remarkably. This may be partly
due to the ease of PCR amplification and
subsequent cloning, but mostly due to the
tremendous amount of work required for
(full gene) sequence acquisition, construct
development, genetic transformation and
expression analysis. So far, such work has
been done only in a limited number of cases
with a few plants. To answer this critical
question, we obtained the upstream and
downstream sequences, through primer-
based walking, of four NBS-encoding
regions in four BACs hybridizing with RGC
Pt8, and two kinase-encoding regions in
BACs hybridizing with RGC A2. Two of the
DNA sequences contain ORFs that can
translate into polypeptide sequences with-
out any stop codons. They seem to contain
all the structural features of an NBS–LRR
class R gene. In a BLAST search of the
GenBank database, their best hit is
Arabidopsis RPS2 among cloned R genes,
showing a 30–35% amino acid identity,
50–55% similarity and an Expect value less
than e-110. The other two NBS–LRR class
sequences seem to be pseudogenes as they
each contain one stop codon in their coding
regions. The two receptor-like kinase class
RGCs (17o6RLKP and 26m19RLKP) con-
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tained all the nine domains of rice Xa21,
including a signal peptide, extracellular
LRRs, transmembrane and kinase domains.
Overall, they shared approximately 44%
amino acid identity and 51% similarity
with rice Xa21. Their kinase domains con-
tained all the 12 subdomains and the
serine–threonine-specifying motifs of rice
Xa21, and the 15 invariant amino acids of
protein kinases. The LRR domains of
17o6RLKP and 26m19RLKP consist of the
same number of imperfect repeats as Xa21,
and they shared approximately 44% amino
acid identity and approximately 51% simi-
larity. Although the functionality of these
full-length RGCs remains to be determined,
the above data indicate that many RGCs
may have complete structures as cloned
functional R genes.

General procedure and considerations

Homology-based cloning of citrus RGCs
involves several steps: identifying con-
served domains and motifs in cloned R
genes, designing appropriate degenerate
PCR primers, amplification of genomic or
complementary DNAs, cloning of heteroge-
neous PCR fragments, characterization and
selection of plasmid clones, and sequenc-
ing and identification of RGCs. Some of
these steps such as cloning and sequencing
of PCR fragments are similar to standard
procedures used in molecular cloning, and
therefore discussion will be focused on
some of the special conditions used for RGC
cloning. When further genetic, structural or
functional analyses are intended for cloned
RGCs, it may require acquisition of addi-
tional DNA sequences, and conducting
linkage mapping, gene expression study
and/or genetic transformation, most of
which are beyond the scope of this chapter.

Conserved motifs and degenerate primers

A number of computer software programs
can be used for aligning multiple amino
acid sequences to reveal highly conserved
motifs in cloned plant R genes. CLUSTERX

(Thompson et al., 1997) and GCG ‘PILEUP’
are among the commonly used programs.
Successful PCRs require two primers facing
each other; thus at least two regions of
highly conserved amino acids should be
found, and each should extend for at least
six amino acids, so primers of at least 17
nucleotides could be derived. The distance
between the two chosen motifs needs to be
at least 20 amino acids, so that PCR prod-
ucts can be at least 100 bp in size. The two
motifs are converted to sense and antisense
nucleotide sequences, respectively.
Desirable degenerate primers are expected
to amplify diverse RGC sequences but few
non-specific sequences. Therefore, it is nec-
essary to control the degeneracy of
designed primers. Using inosine as an alter-
native base, and/or synthesizing multiple
sets of primers for a given conserved motif
are two approaches frequently adopted.

The NBS domain, particularly its P-
loop motif, has been frequently targeted in
degenerate primer design. This is because
the domain appears at a high frequency in
the cloned R genes and it is most conserved
among the genes. In addition, an internal
hydrophobic domain (HD) between the
NBS and LRR domains of the NBS–LRR
class of R genes also has been used exten-
sively for amplification of this class of
RGCs. In PCRs, these primers are expected
to amplify DNA fragments of the size of
approximately 500 bp, provided that no
introns are located between the DNA
sequences encoding the two motifs.

Two short stretches of peptide
sequences (FG(K/S)VYKG and
GY(A/I)(A/D)PEY) in the kinase subdo-
mains I and VIII were found to be relatively
well conserved in the receptor-like kinase
class R genes. Degenerate primers designed
from these regions amplified citrus DNA
sequences similar to the receptor-like
kinase class R genes. Attempts have been
made to design degenerate primers for the
LRR domain found in the NBS–LRR class
and LRR class R genes, but the poor conser-
vation of amino acids other than leucine
has led to few successes in targeting these
classes of RGCs in plant genomes.
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PCR amplification

When a degenerate primer is synthesized,
each primer actually contains numerous
oligonucleotide sequences as dictated by its
degeneracy. Because of this nature, it is
necessary to increase, compared with stan-
dard PCRs, the amount of degenerate
primers and DNA templates used in PCRs
to amplify RGC sequences. In addition,
appropriate annealing temperatures may
need to be identified to obtain the expected
products.

Cloning, sequencing and sequence analysis

PCR products amplified with degenerate
primers are rather heterogeneous, even
though they appear as a single band or a
few bands on an agarose gel. It is necessary
to obtain several dozen or more independ-
ent recombinant DNA clones to capture the
major part of the sequence diversity ini-
tially detected by the degenerate primers.
Restriction pattern analysis is then used to
identify unique recombinant clones for sub-
sequent sequencing. A BLAST search of the
GenBank database seems to be a very
convenient and effective way to reveal
whether or not obtained sequences
share any similarity to cloned R genes or
the vast number of plant RGCs. In-
depth analysis of RGC sequences for their
coding capacities, pairwise comparisons,
multiple alignment, phylogenetic relation-
ship, etc. can be accomplished using vari-
ous free or commercial software programs
such as DNASISMAX, the GCG SEQWEB soft-
ware (‘GAP’, ‘PILEUP’, etc.) and the CLUSTAL

X package.

Reducing non-specific sequences

Many DNA sequences obtained may have
no similarity to plant R genes. This phe-
nomenon is common in homology-based
cloning of plant R genes or genes responsi-
ble for other functions. It is because of the
degenerate nature of primers used, and the
tremendous complexity of plant genomes.
Several strategies are often used to reduce

the number of non-specific sequences in
PCR amplification and cloning. Using mul-
tiple sets of primers of lower degeneracy,
optimizing annealing temperatures for
PCR, separation of DNA bands on agarose
or polyacrylamide gels, and the choice of
DNA bands are various approaches
attempting to minimize the problem of non-
specificity.

Recent technical developments

Targeted isolation of RGCs for known disease
resistance loci

Early studies involved cloning and
sequencing of RGCs, followed by designing
specific primers and screening them for a
potential association with resistance gene
loci. Numerous degenerate primers have
been designed from various classes of
cloned R genes in recent years, but it can be
rather time consuming to follow this proce-
dure, especially when it is uncertain
whether or not any RGCs, or what class of
RGCs, might be linked to the target resist-
ance gene loci of interest. In search of new
markers for Ctv, we developed a so-called
BSA-RGC approach, based on the bulked
segregant analysis (Michelmore et al., 1991)
that has been in use for screening large
numbers of random primers in tagging dis-
ease resistance loci with RAPD markers.
The BSA-RGC approach screens degenerate
primers and their amplified products with
pairs of resistant and susceptible plant
groups before RGCs are cloned, sequenced
and converted into molecular markers. It
was used in the development of markers
11R1-1a and 11R1-1a5 that co-segregated
with Ctv and led to chromosome landing on
Ctv-containing BACs. This approach
should be applicable to other disease
resistance gene loci, and to allow a large
number of primer combinations to be
screened in a short period of time and
potential RGC sequences linked to the
target gene locus to be identified, before
engaging with DNA fragment cloning and
sequencing.
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Improving RGC sequence diversity

One of the goals in RGC cloning is to obtain
DNA sequences most similar to cloned R
genes and from as many different chromo-
somal locations as possible, i.e. maximum
sequence diversity. Frequently it becomes
difficult to find new RGCs after dozens of
plasmid clones have been sequenced. One
recent study indicates that BACs may help
overcome this difficulty and allow for cap-
turing more diverse RGC sequences. Deng
and Gmitter (2003) compared the diversity
of receptor-like kinase class RGC sequences
amplified from genomic and BAC clone
DNA, respectively. The 29 sequences
amplified from genomic DNA with degener-
ate primers kindF1 and kindR1 fell into two
major groups and four subgroups in cluster
analysis. The prevalent one among the 29
sequences, A2, was used to screen the
USDA 17-47 BamHI library, and positive
BACs were used for amplifications with A2-
derived specific primers. Surprisingly, the
23 sequences amplified from these BACs
fell into five major groups and eight sub-
groups, i.e. sequences not revealed by
amplification of genomic DNA were found
among the BAC clone inserts.

Acquisition of full-length gene structures

The acquisition of full-length gene
sequences is essential for structural and/or
functional analysis of RGCs, and also bene-
ficial for marker development and genetic
mapping. Long-range PCR, 5’ and 3’ RACE
(rapid amplification of cDNA ends), and
cDNA and genomic library screening have
been used in various cases for this purpose.
Recent experience indicates that BAC
libraries (and clones) are an excellent
resource for this endeavour (Deng and
Gmitter 2003). Through primer-based walk-
ing on BACs, full-length gene structures
have been obtained for a number of
NBS–LRR class and receptor-like kinase
class RGCs. BAC libraries are easy to screen
and their clones contain large inserts
(50–250 kb). These characteristics facilitate
not only recovery of upstream and down-

stream coding or non-coding regions of spe-
cific RGCs, but also the identification and
characterization of resistance gene
sequence clusters. BACs in some vectors,
such as pYLTAC (such clones have been
called TACs), may be transferred into
Agrobacterium cells and used in genetic
transformation. Several BAC libraries have
been constructed in the last several years,
and they cover both the Poncirus and Citrus
genomes with good representation (Deng et
al., 2001a).

R Genes and RGCs in the Citrus
Genome – Features and Distributions

Clustering of R genes and RGCs

Clustering of citrus R genes was first
observed in genetic mapping of Ctv and
Tyr1 (Deng et al., 2000; Ling et al., 2000).
Initially, a RAPD marker amplified with
random primer OP07 was identified linked
to the Ctv locus (Gmitter et al., 1996). In a
separate effort toward mapping citrus nem-
atode resistance with a separate population,
this random primer yielded a DNA frag-
ment linked to Tyr1 and apparently of the
same size as the marker associated with Ctv.
When the Ctv-linked RAPD fragment was
cloned and converted into SCAR marker
SCO07, its high specificity allowed the con-
firmation that the two RAPD markers iden-
tified in different mapping populations for
two resistance traits were the same and that
Ctv and Tyr1 are closely linked in coupling
phase. This relationship between Ctv and
Tyr1 has been confirmed further in subse-
quent mapping with a number of specific
PCR markers derived from RGCs or BAC
end sequences. The genetic distance
between the two loci was estimated to be
approximately 12 cM, using populations of
fewer than 100 progeny individuals (Deng
et al., 2000; Ling et al., 2000). A more pre-
cise estimation is being attempted using a
large population (X. Xiang, Q. Zheng, S.
Huang, C. Chen, L. W. Duncan, Z. Deng,
K.D. Bowman and F.G. Gmitter, JR, unpub-
lished results unpublished). The quantita-
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tive inheritance of citrus nematode resist-
ance may hinder pinpointing of Tyr1 on to
a linkage map; consequently, the exact
genetic location of Tyr1 will be not as well
defined as that of Ctv, which creates diffi-
culties for a precise estimation of the
genetic distance.

Physical evidence of R gene and RGC
clustering has also become available
recently from BAC and BAC contig analy-
sis. BAC clones contain genomic DNA
inserts in the range of 35–300 kb, therefore
they are ideal for examining gene or
sequence clustering on a much finer scale
compared with genetic mapping. In charac-
terizing BACs identified with NBS–LRR
class RGCs, Deng et al. (2001a) found that
more than 40% of the 29 BAC contain 2–4
copies of NBS–LRR class sequences within
each BAC. Deng and Gmitter (2003)
analysed 35 BACs identified with receptor-
like kinase class RGCs and recognized that
approximately 50% of the clones each carry
2–3 copies of Xa21-like sequences. The
average size of these BACs is approximately
115 kb. Considering the close relationship
between RGCs and R genes in plants, this
clustering feature of RGCs in citrus BACs
may serve as a good indication of possible R
gene distribution in the citrus genome.

Sequencing of overlapping BAC clones
at the Ctv locus and its immediate vicinity
has revealed the existence of five copies of
CC–NBS–LRR type complete gene
sequences, two copies of pseudogene
sequences and nine resistance gene frag-
ments (Yang et al., 2003). Similar gene con-
tents have been predicted from sequencing
BACs covering the Ctv locus but from a dif-
ferent source (Z. Deng, S. Huang, C. Chen
and F.G. Gmitter, Jr, unpublished). These
data, therefore, have provided the most
direct evidence of R gene or RGC clustering
around a functional resistance gene locus in
citrus.

It was first recognized that the
Ctv–Tyr1 region may contain a major clus-
ter of resistance genes in 2000 (Deng et al.,
2000), based on the available data at that
time (Fang et al., 1998; Deng et al., 2000;
Ling et al., 2000). As more genetic mapping,

RGC cloning and BAC sequences accumu-
late, this region seems to contain more R
genes or RGCs than previously thought. An
up-to-date count of R genes and R gene-like
sequences includes up to 12 copies of
NBS–LRR sequences and 3–4 copies of LRR
sequences. Though the functions of most of
these sequences remain to be determined,
the discovery of this cluster may have
important implications for disease resist-
ance breeding.

Transposable elements and R genes

One surprising feature revealed in BAC
clone sequencing was the rich presence of
transposable elements around R gene
sequences. Five copia-like and three gypsy-
like retrotransposons, and two mutator-like
transposons have been identified within the
282 kb DNA at the Ctv locus (Yang et al.,
2003). In addition, six small DNA fragments
similar to parts of other transposable ele-
ments are present within the 282 kb. The
total length of these elements together is
greater than 65 kb, i.e. accounting for
approximately 23% of the nucleotides. In a
sense, R gene sequences are surrounded by
transposable elements at the Ctv locus.

Similar phenomena have been
observed in other NBS–LRR sequence-rich
BACs (C. Chen and F.G. Gmitter, Jr, unpub-
lished; Z. Deng, S. Huang, C. Chen and F.G.
Gmitter, Jr, unpublished). It seems that the
NBS–LRR class R gene sequences are quite
often associated with retrotransposable ele-
ments in citrus. The presence of transpos-
able elements with other classes of R gene
sequences has not yet been characterized in
citrus. It has been proposed that trans-
posons might have participated in diversifi-
cation of the Xa21 gene in rice for R gene
evolution (Song et al., 1997). Arabidopsis
has a small genome and a relatively low
portion of transposable elements. In many
plants with large genomes, transposable
elements often contribute to most of their
DNA contents. Compared with these plants,
the citrus genome is quite small and has
been expected to contain a relatively small
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percentage of its DNA content. It remains to
be determined whether transposable ele-
ments contribute to R gene evolution in
citrus and if they are widely distributed
around other R genes in citrus.

Future Prospects

As indicated at the outset of the chapter, the
science of genomics, driven by advances in
the field of human genomics and the rap-
idly expanding capability of technology, is
revolutionizing the entire field of biology
and genetics. These developments have
already impacted the citrus genetic
improvement community worldwide.
However, it is expected that the rate of
progress toward greater understanding of
the genetic control of agriculturally impor-
tant traits, and the ability to manipulate and
modify citrus genomes to improve plant
performance, will greatly accelerate. As
some of the examples illustrated above
reveal, much is possible in achieving quan-
tum improvements both in the ability to
make meaningful genetic changes and in
the nature of the changes that are possible.
It is important to recognize, though, that
most of the work described above took more
than ten years to accomplish. The long path
toward cloning the CTV resistance gene, for
example, began in the mid-1990s, and it has
not yet been completed. This is not for lack
of diligent effort, but more clearly it is
related to attempting to achieve the goal
with technology that was not as mature as
that which exists currently. Since the
inception of the Ctv cloning project, many
new technological developments have been
seen. These include the ability to sequence
comprehensive expressed sequence tag
(EST) libraries and even complete genomes,
microarray technology to study global gene
expression, bioinformatics capabilities that
enable processing volumes of informative
data that would have been unimaginable
just a decade ago, and high-throughput
marker systems for mapping projects that
can yield high density maps containing
thousands of markers. These new abilities

will clearly hasten progress into the future.
There remain some impediments that

have plagued citrus breeders over the course
of time, and some new impediments as well,
that may temper the rate of accelerated
progress. Citrus will remain a plant for
which the fundamental underlying genetic
studies are difficult to conduct. The diffi-
culty with which citrus can be transformed,
and the fact that methods to transform sev-
eral recalcitrant citrus lines have not yet
been developed, is a limitation to making the
leap from fundamental genomic information
and understanding of disease resistance, or
any other trait for that matter, to practical
deployment of genetically improved citrus
plants for the benefit of producers and con-
sumers. Our inability to quickly and accu-
rately phenotype citrus plants, for example
CTV resistance, has meant that although we
have full sequence information of the resist-
ance genomic region and even expression
data, we have yet to confirm the absolute
genetic element that distinguishes immune
from susceptible plants. Many of the traits of
greatest potential commercial value that
might be modified are subject to complex
genetic and environmental interactions, and
there currently are very few reports of cloned
QTLs that have contributed to substantial
improvements in performance. Finally, the
goals for citrus genetic advancement,
whether for scion or rootstock cultivars, are
almost always expressed in terms of improv-
ing multiple characteristics. Nonetheless,
outcomes of citrus genomic research are
already providing incredible opportunities
to achieve genetic goals for disease resist-
ance previously thought to be impossible,
from unravelling the basis of genetic resist-
ance to pathogens, to developing efficient
tools to select for resistance, to developing
highly targeted approaches to modify very
specific traits. As the research community
continues to explore the potential solutions
that already exist within the citrus genomic
pool, with currently available and with
newer, more effective technologies that are
being developed, the impossibilities of today
will become tomorrow’s realities.
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Introduction

Commercial citrus, wherever it is grown, is
plagued by numerous pathogens. For exam-
ple, Citrus tristeza closterovirus (CTV) is
the most economically important virus
affecting citrus. Worldwide, it is estimated
that more than 50 million trees have been
lost to CTV, with economic losses in the
order of the hundreds of millions of US dol-
lars (Bar-Joseph et al., 1989). Citrus canker,
caused by Xanthomonas axonopodis pv.
citri, severely limits citrus production in
Asia, South America and other parts of the
world. Canker was re-introduced into
Florida for at least the third time in 1995
or earlier, first found near Miami air-
port. Since this introduction, the disease
has moved northward toward major
citrus-growing areas, in spite of eradication
efforts that have removed approximately
three million trees. Also, recently, Brazil
has seen the appearance of sudden death, a
disease of unknown aetiology, and has also
been affected by citrus blight (also of
unknown aetiology) and citrus variegated

chlorosis (caused by the bacterium Xylella
fastidiosa) for many years. Leprosis,
a viral disease that only recently has
been characterized molecularly, is a
problem in Brazil, Panama, Venezuela
and other countries. In addition, viroids
such as cachexia and exocortis, and several
fungal diseases can also affect citrus
production.

A long-term solution to the problems
caused by these pathogens is the produc-
tion of citrus varieties that are genetically
resistant or immune to them. This will not
be simple to do using conventional breed-
ing, given the reproductive biology of the
genus and the lack of resistance genes in
commercially acceptable citrus types.
Therefore, one strategy to overcome these
limitations is to engineer citrus plants for
pathogen resistance. The research to pro-
duce CTV-resistant plants using pathogen-
derived resistance is the farthest along, and
will be discussed in the most detail here,
but work we have initiated to produce more
generalized disease resistance is also
described.
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Strategies for Producing
Pathogen-resistant Plants

Natural resistance

A potential pathogen has to overcome sev-
eral barriers in order to infect a plant and
become an actual pathogen (Thordal-
Christensen, 2003). These barriers can be
pre-formed (wax, cell walls, secondary
metabolites and antimicrobial enzymes),
but are often active responses following the
recognition of the pathogen (Thordal-
Christensen, 2003). Plants often respond in
similar ways to host and non-host
pathogens sharing some of the same signal
components (Thordal-Christensen, 2003).
The outcome of an interaction with a
pathogen is thus governed by many factors,
including the genotypes of the plant and
pathogen as well as a complex exchange of
signals between the two (McDowell and
Dangl, 2000). Activation of inducible
defences is contingent upon recognition of
an invasion. Structural molecules from the
pathogen such as cell wall components and
bacterial flagellin elicit a defence response
and are considered ‘general elicitors’
(Martin et al., 2003). However, a more spe-
cific detection system by the plant is
through a complex array of constitutively
expressed R (for resistance) genes (Martin et
al., 2003). Individual R genes have narrow
recognition capabilities and they trigger
resistance only when the invading
pathogen expresses a corresponding Avr
(for avirulence) gene. Avr proteins can
specifically modify host targets that are
detected by the R proteins in resistant
plants (Zhu et al., 2004). R gene-mediated
resistance (also called gene-for-gene resist-
ance) is commonly, although not invari-
ably, associated with rapid necrosis of plant
cells at the site of invasion, the hypersensi-
tive response, that stops pathogen infec-
tion. Six distinct classes of highly
polymorphic but structurally conserved R
proteins that mediate resistance against dif-
ferent pathogen taxa have been identified
(Lahaye, 2002). The majority of the cloned
R genes encode putatively cytoplasmic pro-

teins with a nucleotide-binding site (NBS)
and a C-terminal leucine-rich repeat (LRR)
domain (Lahaye, 2002). NBS–LRR proteins
are further divided into two subclasses
depending on whether the N-terminal
domain is a Toll/interleukin-1 receptor
(TIR) or coiled-coil (CC) motif. The LRR
backbone is proposed to provide a versatile
recognition surface for specific Avr percep-
tion, while evidence indicates that the TIR
and CC domains mediate downstream sig-
nalling (Lahaye, 2002).

Downstream of recognition, which
occurs when plants first encounter
pathogens, more global resistance mecha-
nisms are induced. The earliest detectable
cellular events are ion fluxes across the
plasma membrane and a burst of oxygen
metabolism that produces reactive oxygen
intermediates (ROIs), such as superoxide
(O2

–) and hydrogen peroxide (H2O2)
(McDowell and Dangl, 2000; Delledonne et
al., 2002). Receptor-mediated ion fluxes
trigger localized production of nitrous
oxide (NO) and ROIs immediately after
pathogen recognition. These second mes-
sengers synergistically induce cell death,
production of salicylic acid (SA), defence
gene expression and more ROIs, establish-
ing a putative feedback loop in which the
response is amplified. Characterization of
these steps in plant defence is an area of
very active research.

An important component of this
defence system is systemic acquired resist-
ance (SAR) (recently reviewed by Durrant
and Dong, 2004). After a hypersensitive
response to invading pathogens, plants
show elevated accumulation of SA,
induced expression of pathogenesis-related
(PR) genes and SAR to further infection by
a broad range of pathogens. Considerable
effort has been directed toward identifying
the signalling molecules responsible for
activating the hypersensitive response and
SAR, and there is now compelling evidence
that SA plays a crucial role in triggering
SAR. Application of SA or its analogues to
both tobacco and Arabidopsis induces PR
gene expression and resistance as would a
biological agent (Shah et al., 1999).
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Transgenic tobacco plants that express the
bacterial salicylate hydroxylase (nahG)
gene cannot accumulate SA or develop
SAR, and exhibit heightened susceptibility
to pathogen infection (Delaney et al., 1994).
Likewise, preventing SA synthesis by
specifically inhibiting the activity of pheny-
lalanine ammonia-lyase, the first enzyme in
the SA biosynthetic pathway, makes other-
wise resistant Arabidopsis plants suscepti-
ble to Peronospora parasitica (Mauch-Mani
et al., 1996). Further, at least some R genes
are upregulated by SA, forming a feedback
amplification signal loop (Shirano et al.,
2002; Xiao et al., 2003). Two distinct signal
transduction pathways that conduct to SAR
after pathogen recognition by R proteins
have been identified (Fig. 14.1). Two genes
from Arabidopsis, EDS1 and PAD4, that
encode lipase-like proteins and that inter-
act with each other, mediate the down-
stream signalling of TIR- but not CC-type R
protein receptors. Further, EDS1 and PAD4
seem to be a converging point of TIR-medi-
ated resistance to bacteria, fungi and
viruses (Liu et al., 2002; Whitham et al.,
2003). A membrane-associated protein
encoded by NDR1 is required to trigger
resistance by many CC R proteins, but not
by TIR proteins. Another set of genes also
required for signal transduction, RAR1,
SGT1 and PBS3, overlap the pathways
described above, indicating the complexity
of the signal pathway. RAR1 is a compo-
nent of the N-mediated resistance to
Tobacco mosaic virus (TMV) and some pow-
dery mildews; however, it is not required by
all R genes (Liu et al., 2002; Quirino and
Bent, 2003). SGT1 and RAR1 physically
interact and they have been suggested to be
associated with the ubiquitination and sub-
sequent degradation of proteins (Martin et
al., 2003; Quirino and Bent, 2003). Further,
a molecular chaperone (Hsp90) interacts in
Nicothiana tabacum with SGT1, RAR1 and
the N protein, and is also required for
the signal transduction of R gene-
mediated resistance (Liu et al., 2004). This
may indicate that some R proteins are able
to assemble into recognition complexes
without the help of chaperones, hence

explaining the different requirements of R
genes for SGT1/RAR1 resistance (Liu et al.,
2004).

In addition to SA, ethylene (ET) and
jasmonic acid (JA) serve as important sig-
nals for the induction of various defence
responses, including insects, mechanical
damage and necrotrophic pathogens; they
work with SA to signal some but not all
defence responses, and in some cases func-
tion independently (Pieterse and van Loon,
1999; Shah et al., 1999). A different form of
systemic resistance is the induced systemic
resistance (ISR) that requires signal path-
ways responding to the hormones ET and
JA and is independent of SA. In nature, cer-
tain non-pathogenic bacteria can trigger
this response. Both SAR and ISR pathways
are part of a complex signal network with
members that seem to act independently
but coordinately (Fig. 14.1). Overall, the SA
and JA/ET pathways act in opposition to
each other although some overlap exists
(Glazebrook et al, 2003).

One of the key genes involved in both
SAR and ISR is the Arabidopsis thaliana
NPR1/NIM1 that functions as a signal mod-
ulator (Fig. 14.1) (Cao et al., 1997, 1998; Yu
et al., 2001). Upon induction (by pathogen
infection and/or SA), NPR1 expression is
elevated and the NPR1 protein is activated,
in turn inducing expression of a battery of
downstream PR genes. The NPR1 gene
encodes a protein containing ankyrin
repeat motifs of the sort mediating pro-
tein–protein interactions in animals (Cao et
al., 1997). Arabidopsis mutants lacking a
functional NPR1 gene are unable to express
PR genes in response to SA or its analogues.
In addition, npr1 mutant plants show
increased susceptibility to fungal, bacterial
and viral pathogens. The recessive nature of
most identified NPR1 mutant alleles
strongly suggests that NPR1 is a positive
regulator of the SA signal transduction
pathway. In uninduced cells, NPR1 exists
as an oligomer formed by intermolecular
disulphide bonds. After an oxidative burst
during SAR induction and the subsequent
accumulation of antioxidants, the cell
becomes a more reductive environment and
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NPR1 is converted to a monomeric state by
the reduction of intermolecular disulphide
bonds (Mou et al., 2003). In this reduced
state, NPR1 is translocated to the nucleus
where it interacts with members of the
basic leucine zipper (bZIP) family of tran-
scription factors (TGA factors) to induce the
activity of PR genes (Kinkema et al., 2000;
Fan and Dong, 2002; Johnson et al., 2003).
Interestingly, one TGA factor (TGA1) also
has to be reduced before it is able to inter-
act with NPR1 (Despres et al., 2003).

Cytoplasmic NPR1 appears to modulate
cross-talk between SA and JA defence path-
ways (Spoel et al., 2003). Constitutive over-
expression of NPR1 in Arabidopsis did not
result in constitutive PR gene expression in
the absence of pathogens; however, it did
lead to enhanced resistance to the bac-
terium Pseudomonas syringae and the
oomycete Peronospora parasitica, with no
obvious detrimental effect on the transgenic
plants (Cao et al., 1998; Friedrich et al.,
2001). NPR1 homologues have been identi-
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Fig. 14.1. Systemic signalling in Arabidopsis disease resistance. Recognition of invading pathogens is medi-
ated by resistance (R) proteins (CC– and TIR–NBS–LRR). Two distinct signal transduction pathways conduct
to SAR. EDS1 and PAD4, that encode lipase-like proteins and interact with each other, mediate the down-
stream signalling of TIR- but not CC-type R protein receptors. NDR1 is required to trigger resistance by
many CC R proteins, but not by TIR proteins. RAR1 and SGT1 overlap the pathways described above. After
induction, the levels of salicylic acid (SA) increase, the cell becomes a more reductive environment and
NPR1 is converted from an oligomeric to a monomeric state. In this reduced state, NPR1 is translocated to
the nucleus where it interacts with members of the basic leucine zipper (bZIP) family of transcription
factors (TGA) to induce the activity of pathogenesis-related (PR) genes. Some non-pathogenic bacteria,
necrotrophic pathogens, insects and wounding induce a separate defence pathway that is dependent on
jasmonic acid (JA) and ethylene (ET). This pathway ultimately produces the induction of defensins
(PDF1.2). SAR = systemic acquired resistance; ISR = systemic induced resistance. Solid arrows indicate a
positive effect; dashed arrows indicate a partial requirement; and lines with a bar indicate an inhibitory
effect.



fied in a variety of economically important
plants, including rice, soybean and maize.
The ubiquitous existence of NPR1 in differ-
ent plant species suggests that the findings
with NPR1 in Arabidopsis are likely to
apply to other species. Recently, the
Arabidopsis NPR1 gene was overexpressed
in rice plants and the transgenic plants
showed enhanced resistance to
Xanthomonas oryzae pv. oryzae (Chern et
al., 2001), indicating conserved signal
transduction pathways controlling NPR1-
mediated resistance among widely diverged
plant species (in this case dicots and mono-
cots).

At least some early SA-activated
genes (glutathione S-transferase, GST6 and
glucosyltransferase, EIGT) do not require
NPR1 for their induction. This points
toward different mechanisms for early and
late gene activation despite the fact that
they require SA and TGA, and share
some promoter elements with late acti-
vated genes such as PR1 (Uquillas et al.,
2004).

Protein kinases and signal transduction

One of the early cellular events that occur
within minutes of pathogen recognition is
the activation of protein kinases. The evi-
dence suggests that they have an essential
role in early signal transduction. Some of
the rapidly activated kinases have been
identified as mitogen-activated protein
kinases (MAPKs) (Peck, 2003). MAPKs are
activated by general elicitors such as fla-
gellin, chitin and other fungal cell wall
components, as well as specific elicitors
recognized by the R protein transduction
pathway (Ekengren et al., 2003). This is an
indication that kinases could be a converg-
ing point for host and non-host signal trans-
duction pathways. Further, at least in one
system (Pseudomonas syringae pv. tomato
carrying the AvrPto or AvrPtoB avirulence
genes and tomato carrying the Pto resist-
ance gene), two MAPKs (WIPK and NTF6)
and two MAPK kinases (MEK1 and MEK2)
are essential for the activation of the NPR1-
mediated SA pathway (Ekengren et al.,

2003). On the other hand, EDR1 of
Arabidopsis (a MAPK kinase kinase), is a
negative regulator of the SA defence path-
way (Frye et al., 2001). Orthologues of
EDR1 are present in several species of
dicots and monocots, indicating that it
must be part of a conserved pathway in
plants (Frye et al., 2001; Tang and Innes,
2002; Kim et al., 2003).

The questions we are asking in our
research are: do these same genes and
disease signal transduction pathways func-
tion in the perennial plant citrus in the
same manner as in annual plants? Can over-
expression of genes in the pathways be
used to provide generalized pathogen
resistance? These issues are discussed fur-
ther below.

Pathogen-derived resistance

In 1985, Sanford and Johnson advocated
the use of pathogen-derived genes for gen-
erating host resistance. Proof of concept
was demonstrated shortly thereafter by
Roger Beachy’s group, who showed that the
expression of a viral coat protein (CP) gene
in a transgenic plant could confer resist-
ance to the donor (Powell-Abel et al., 1986).
In the intervening years, there have been
numerous reports of various virus–host
combinations where this strategy has been
successful to some degree.

Once this strategy was found to be suc-
cessful, investigations into the underlying
mechanism(s) of resistance began. It was
found that there was indeed more than one
mechanism operating and that they could
be protein mediated or RNA mediated. The
best studied example of protein-mediated
resistance is that of TMV resistance con-
ferred by expression of the TMV CP gene in
transgenic tobacco by Beachy’s group as
referenced above. In this case, it was found
that virus resistance depends on the syn-
thesis of transgene-encoded CP, since a
non-coding TMV CP gene was not effective
(Powell et al., 1990). The resistance can be
overcome when plants are inoculated with
uncapsidated viral RNA rather than virions,
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leading to the conclusion that resistance is
due to interference of the transgenic CP
with virion disassembly (Nelson et al.,
1997). In grafting experiments, the trans-
genic CP also inhibited systemic spread of
the virus (Wisniewski et al., 1990), which
might implicate a second mechanism of
protection. However, systemic movement
of the TMV virions may also require virion
disassembly and assembly (Baulcombe,
1996).

RNA-mediated mechanisms were also
documented early on. In 1987, the year fol-
lowing the first description of resistance in
CP-transgenic plants, the very first virus-
resistant transgenic plants in which resist-
ance was clearly due to RNA-mediated
phenomena were reported. In plants
expressing a satellite RNA, either Cucumber
mosaic virus (Harrison et al., 1987) or
Tobacco ringspot virus (Gerlach et al.,
1987), resistance was thought to be due to
competition for replication between these
non-coding RNAs and the viral genomic
RNAs. The same mechanism has been
invoked more recently when other non-
coding viral RNAs, such as the 3′ non-
coding region of a viral genome used for
transformation (Zaccomer et al., 1993),
have also been shown to confer resistance
through competition with the viral RNAs.

However, the most important type of
RNA-mediated resistance is produced via a
quite different mechanism, first denoted as
gene silencing, now most often termed RNA
interference, or RNAi. This was first shown
by Dougherty’s group, who demonstrated
that resistance to Tobacco etch virus could
be conferred by an untranslatable CP gene,
and also that the strongest RNA-mediated
protection was observed in plant lines in
which little or no transgene mRNA accu-
mulated. When resistance was observed in
plants that initially accumulated transgene
mRNA, the plants were first fully infected,
after which, recovery, leading to a com-
pletely insensitive state, was accompanied
by disappearance of the transgene mRNA.
They proposed that resistance was con-
ferred by sequence-specific degradation of
both the transgene mRNA and the corre-

sponding viral RNA, via a mechanism sim-
ilar to post-transcriptional gene silencing
(PTGS) (Lindbo et al., 1993; Dougherty et
al., 1994).

Subsequently, gene silencing, or RNAi,
has been the subject of many investigations.
Basically, gene silencing is thought to result
from the action of a mechanism that sur-
veys the RNAs in a cell and sequence
specifically degrades those perceived as
unwanted. This phenomenon has been pro-
posed to be a natural plant defence mecha-
nism against viruses and transposons and is
also involved in the regulation of the
expression levels of certain genes
(Waterhouse et al., 2001; Tang et al., 2002;
Voinnet, 2002). Evidence of this is that
some plant viruses encode proteins that
specifically disable this system.

RNA silencing (under different names)
has been demonstrated in animals, fungi,
plants (Fig. 14.2) and possibly in bacteria
(Tchurikov et al., 2000). The mechanism
involved in these organisms shares some
common features, but the hallmark is the
production of small (21–25 nucleotide)
RNAs that act as determinants for the RNA
degradation (Hamilton and Baulcombe,
1999; Hammond et al., 2000). In plant cells
infected by a virus, the RNA first requires
the conversion to double-stranded (ds)
RNA. This is probably accomplished by the
viral replicase, although transgenes with
inverted repeats may directly produce
dsRNA. The dsRNA is cleaved into the
small interfering RNAs (siRNAs) that are
the mediators of gene silencing by an RNase
III-like enzyme complex (Dicer) that is ATP
dependent and contains putative helicase-,
RNase III- and dsRNA-binding domains
(Fagard and Vaucheret, 2000; Park et al.,
2002). Two classes of siRNA are generated
in plants by different Dicer enzymes,
short siRNA (21 nucleotides) and long
siRNA (24 nucleotides) (Hamilton and
Baulcombe, 1999; Tang et al., 2002). These
siRNAs are double stranded with two-
nucleotide 3′ overhangs and hydroxyl ter-
mini. It has been proposed that the short
siRNAs direct PTGS via mRNA degradation
and the long siRNAs trigger systemic
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silencing and the methylation of homolo-
gous DNA (Hamilton et al., 2002). The
siRNAs are opened in an ATP-dependent
step, leaving them single stranded to be
incorporated into the multimeric RNase
complex, that is then denominated RISC
(RNA interference-specific complex),
which is guided by Watson–Crick base
paring, ensuring the sequence-specific
degradation of the unwanted RNA
(Baulcombe, 2002; Wassenegger, 2002).
Inducible endogenous plant RNA-depend-
ent RNA polymerases (RdRps) are also
involved in RNA silencing. In both

Arabidopsis and tobacco, virus- and SA-
induced RdRps have been identified that
are not required for the initiation of RNA
silencing but are necessary for its mainte-
nance (Yu et al., 2003).

In plants, constructs designed to pro-
duce dsRNA or self-complementary hairpin
RNA transcribed from inverted repeats
have been shown to be highly efficient
inducers of gene silencing. This same strat-
egy can lead to very effective virus resist-
ance or immunity (Waterhouse et al., 1998;
Smith et al., 2000; Wang et al., 2000;
Tenllado et al., 2004).
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Fig. 14.2. A model for RNA silencing in transgenic plants. An inverted repeat copy of a gene with
homology to the target viral sequence forms a double-stranded RNA (dsRNA) molecule upon expression.
In the case of single copy transgenes, the mRNA can be perceived as aberrant by an unknown mechanism
and is converted to dsRNA by a plant-specific RNA-dependent RNA polymerase (RdRp). The dsRNA is
translocated to the cytoplasm where it becomes a target for the Dicer enzyme. Viral replication of many
RNA viruses also includes a dsRNA replicative form that can be targeted by Dicer. In plants, two types of
Dicer proteins generate short (21 nucleotide) and long (25 nucleotide) micro RNAs (miRNA, also
denominated small interfering RNA, siRNA). These siRNAs direct RNA interference in plants. The short
ones are associated with local silencing and the long ones with systemic silencing. The short siRNAs
associate with a RISC protein and become single stranded in an activation process that requires ATP. The
RISC–siRNA complex directs the sequence-specific degradation of homologous RNA. In the diagram, the
viral RNA is degraded by the transgene-induced RNA silencing (dotted arrow). It should be noted that the
process of degradation can also occur in the nucleus.



Molecular Biology of the Citrus Tristeza
Virus

CTV is a member of the genus Closterovirus
of the Closteroviridae, and has a positive
single-stranded RNA genome of approxi-
mately 20 kb. Different strains of the virus
can cause diverse disease syndromes that
vary from mild, with no visible symptoms;
to quick decline and death of scions grafted
on sour orange; to stem pitting and fruit size
reduction of most species and varieties of
citrus (Bar-Joseph et al., 1989). Virions are
long flexuous particles encompassed by two
CPs, a major CP of 25 kDa (referred to in this
work as CP) and a minor CP of 27 kDa (p27)
that encapsidates about 5% of the terminal
region of the particle (Febres et al., 1996).
Including these two genes, the single-
stranded, positive-sense genomic RNA
encodes 12 open reading frames (ORFs)
(Pappu et al., 1994; Karasev et al., 1995). The
5′-proximal ORF 1a encodes a 349 kDa pro-
tein containing two papain-like protease
domains, plus methyltransferase-like and
helicase-like domains; the virus RdRp is
encoded by ORF 1b and is expressed by a +1
frameshift (Karasev et al., 1995; Cevik, 2001).
The 3′ half of the genome contains ten ORFs
that are expressed via 3′-co-terminal subge-
nomic RNAs. One of the most highly tran-
scribed genes is that for a 20 kDa protein
(p20) that accumulates as a cytoplasmatic
amorphous inclusion body in infected cells
(Gowda et al., 2000) and appears to be a
repressor of local and systemic RNA silenc-
ing (Lu et al., 2004). The most 3′ gene of
CTV, p23, that codes for a 23 kDa protein, is
also highly transcribed and has been found
to control asymmetric accumulation of CTV
RNAs, in addition to being a suppressor of
local silencing (Lu et al., 2004). It downregu-
lates negative-stranded RNA accumulation
and indirectly increases the expression of 3′
genes (Satyanarayana et al., 2002). The 107
bp 5′- and 271 bp 3′-untranslated regions
(UTRs) of the genomic RNA are necessary for
virus replication (Mawassi et al., 2000).
Several strains of CTV have been fully
sequenced, and they reveal a higher degree
of nucleotide sequence homology in the 3′

end (>97% identity) than in the 5′ end
(<40% identity) of the genomic RNA
(Mawassi et al., 1996; Vives et al., 1999;
Yang et al., 1999; Albiach-Marti et al., 2000).

In the past, sour orange (Citrus auran-
tium L.) and Mexican lime (C. aurantifolia
(Christm.) Swing.) have been transformed
with the CP gene of CTV (Gutierrez et al.,
1997; Dominguez et al., 2000; Ghorbel et al.,
2000). Only the Mexican lime plants were
evaluated for resistance against CTV. Some of
the clonal lines showed some resistance (in a
proportion of 10–33%), while others showed
delay in virus accumulation (Dominguez et
al., 2002). However, by the third flush, the
resistance was largely overcome. In another
published experiment where citrus plants
have been transformed with a CTV sequence,
Mexican lime transgenic plants expressing
the CTV p23 protein showed virus-like
symptoms such as vein clearing and stem pit-
ting (Ghorbel et al., 2001).

Experiments Being Carried Out in Our
Laboratory

Sources of virus isolates

Florida CTV isolates T66 sub-isolate E, T36
(quick decline-inducing isolate) and T30
(mild isolate) were maintained at the
University of Florida’s Citrus Research and
Education Center, Lake Alfred, Florida.
Isolate B249 (stem pitting isolate from
Venezuela) was obtained from the
Collection of Exotic Citrus Pathogens main-
tained at the USDA-BARC, Beltsville,
Maryland. Isolate DPI 3800 (a mixture of
stem pitting-like and T36-like strains from
Florida) was acquired from the Florida
Department of Plant Industry (DPI),
Gainesville, Florida. All isolates were prop-
agated on Mexican lime.

Plasmid vector construction and bacterial
strains

Since the process of producing and growing
transgenic citrus is labour intensive and
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rather inefficient, and CTV is a complex
virus, our strategy has been to introduce
individually a wide variety of CTV
sequences to increase the chances of pro-
ducing tolerant plants. The sequences
include the CP gene from three different
strains with distinct biological characteris-
tics, a non-translatable version of one of the
CP genes, the RdRp, p27 and p20 genes, and
the 3′ end (400 3′-terminal bases, including
part of the p23 gene and the 3′ UTR) of the
CTV genomic RNA. Additionally, we have
also thus far used the NPR1 gene from
Arabidopsis in transformation experiments
in an attempt to obtain broad-spectrum dis-
ease resistance. The construction of these
vectors has been described in detail else-
where (Febres et al., 2003). Four binary
vector plasmids were used to clone the
sequences for their delivery into grapefruit
tissue via Agrobacterium tumefaciens

transformation. These vectors were
pGA482GG, pMON10098, pCAMBIA 2201
and pCAMBIA 2202. A summary of the
constructs used for the transformation
results presented here is shown in Table
14.1.

Pathogen-derived resistance can be
limited to the strain from which the trans-
gene was derived or to closely related
strains (Lomonossoff, 1995). These con-
structs are varied in terms of the genes they
contain, the position of the genes in the
CTV genome (both 3′ and 5′ regions are rep-
resented) and their origin (virus strain).
Since the 3′ end of CTV is the most con-
served region among different strains of the
virus (>97%), we speculated that this
region was the most likely to induce resist-
ance to the widest varieties of CTV strains.
Other sequences (CP and RdRp) were
chosen because they have been widely and
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Table 14.1. Description of the plasmids and bacterial strains used for the Agrobacterium tumefaciens-
mediated transformation of grapefruit.

Plant Plant Bacterial
selectable reporter selectable A. tumefaciens

Constructa Vector markerb genec markerd strain

35S-CP T36 pGA448GG Kan GUS Tet EHA 101
35S-CP T30 pGA448GG Kan GUS Tet EHA 101
35S-CP B249 pGA448GG Kan GUS Tet EHA 101
35S-RdRp pGA448GG Kan GUS Tet EHA 101
35S-p20 pMON 10098 Kan GUS Spc ABI
35S-p27 pMON 10098 Kan GUS Spc ABI
34S-NT CP pCAMBIA 2201 Kan GUS Cap Agl1
35S-3END-S pCAMBIA 2201 Kan GUS Cap Agl1
34S-3END-S pCAMBIA 2201 Kan GUS Cap Agl1
34S-3END-AS pCAMBIA 2201 Kan GUS Cap Agl1
34S-NPR1 pCAMBIA 2201 Kan GUS Cap Agl1
34S-NPR1 pCAMBIA 2202 Kan GFP Cap Agl1

a35S = CaMV 35S promoter; 34S = FMV 34S promoter; CP T36 = major CP gene from decline-inducing
isolate T36; CP T30 = major CP gene from mild isolate T30; CP B249 = major CP gene from stem
pitting-inducing isolate B249; RdRp = replicase gene from isolate T36; p20 = repressor of RNA silencing
from isolate T36; p27 = minor CP gene from isolate T36; NT CP = non-translatable major CP from
isolate T36; 3END-S = 3′ end (400 3′-terminal bases, including part of the p23 gene and the 3′ UTR) in
the sense orientation from stem pitting-inducing isolate DPI 3800; 3END-AS = 3′ end from isolate DPI
3800 in the antisense orientation; NPR1 = A. thaliana NPR1 gene (non-expressor of pathogenesis-
related proteins 1).
bKan = kanamycin.
cGUS = glucuronidase; GFP = green fluorescent protein.
dTet = tetracycline; Spc = spectinomycin; Cap = chloramphenicol.



successfully used for inducing resistance in
other plant–virus systems (Lomonossoff,
1995; Hammond, 1999). The p20 gene was
chosen because it is highly expressed and is
thought to be important in the virus life
cycle, and also it is located in the more con-
served 3′ end of the virus. The sequences
for the CP T36, NT CP, RdRp, p27 and p20
were cloned by reverse transcription–poly-
merase chain reaction (RT–PCR) from the
Florida CTV isolate T36 and were identical
to the publicly available sequence for this
isolate (gb U16304). Similarly, the sequence
for the CP T30 was identical to the public
sequence available (gb AF260651). The 3′
end of CTV was cloned from isolate DPI
3800, a mixture of quick decline and stem
pitting strains. The sequences of the 35S-
3END-S and 34S-3END-AS constructs were
T36-like, whereas the sequence of the 34S-
3END-S construct was more similar to stem
pitting isolates (data not shown). The NPR1
gene from Arabidopsis was cloned into the
pCAMBIA transformation vectors from
genomic DNA using specific primers
designed based on the sequence publicly
available (gb U76707.1).

Plant transformation

Grapefruit (C. paradisi Macf. cv Duncan)
seeds were extracted from mature fruits and
used for A. tumefaciens-mediated transfor-
mation according to the procedure previ-
ously described (Luth and Moore, 1999).
Four- to 6-week-old etiolated stem seg-
ments were used as explants. An initial β-
glucuronidase (GUS) assay was performed
on all of the shoots that regenerated on
selection medium (some 5–8 weeks after
inoculation with Agrobacterium) by remov-
ing small sections from their basal ends, fol-
lowed by histochemical GUS staining
(Moore et al., 1992). A second GUS assay
was performed on leaf segments of rooted
plants using a similar staining procedure.
Similarly, green fluorescent protein (GFP)
was visualized in intact shoots and plants
using a fluorescence stereoscope fitted with
a 535nm emission filter (Seizz). A standard

PCR was performed on the putatively trans-
genic plants (positive in the first GUS or
GFP assay) using gene-specific primers
(Febres et al., 2003).

The plants obtained from the transfor-
mation experiments resembled the wild
type morphologically and displayed normal
growth. The results of the plant transforma-
tion experiments with the CTV sequences
are summarized in Table 14.2. There was
variability in the number of explants (stem
segments) regenerating shoots (between 4
and 13%, with an average of 9%), the
number of GUS-positive shoots (between 6
and 39%, with an average of 14%) and the
number of solid (non-chimeric in the histo-
chemical assay) GUS-positive shoots
(between 0 and 40%, with an average of
17%). The control plasmid pGA482GG,
without any CTV genes, produced an above
average number of GUS-positive shoots and
the highest number of solid GUS-positive
shoots. This could be due to a higher effi-
ciency in the transfer of smaller
Agrobacterium T-DNA segments or perhaps
to a detrimental effect of the CTV genes.

None of the p20-regenerated shoots and
only one of the p27-regenerated shoots were
PCR positive for the gene of interest (Table
14.3), even though large numbers of stem seg-
ments were inoculated with Agrobacterium
containing these constructs (Table 14.2). This
does not seem to be a problem caused by the
inefficiency of the pMON10098 vector in
comparison with the pGA482GG or
pCAMBIA 2201 vectors, since the initial
numbers and percentages of GUS-positive
shoots produced using the constructs with
the p20 and p27 genes was high (19 and 10%
of regenerated shoots, respectively, Table
14.2). It is possible that these two genes are
toxic or deleterious to the plant and are
removed from the genome by rearrange-
ments, or that such transgenic plants die at
an early stage. This would be consistent with
a role for p20 as a repressor of RNA silencing.
It is now accepted that RNA silencing is one
of the mechanisms used by the cell to regu-
late gene expression (Voinnet, 2002). Such a
repressor constitutively expressed could alter
development in a deleterious way. As for
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p27, the only known role is that of a struc-
tural protein; however, it is not uncommon
for viral proteins to have more than one func-
tion in the virus life cycle.

After the transgenic plants were estab-
lished in soil, we performed a second GUS
assay or GFP visualization. Not all of the
plants that tested positive in the first assay
were positive in the second assay (Table
14.3). In most cases, the second assay
GUS/GFP-negative plants originated from
the chimeric shoots observed in the first
assay (data not shown). We were interested
in determining whether the second
GUS/GFP assay was a good indication for
the presence of the transgenes, compared
with the first assay. Excluding the results for
35S-p27 and 35S-p20, most of the GUS/GFP-
positive plants in the second assay (>75%,
and in most cases close to 100%, with an
average of 91%) were also PCR positive for
the gene of interest (Table 14.3). However, a
few of the plants (an average of 12%) that
were negative in the second GUS/GFP assay
(but positive for GUS/GFP in the first assay)
contained the gene of interest (Table 14.3).
Even though these percentages are low, since
the number of putatively transgenic plants

(PCR positive for the gene of interest) is also
relatively low, it may be worthwhile to
analyse all of the rooted plants by PCR even
if they are negative in the second reporter
gene assay. Further, these plants may repre-
sent a silenced state that could be of more
interest for our purpose, at least in the case
of the CTV sequences.

A selected number of the putatively
transgenic plants were further analysed by
Southern blots to corroborate the integration
of the genes into the plant genome and to
determine their copy number. The results
indicated that we obtained stably trans-
formed grapefruit plants with one to several
copies of the transgene per genome (data not
shown and Febres et al., 2003). Further,
western blot analysis of the CP transgenic
plants showed the presence of the 25 kDa
CP in several lines, demonstrating that the
CP from some of these lines was expressed
to detectable levels (data not shown).

Virus challenge of the transgenic plants

In nature, CTV is transmitted by aphids
(Bar-Joseph et al., 1989). Unfortunately, it is
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Table 14.2. Transgenic shoot production from the stem segment explants of grapefruit inoculated with
Agrobacterium tumefaciens carrying different sequences of CTV.

No. of No. of
segments segments (%) Total no. No. of GUS+ No. of solid

Construct evaluated producing shootsa of shoots shoots (%)b GUS+ shootsc

pGA482GG 5,808 209 (3.6%) 259 102 (39.4%) 41 (40.2%)
35S-CP T36 4,039 513 (12.7%) 687 70 (10.2%) 28 (40.0 %)
35S-CP T30 3,585 398 (11.1%) 536 49 (9.1%) 17 (34.7%)
35S-CP B249 3,504 386 (11.0%) 500 54 (10.8%) 12 (22.2%)
35S-RdRp 3,599 353 (9.8%) 448 42 (9.4%) 9 (21.4%)
35S-p20 8,227 748 (9.7%) 915 173 (18.9%) 14 (8.1%)
35S-p27 38,759 1,747 (4.5%) 2,170 225 (10.4%) 1 (0.4%)
34S-NT CP 28,809 2,287 (7.9%) 3,100 432 (13.9%) 60 (13.9%)
35S-3END-S 27,848 1,789 (6.4%) 2,359 192 (8.1%) 16 (8.3%)
34S-3END-S 15,723 1,783 (11.3%) 2,331 137 (5.9%) 5 (3.6%)
34S-3END-AS 8,171 514 (6.3%) 651 58 (8.9%) 6 (10.3%)

aPercentage refers to the number of segments producing shoots versus the number of segments
analysed.
bPercentage refers to the number of GUS+ shoots versus the total number of shoots.
cPercentage refers to the number of solid GUS+ shoots versus the number of GUS+ shoots.



very difficult to infect CTV into a citrus
plant by mechanical inoculation (Muller
and Garnsey, 1984; Bar-Joseph et al., 1989).
Therefore, to test whether the transgenic
plants we are producing show resistance to
CTV, they are being challenged by both
aphid and graft inoculations (Fig. 14.3). The
results shown here are mostly from graft
inoculation with CTV isolate T66-E. Buds
from verified transgenic plants (GUS, PCR
and Southern blot positive) were grafted on
Swingle citrumelo (Poncirus trifoliata (L.)
Raf. × C. paradisi Macf.). Each transgenic
plant was budded in five replicates, and
one of the transgenic plants was maintained
for healthy controls. After the transgenic
buds began to grow, the plants were graft
challenged with CTV severe isolate T66-E
by grafting three infected leaf segments on
to the transgenic scion. After 12 and 18
months, the transgenic grapefruit scions
were tested by double antibody sandwich
indirect enzyme-linked immunosorbent
assay (DASI-ELISA) (Garnsey and Cambra,
1991) using the polyclonal antibody UF
1052 for coating and the monoclonal anti-
body MCA13 as secondary antibody.

MCA13 reacts predominantly with the CP
of severe isolates of CTV (such as T66) and
does not react with T30 (Permar et al.,
1990). Each ELISA sample was tested in
duplicate. In the case of the aphid inocula-
tions, colonies of Toxopthera citricida
(brown citrus aphid) were fed for at least 48
h on T66-E-infected Mexican lime plants.
Groups of 20 aphids were transferred to the
transgenic plants (additional propagations
from those used in the grafting experi-
ments) and allowed to feed for several days.
Non-transgenic plants were used as con-
trols for the efficiency of virus transmis-
sion. Infection by CTV was also tested using
ELISA.

Only a small, representative number of
all the lines challenged are shown in Table
14.4. Most of the lines did not show resist-
ance to CTV (line 81, for example), testing
positive for CTV. A few of the lines, how-
ever, showed some of the plants free of CTV
(lines 146, 169, 212, 538 and 595). Plant
595 (transformed with the 3END construct
in the sense orientation) was the most
resistant. Interestingly, a couple of the lines
showed plants that seemed to have recov-
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Table 14.3. PCR analysis of the regenerated reporter gene-positive grapefruit shoots using
transgene-specific primers.

No. of No. of No. (%) of PCR-positive shoots
first assay second assay From From

Construct GUS+ shoots GUS+ shoots Total second GUS+a second GUS–b

35S-CP T36 47 25 29 23 (92%) 6 (27%)
35S-CP T30 27 17 18 17 (100%) 1 (10%)
35S-CP B249 20 16 14 14 (88%) 0 (0%)
35S-RdRp 31 13 18 12 (92%) 6 (33%)
35S-p20 20 4 0 0 (0%) 0 (0%)
35S-p27 31 8 1 1 (13%) 0 (0%)
34S-NT CP 22 8 8 7 (88%) 1 (7%)
35S-3END-S 11 6 5 5 (83%) 0 (0%)
34S-3END-S 17 4 5 3 (75%) 2 (15%)
34S-3END-AS 13 3 4 3 (100%) 1 (10%)
34S-NPR1c 45 15 16 14 (99%) 2 (6%)

aPercentage refers to the number of PCR-positive shoots versus the number of second assay
GUS-positive shoots.
bPercentage refers to the number of PCR-positive shoots versus the number of second assay
GUS-negative shoots.
cResults from GUS- and GFP-positive plants were combined for this analysis.



ered from the viral infection (line 212).
Overall, 41 lines of transgenic plants have
been tested, of which 13 have shown some
degree of resistance. These results are simi-
lar to those of Dominguez et al. (2002) in
which only a proportion of the plants
showed resistance to CTV.

We initiated the effort to produce CTV-
resistant citrus several years ago. At the
time, little was known about the mecha-
nism involved in pathogen-mediated dis-
ease resistance. During the time we have
been producing and challenging these

plants, a time-consuming and laborious
process, much has been learned about what
occurs during pathogen-mediated disease
resistance and how to bring it about effec-
tively (Waterhouse, 2001; Rovere et al.,
2002; Voinnet, 2002; Wassenegger et al.,
2002a, b; Tang et al., 2003). Any of the
genes that show promise in the transgenic
plants we have produced will be intro-
duced into transgenic plants in constructs
that include inverted repeats that result in
RNA with a double-stranded ‘hairpin’
structure (Waterhouse et al., 1998), direct
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Fig. 14.3. Grafting procedure used to challenge the transgenic plants. (A) The materials required for graft-
ing are a scalpel, blade or sharp knife and grafting tape. If grafting tape is not available, ‘Parafilm’ can be
used instead. However, it tends to ‘melt’ with time and it becomes more difficult to remove. (B) The main
vein of the leaf is scraped off to expose the phloem tissue. (C) A small square or ‘chip’ of about 3–4 mm
wide is cut out from the exposed phloem portion. (D) A cut is made to the stem of the plant to be
challenged as shown. Ideally, straight portions of the stem are selected for the graft, away from leaves or
other branches, which are removed. (E) The chip is placed between the stem and the flap, with the phloem
of the chip toward the phloem of the stem. (F) Grafting tape is wrapped around and used to secure the
graft in position. In our experiments, we make three to four grafts onto each transgenic scion. After 4–5
weeks, the tape is removed. By then the graft should have taken. The chip should be green and the flap
eventually dies and falls off.



tandem repeats of three or four copies of
the gene (Ma and Mitra, 2002) or short
(40–60 bp) inverted repeats (Lecomme et
al., 2003). These strategies are likely to be
more efficient (close to 100% silencing)
than the single gene strategy followed to
this point.

Experiments on natural disease resistance

Of course, CTV is not the only pathogen
that plagues citrus; there are a host of others
of bacterial, fungal, viroid and viral origin.
As described above, mechanisms of plant
disease resistance are being elucidated in
annual species such as Arabidopsis, and a
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Table 14.4. Results of the DASI-ELISA of the plants challenged with CTV T66-E.

ELISAb

Construct Line Replicate Treatmenta 12 months 18 months 

35S-RdRp 81 1 Graft 0.631 1.247
2 Graft 0.604 1.026
3 Graft 0.361 1.075
4 Graft 0.537 1.095
5 Unchallenged 0.069 0.176

35S-RdRp 146 1 Graft 0.434 0.797
2 Graft 1.282 1.149
3 Graft 0.091 0.777
4 Graft 0.059 0.221

35S- CP B249 169 1 Graft 0.519 1.004
2 Graft 0.615 1.013
3 Graft 0.520 1.041
4 Graft 0.069 0.215

35S- CP T30 212 1 Graft 0.991 0.908
2 Graft 0.576 0.163
3 Graft 0.484 0.938
4 Graft 0.522 0.921

35S-3END-S 538 1 Graft 0.561 0.951
2 Graft 0.542 1.041
3 Graft 0.549 0.998
4 Graft 0.064 0.179

35S-3END-S 595 1 Graft 0.061 0.211
2 Graft 0.060 0.177
3 Graft 0.072 0.194
4 Graft 0.102 0.192
5 Aphid 0.061 0.159

Healthy 1 Unchallenged 0.066 0.098
2 Unchallenged 0.085 0.127

T66-E 1 Aphid 0.571 0.922
2 Aphid 0.063 0.382

T66-E 1 Graft 0.744 N/A
2 Graft 0.810 N/A

DPI 3800 1 Graft N/A 1.123

aPlants were challenged with CTV by either grafting (Graft) or aphid transmission (Aphid), or remained
unchallenged.
bValues are averages of OD415 from two repetitions estimated 12 or 18 months after inoculation. A
positive result is at least twice the average OD of the uninfected controls. Values in bold indicate those
samples considered negative. N/A = sample not assayed.



number of the genes involved have been
isolated in recent years. The most promis-
ing characteristic of using resistance genes
of plant origin such as NPR1 is that they
may lead to broad-spectrum protection
against a variety of pathogens. In addition,
since they are of plant origin, they should
be of less concern to consumers. Our citrus
gene isolation and transformation efforts
are in their early stages. In the single report
where citrus was transformed with a PR
protein, a transgenic sweet orange line con-
taining a tomato PR-5 gene was signifi-
cantly more resistant to the oomycete
Phytophthora citrophthora (Fagoaga et al.,
2001).

One of our major objectives is to deter-
mine whether the genes shown to be impor-
tant in disease resistance in other species,
such as EDR1, EDS1, EDS5, NDR1, NPR1,
PAD4, PBS1, PBS3, PR1, RAR1, SGT1 and
RdRp, are present in citrus. We are using
two strategies to do this. One is to BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/)
the sequence of proteins of known function
from other organisms to the Citrus
expressed sequence tag (EST) database
available to identify potentially homolo-
gous genes. In recent years, EST sequences
from various citrus species and tissues, and
under different biological and environmen-
tal conditions have been added to GenBank
(http://www.ncbi.nlm.nih.gov), allowing
easy access to this information for BLAST
comparison and identification of genes of
interest. As of August 2007, more than
94,000 entries were available for C. sinensis
(sweet orange) and thousands more for
other Citrus types (http://www.ncbi.nlm.
nih.gov/dbEST/dbEST_summary.html),
and this number is rapidly increasing.
Several groups around the world, including
Japan, California (UC, Riverside’s
HarVest:Citrus, http://harvest.ucr.edu/) and
Florida (USDA), among others, are actively
adding more EST sequences to the data-
base.

Alternatively, degenerate primers
based on protein sequence alignments can
be designed in those cases where BLAST
does not identify any homologous

sequences. A useful tool for the design of
degenerate primers is the CODEHOP program
(http://blocks.fhcrc.org/codehop.html;
Rose et al., 2003).

One of the genes we have cloned
using these strategies is the grapefruit
EDR1 homologue. This Citrus gene has the
kinase domain and the conserved regions
present in EDR1 orthologues but is diver-
gent in paralogues (Fig. 14.4). As men-
tioned above, this gene is a negative
regulator of SAR. A mutated, kinase-defi-
cient version was transformed into
Arabidopsis, and the regenerated plants
showed increased resistance to powdery
mildews (Tang and Innes, 2002). We antici-
pate that a similar strategy could work in
citrus.

Because citrus is affected by such a
diversity of pathogens, finding individual
genetic cures for each one of them is time
consuming and inefficient. Ideally broad-
spectrum resistance is desired, and the use
of the same natural defence mechanisms
that are present in plants has the potential
of being very effective, based on the limited
available evidence. The idea behind using
genetic engineering is to produce citrus
plants that have a heightened or much ear-
lier defence response than wild types after
recognition of a pathogen, stopping it short
of infection. Most of the experiments on
genetically engineered resistance against
pathogens have been developed in annual
crops. In such cases, just a delay in the
onset of a disease can be enough to guaran-
tee a profitable production. In the case of a
perennial crop, such as citrus, this is not
enough. In our case, we want to produce
plants that are either immune or highly tol-
erant to pathogen infection over long peri-
ods of time.

In summary, some of the defence genes
that have been identified in other species
and that can provide broad-spectrum resist-
ance appear to be able to act in heterologous
systems. However, we are in the process of
identifying some of these genes from Citrus
types as well. We intend to test both het-
erologous and homologous genes in trans-
genic plants to determine their potential in
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inducing long-lasting, broad-spectrum dis-
ease resistance against the pathogens that
plague this important crop.
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Fig. 14.4. Amino acid sequence alignment of the kinase domain of EDR1-type proteins from several plant
species including grapefruit (Cp). EDR1 is a Raf-like mitogen-activated protein kinase kinase (MAPKK) that
functions as a negative regulator of disease resistance and SAR. Horizontal bars indicate regions conserved
in EDR1 orthologues but divergent in paralogues (CTR1). Cp = Citrus paradisi; Le = Lycopersicon
esculentum; At = Arabidopsis thaliana; Hv = Hordeum vulgare; Os = Oryza sativa.
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Summary

Genetic improvement of citrus through con-
ventional breeding is limited by their
genetic and reproductive characteristics.
Citrus species have a complex reproductive
system, with many cases of cross- and self-
incompatibility, apomixis and high het-
erozygosity, and most of them have very
long juvenile periods. In addition, the mode
of inheritance of most traits of agricultural
importance is unknown. In this context,
genetic transformation offers an important
alternative for the genetic improvement of
citrus. We have developed efficient and
reliable transformation systems for many
economically important citrus species,
including sweet orange, sour orange, lime,
lemon, citrange, alemow and mandarin,
based on the selection of the appropriate
Agrobacterium strain for super-transform-
ing citrus, the establishment of the most
appropriate infection and co-cultivation
conditions and culture media, as well as
adequate selection conditions and culture
media, the use of source plant material in a
good ontological state, the determination of
the competent cells for transformation in

citrus explants, the use of appropriate
marker genes and the rapid production of
whole transgenic plants through grafting of
regenerating transgenic shoots on to vigor-
ous rootstocks first in vitro and later in the
greenhouse. Furthermore, we have been
able to transform mature material, recover-
ing transgenic plants that flowered and set
fruits in 1–2 years after Agrobacterium
infection. Our research is now oriented to
incorporating transgenes of potential agri-
cultural interest into citrus species with the
aim of obtaining resistance to citrus tristeza
virus, higher tolerance to Phytophthora,
higher tolerance to salinity and shortening
the juvenile period.

Introduction

Importance and distribution of citrus

Citrus is the most important fruit crop in
the world, with a production of almost 100
Mt in 2001 (Food and Agriculture
Organization, 2001). It is grown in more
than 100 countries all over the world,
mainly in tropical and subtropical areas
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(~40° latitude on each side of the equator)
where favourable soil and climatic condi-
tions occur. Major producing countries
include Brazil, the USA, China, Spain,
Mexico, India, Iran, Italy, Egypt, Argentina,
Turkey, Japan, Pakistan, South Africa,
Greece, Thailand, Morocco, Israel,
Indonesia, Korea and Australia. Citrus
fruits are marketed fresh or as processed
juice and canned segments.

The general area of origin of citrus is
believed to be South-east Asia, including
south China, north-eastern India and
Burma, though its introduction into cultiva-
tion probably started in China. Commercial
citrus species and related genera belong to
the order Geraniales, family Rutaceae, sub-
family Aurantoidea. All rootstocks and
varieties used are included in the genus
Citrus, except for kumquats (Fortunella
spp.) and trifoliate orange (Poncirus trifoli-
ata L. Raf.), the latter used exclusively as a
rootstock. Commercial citrus fruits fall into
several main groups: sweet oranges
(C. sinensis (L.) Osb.), mandarins, including
satsumas (C. unshiu (Mak.) Marc.) and
clementines (C. clementina Hort. ex Tan.),
grapefruits (C. paradisi Macf.), pummelos
(C. grandis (L.) Osb.), lemons (C. limon (L.)
Burm. f.) and limes (C. aurantifolia
(Christm.) Swing.). There are other species
of relative importance in certain areas, such
as sour oranges (C. aurantium L.), citrons
(C. medica L.) and bergamots (C. bergamia
Risso & Poit.). Some hybrids of commercial
interest include citranges (sweet orange ×
trifoliate orange) and citrumelos (grapefruit
× trifoliate orange), used as rootstocks, and
tangelos (mandarin × grapefruit), tangors
(mandarin × sweet orange) and mandarin
hybrids, used as varieties.

Need for genetic improvement

Many different citrus genotypes are com-
mercially grown in a wide diversity of soil
and climatic conditions; therefore, trees are
subjected to important abiotic and biotic
stresses that limit the production and, in
some instances, the use of certain root-

stocks and varieties. The main abiotic
stresses are acid, alkaline and salty soils,
flooding and drought, freezing and high
temperatures. Citrus trees are also affected
by many pests and diseases caused by
nematodes, fungi, bacteria, spiroplasmas,
phytoplasmas, viruses and viroids. Some
diseases are spread throughout the world,
such as those produced by the fungus
Phytophthora sp. or by the citrus tristeza
virus (CTV), that preclude the use of certain
excellent rootstocks, and severely restrict
fruit production and quality of important
varieties in some countries. Other diseases
are restricted to specific geographic areas,
such as those caused by the bacterium
Xylella fastidiosa in Brazil and Liberobacter
asiaticum in most countries of South-east
Asia. In both cases, these bacteria are cur-
rently devastating millions of trees and
there are no means for efficient control.

At the same time that the citrus indus-
try is threatened by important biotic and
abiotic stresses, the markets in developed
countries demand fruit of increasing qual-
ity. In this situation, genetic improvement
of citrus is a major priority. However, con-
ventional breeding of citrus has important
limitations.

Genetic improvement of citrus

Citrus species have a complex reproductive
biology. Some important genotypes have
total or partial pollen and/or ovule sterility
and cannot be used as parents in breeding
programmes. There are many cases of cross-
and self-incompatibility. Most species are
apomictic, which means that adventitious
embryos initiate directly from maternal
nucellar cells precluding the development
of zygotic embryos, and thus the recovery of
sexual progeny populations. They have a
long juvenile period and most species need
at least five years to start flowering in sub-
tropical areas. All these features together
with their large plant size, high heterozy-
gosity, lack of basic knowledge about how
the most important horticultural traits are
inherited, and quantitative inheritance of
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most characters have greatly impeded
genetic improvement of citrus through con-
ventional breeding methods.

Although some breeding programmes
for citrus improvement started more than
100 years ago (Soost and Cameron, 1975),
nowadays most rootstocks are citrus species
without any improvement, and most impor-
tant varieties have been originated by bud-
sport mutations and chance seedlings. Only
a few hybrid varieties are economically rel-
evant in certain local markets. Probably, the
most significant results from any improve-
ment programme performed in the world
are the hybrids Carrizo and Troyer citranges,
originating from a cross made in 1909 that
was originally oriented to introduce cold
tolerance in edible fruits (Savage and
Gardner, 1965). Nowadays, citranges are
widely used as rootstocks in countries such
as Spain and the USA.

Recently, the development of genetic
markers is providing a new potential tool
for citrus breeding. Linkage maps have been
performed using isozymes, restriction frag-
ment length polymorphism (RFLP), random
amplified polymorphic DNA (RAPD),
sequence-characterized amplified regions
(SCAR), amplified fragment length poly-
morphism (AFLP), microsatellites (single
sequence repeat; SSR) and cleaved ampli-
fied polymorphic sequences (CAPS).
Although these studies have served to
determine the mode of inheritance of these
traits and they could be useful for breeding
purposes, map-based cloning of the corre-
sponding genes is still a long way off. The
only exception could be the CTV resistance
gene from P. trifoliata. Cloning of this gene
is under way in several laboratories (Deng
et al., 2001; Yang et al., 2001). Other prom-
ising biotechnologies for citrus improve-
ment include somatic hybridization
(Grosser et al., 2000) and embryo rescue
mainly for obtaining triploid (seedless)
varieties (Ollitrault et al., 1998).

Genetic transformation may provide an
efficient alternative for citrus improvement,
opening the way for the introduction of spe-
cific traits into known genotypes without
altering their genetic elite background.

Genetic Transformation of Citrus

State of the art

Until recently, citrus species have been
recalcitrant to transformation. Kobayashi
and Uchimiya (1989) obtained transgenic
callus from Trovita sweet orange by poly-
ethylene glycol (PEG) treatment of cell sus-
pensions with a plasmid containing the
marker gene nptII, but regeneration of trans-
genic plants from that callus was unsuccess-
ful. Vardi et al. (1990) produced transgenic
callus from Rough lemon (C. jambhiri Lush)
by PEG treatment of protoplasts with a plas-
mid containing the marker genes cat and
nptII, and obtained several stably transgenic
embryogenic lines, but only two of them
regenerated whole plants. Hidaka et al.
(1990) produced transformed callus of
Washington navel and Trovita oranges by
co-cultivation of embryogenic cell suspen-
sion lines with Agrobacterium tumefaciens,
but only one transgenic plantlet of
Washington navel was regenerated. Moore
et al. (1992) produced two transgenic
plantlets of Carrizo citrange by co-cultiva-
tion of internodal stem segments from in
vitro grown seedlings with A. tumefaciens.
More recently, this group reported a slight
increase in transformation efficiency using
basically the same procedure and regener-
ated two sour orange, nine lime and nine
Carrizo citrange plants with the major coat
protein gene of CTV (Gutiérrez et al., 1997).
Hidaka and Omura (1993) obtained trans-
formed Ponkan mandarin callus by electro-
poration of protoplasts, but no plants were
regenerated. Yao et al. (1996) reported trans-
formation of Page tangelo embryogenic cells
using particle bombardment, and produced
15 transgenic embryo lines, but they did not
progress further. Kayim et al. (1996) bom-
barded nucellar cells of lemon, but only β-
glucuronidase (GUS) expression from those
cells was reported.

The first report of efficient and reliable
production of citrus transgenic plants was
published by Kaneyoshi et al. in 1994. They
obtained transformation efficiency higher
than 25% by co-cultivating etiolated epi-
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cotyl segments of trifoliate orange with A.
tumefaciens. This allowed them efficiently
to incorporate the human epidermal growth
factor (hEGF) (Kobayashi et al., 1996) and
the rolC gene from Agrobacterium rhizo-
genes (Kaneyoshi and Kobayashi, 1999)
into this species. The same procedure with
slight modifications has been used by Bond
and Roose (1998) to transform Washington
navel orange, and by Luth and Moore
(2000) to transform grapefruit. Pérez-
Molphe and Ochoa-Alejo (1998) have
reported efficient production of transgenic
lime plants by co-cultivation of internodal
stem segments from in vitro grown
seedlings with A. rhizogenes. Yang et al.
(2000) have used A. tumefaciens to trans-
form epicotyl segments of Rio Red grape-
fruit, and have reported production of
transgenic plants containing an untranslat-
able version of the major coat protein gene
from CTV and the Galanthus nivalis agglu-
tinin gene. Co-cultivation of epicotyl seg-
ments with A. tumefaciens has been also
used by Gentile et al. (1998) and LaMalfa et
al. (2000) to regenerate transgenic plants of
Tarocco orange and Troyer citrange with rol
genes from A. rhizogenes and with the
green fluorescent protein gene (gfp) from
the jellyfish Aequorea victoria, respec-
tively, and by Koltunow et al. (2000) to pro-
duce transgenic limes containing genes for
decreased seed set. A different approach
was followed by Fleming et al. (2000) who
used the gfp gene as both a selectable and
reporter marker to transform Itaborai sweet
orange protoplasts with PEG, produce
embryogenic callus from them and recover
whole transgenic plants through somatic
embryogenesis.

The recalcitrance of citrus to genetic
transformation is mainly due to several fac-
tors: inefficiency of bacterial vectors in the
transformation of citrus cells, since citrus
species are not natural hosts of
Agrobacterium; difficulties in regenerating
shoots only from the transformed cells at
the same time avoiding the recovery of
escapes; and difficulties in rooting the
transgenic shoots. Our group started to
work in genetic transformation of citrus in

1993, and since then we have been able to
develop efficient and reliable procedures to
produce transgenic plants from Carrizo cit-
range (Peña et al., 1995a; Cervera et al.,
1998a), using epicotyl segments from in
vitro grown seedlings as source material,
and from Pineapple sweet orange (Peña et
al., 1995b; Cervera et al., 1998b), lime (Peña
et al., 1997; Domínguez et al., 2000), sour
orange (Ghorbel et al., 2000), alemow,
lemon and Cleopatra mandarin (Ghorbel et
al., 2001a), using internodal stem segments
from greenhouse-grown seedlings as source
material. The use of the appropriate
Agrobacterium strain super-transforming
citrus as vector, the establishment of the
appropriate infection and co-cultivation
conditions and culture media, as well as
adequate selection conditions and culture
media, the use of source plant material in a
good physiological state, the determination
of the cells competent for transformation in
citrus explants, the use of appropriate
marker genes, and the rapid production of
whole transgenic plants through grafting of
regenerating transgenic shoots into vigor-
ous rootstocks first in vitro and later in the
greenhouse have been crucial to enabling
the regeneration of transgenic citrus plants
at high efficiencies. Furthermore, we have
been able to transform mature material,
recovering transgenic plants that flowered
and set fruits in 1–2 years after
Agrobacterium infection (Cervera et al.,
1998b). We are now incorporating trans-
genes of potential agricultural interest into
citrus species. These procedures and the
recent developments of our projects are the
subjects of this chapter.

Transformation from seedling explants

Four- to 12-month-old greenhouse-grown
(18–27°C) sweet orange, sour orange, lime,
alemow, lemon and mandarin seedlings are
used as the source of tissue for transforma-
tion. Stem pieces (20 cm in length) are
stripped of their leaves and thorns, disin-
fected for 10 min in a 2% (v/v) sodium
hypochlorite solution and rinsed three
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times with sterile distilled water. For
Carrizo citrange, stored seeds originating
from the same tree stock are peeled, remov-
ing both seed coats, disinfected for 10 min
in a 0.5% (v/v) sodium hypochlorite solu-
tion containing 0.1% (v/v) Tween-20, and
rinsed three times with sterile distilled
water. Five-week-old germinating seedlings
are used as the starting material for genetic
transformation. These seedlings are grown
in MS salt solution (Murashige and Skoog,
1962) plus 10 g/l agar, pH 5.7, at 26˚C in
darkness for the first 2 weeks, and under a
16 h photoperiod and illumination of 45
µEm–2 s–1 for an additional 3 weeks.

Agrobacterium tumefaciens strain
EHA105 (Hood et al., 1993) carrying a
binary plasmid is used as the vector system
for transformation. The T-DNA of the
binary plasmid must contain, apart from
the gene or genes of interest, a selectable
marker gene, such as nptII, and a reporter
marker gene, such as uidA. The binary plas-
mid is introduced into Agrobacterium by
electroporation. Bacteria are cultured
overnight in an orbital shaker at 28˚C and
200 r.p.m. in LB medium containing the
appropriate antibiotics for the binary
system to grow. Bacterial cells are pelleted
at 3500 r.p.m. for 10 min, resuspended and
diluted to approximately 4 × 107 cells/ml in
liquid inoculation medium, which consists
of MS salt solution, 0.2 mg/l thiamine
hydrochloride, 1 mg/l pyridoxine hydro-
chloride, 1 mg/l nicotinic acid and 3%
(w/v) sucrose, pH 5.7.

Sweet orange, sour orange, lime,
alemow, lemon and mandarin internodal
stem segments, and citrange epicotyl seg-
ments (~1 cm long) are cut transversely and
incubated for 15 min in 10 cm diameter
plates containing 15 ml of the bacterial sus-
pension in inoculation medium by gentle
shaking. The infected explants are blotted
dry on sterile filter paper and placed hori-
zontally on plates with CM medium for a 3
day co-cultivation period. CM medium con-
sists of MS salts, 1 mg/l thiamine
hydrochloride, 1 mg/l pyridoxine hydro-
chloride, 1 mg/l nicotinic acid, 3% (w/v)
sucrose, 2 mg/l indole-3-acetic acid, 1 mg/l

2-isopentenyladenine, 2 mg/l 2,4-
dichlorophenoxyacetic acid and 0.8% (w/v)
agar, pH 5.7. Co-cultivation in a medium
rich in auxins provides to the plant cells at
the cut ends of the explants an appropriate
treatment to shift them to a competent state
for transformation, involving dedifferentia-
tion, induction of cell division and callus
proliferation (Peña et al., 1997; Cervera et
al., 1998a).

After co-cultivation, the explants are
blotted dry with sterile filter paper and
transferred to SRM medium, which consists
of MS salts, 0.2 mg/l thiamine hydrochlo-
ride, 1 mg/l pyridoxine hydrochloride, 1
mg/l nicotinic acid, 3% (w/v) sucrose, 1%
(w/v) agar, pH 5.7, plus 100 mg/l
kanamycin for the selection of transgenic
shoots and 250 mg/l vancomycin and 500
mg/l cefotaxime to control bacterial growth.
This medium is supplemented with 3 mg/l
benzylaminopurine (BAP) for sweet orange
and citrange, 1 mg/l BAP for lime, lemon,
alemow and mandarin, and 1 mg/l BAP
plus 0.3 mg/l naphthaleneacetic acid
(NAA) for sour orange. Cultures are main-
tained in the dark for 4 weeks at 26˚C and
then are transferred to a 16 h photoperiod,
with 45 µEm–2 s–1 illumination at 26˚C.
Culture of the explants in the dark favours
callus formation and thus the progress of
transformation events to regenerate trans-
genic shoots and, at the same time, avoid
regeneration of escape shoots that could be
stimulated by the exposure of explants
directly to the light (Peña et al., 1997;
Cervera et al., 1998a). For sour orange, it
can also be speculated that the combination
of BAP and NAA in the SRM medium is
more favourable than BAP alone in stimu-
lating cell divisions and re-differentiation
from the transgenic competent cells to
undergo transformation events (Ghorbel et
al., 2000).

Small pieces of the shoots emerging
from the explants are assayed for histo-
chemical GUS activity (Jefferson et al.,
1987) and then apical portions are grafted
in vitro onto Troyer citrange seedlings
(Navarro et al., 1975; Navarro 1992; Peña et
al., 1995a, b). Rootstock preparation is as
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follows: Troyer citrange seeds are peeled,
removing both seed coats, disinfected for 10
min in a 0.5% (v/v) sodium hypochlorite
solution containing 0.1% (v/v) Tween-20
and rinsed three times with sterile water.
The germination medium is MS salts with
10 g/l agar, pH 5.7. Seeds are sown individ-
ually in tubes and grown in darkness at
27°C for 2 weeks. Troyer citrange seedlings
are decapitated, leaving 1–1.5 cm of the epi-
cotyls. The roots are shortened to 4–6 cm
and the cotyledons and their axillary buds
are removed. Then, the regenerated shoot
apical ends are placed on the top cut sur-
faces of the decapitated citrange epicotyls,
in contact with the vascular ring, or, when
larger than 0.4 cm, they are inserted into a
lateral incision or in a vertical incision
along the length of the epicotyl, starting at
the point of decapitation (Navarro et al.,
1975; Peña et al., 1995a, b, 1997). Grafted
plants are cultured in a liquid medium
composed of MS inorganic salts, 100 mg/l
m-inositol, 0.2 mg/l thiamine-HCl, 1 mg/l
pyridoxine-HCl, 1 mg/l nicotinic acid and
75 g/l sucrose, pH 5.7. The cultures are kept
at 25°C, with a 16 h photoperiod and 45 µE
m–2 s–1 illumination. Shoots of only 0.1 cm
in length can be used to regenerate trans-
genic plants following this protocol. A fre-
quency of 100% successful grafts is usually
obtained. Scions develop 2–4 expanded
leaves 3–4 weeks after grafting. A new graft-
ing of the in vitro growing plants on vigor-
ous rootstocks in the greenhouse allows the
rapid acclimatization and development of
the plants.

Alternatively, for certain purposes,
rooting of the transgenic shoots allow rapid
analyses of the effect of the transgene of
potential interest to be performed even in
vitro when the new inserted trait could
affect not only to the aerial part of the plant
but also the roots (i.e. tolerance to salinity,
plant size, etc.). Although development of
whole plants is slower and less efficient
than performing in vitro grafting, rooting
can be obtained by cutting 0.5–1 cm regen-
erated shoots from the explants and trans-
ferring them to SRM medium
supplemented with 0.3 mg/l BAP for 7–10

days, and then to SRM medium supplement
with 5 mg/l indolebutyric acid. At least for
lime and lemon, roots develop within a 3–6
week period with 90–100% efficiency.

Standard polymerase chain reaction
(PCR) techniques are used to detect the
presence of the transgene(s) in leaf samples
from the regenerated putative transgenic
plantlets. Southern blot analyses are per-
formed to confirm the stable integration of
the transgene(s), and northern blot, western
blot and enzyme-linked immunosorbent
assay (ELISA) analyses allow the detection
of their expression in the transgenic plants.
Defining the transformation efficiency as
the frequency of whole transgenic regener-
ated plants established in a greenhouse
per Agrobacterium-inoculated explant, effi-
ciencies of more than 40% for citrange,
about 20% for sweet orange and lime,
between 5 and 10% for alemow and sour
orange, and less than 5% for lemon and
mandarin are currently obtained in our lab-
oratory.

Transformation of mature plant material

Improvement of woody species through
genetic engineering will have limited appli-
cations unless tissue from mature plants of
elite varieties can be readily transformed.
Transformation and regeneration of these
plants are usually restricted to juvenile tis-
sues (Cervera et al., 1998b), which exhibit
greater regenerative potential and greater
competence for transformation and suscep-
tibility to Agrobacterium than mature tis-
sues. Regenerated plants from juvenile
tissues will have juvenile characters, and
several years will be needed before horti-
cultural and commercial traits of the trans-
genic plants can be evaluated. Development
of transformation procedures that could by-
pass the juvenile stage would greatly
reduce the time involved in improving
woody trees by genetic engineering.

Citrus species show juvenile phases
ranging between 5 and 20 years in subtrop-
ical areas, which are marked by vigorous
and upright growth habit, a characteristic
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leaf shape, development of long thorns in
the leaf axils and lack of flower initiation.
We have chosen Pineapple sweet orange as
a model to develop a transformation proce-
dure for mature tissue of a selected cultivar
(Fig. 15.1).

Previous experiments in our laboratory
had confirmed the limited regenerative
potential of explants from aged mature
citrus plants. Thus, to increase the regener-
ation ability of mature explants, buds from
adult trees were grafted on vigorous
seedlings. Regeneration from stem seg-
ments from the first, second and third

flushes of newly grafted invigorated mature
sweet orange plants was evaluated in com-
parison with regeneration from stem seg-
ments from juvenile plants. The results
indicated that explants from the first and
second flushes produced similar regenera-
tion frequencies, significantly higher than
that of the explants from the third flush.
The first flush of the adult plants was
selected as the source of tissue for genetic
transformation experiments.

Buds collected from Pineapple sweet
orange maintained in a screenhouse of the
pathogen-free Germplasm Bank Collection
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Fig. 15. 1. Procedure for the genetic transformation of adult sweet orange plants. (A) After co-cultivation of
internodal stem segments with Agrobacterium tumefaciens, the explants are transferred to a
regeneration–selection medium which promotes the regeneration of transgenic shoots. (B) Apical portions
of shoots are grafted in vitro on decapitated citrange seedlings. (C) Several weeks after grafting, developed
scions are grafted again on vigorous rootstocks in the greenhouse. (D) After one year, transgenic plants
started to flower and set fruit, confirming their mature nature. They showed a normal phenotype and 
development. (E) Release of genetically modified citrus plants under controlled field conditions at the IVIA.



of the IVIA are grafted on seedlings of C.
volkameriana Ten & Pasq. in the green-
house (18–27˚C). Then, newly elongated
mature shoots are allowed to develop the
first flush. Preparation of explants, transfor-
mation and regeneration conditions are the
same as described above for transformation
of juvenile material. Internodal stem seg-
ments (1 cm long) in a semi-hardened stage
are cut transversely from the stem pieces,
inoculated and co-cultivated with A. tume-
faciens, and transferred to SRM, as
described above. Shoot regeneration is
observed after 2–5 months in selective
medium (Fig. 1A). Whole transgenic plants
are obtained from these shoots by in vitro
grafting (Fig. 1B) and a posterior grafting in
the greenhouse (Fig. 1C).

The putative mature transgenic sweet
orange plants show the morphology and
growth habits of an adult plant, as com-
pared with control mature plants. In fact,
whereas juvenile plants show a pro-
nounced thorniness, transgenic mature
plants are almost thornless, similar to the
mature plants from which the explants
are taken for transformation. After 14–18
months in the greenhouse, the trans-
genic and control plants usually start to
flower, confirming their mature nature (Fig.
1D).

These results confirm the maintenance
of the ontogenic mature stage of the invig-
orated mature plants as well as the trans-
genic plants. Interestingly, transgenic
events keep their epigenetic mature state
even after a process of dedifferentiation,
callus induction and redifferentiation, nec-
essary to shift the cells to a competent
stage for transformation. Therefore, we
are able to transform and regenerate mature
tissues of citrus directly, by-passing the
juvenile stage. This process greatly shortens
the period of time until flowering and
bearing fruit, and decreases the time to
achieve horticulturally acceptable charac-
teristics by years. It is the first time that a
procedure for genetic transformation and
regeneration of mature tissues of woody
fruit plants has been developed (Cervera et
al., 1998b).

Improvement in the efficiency of generating
citrus transgenic plants

Since some citrus genotypes are particu-
larly recalcitrant to transformation, we have
investigated the use of proper marker genes
and Agrobacterium vectors with the aim of
increasing the efficiency of generating
transgenic citrus plants.

The selection of genetic transformants
requires the use of marker genes that func-
tion as reporters of gene expression and so
permit the recovery of transgenic plants.
Since the first demonstration of the gfp gene
as a vital marker gene in both bacteria and
Caenorhabditis elegans (Chalfie et al.,
1994), it has attracted increasing interest
and is considered to have several advan-
tages over other visual marker genes. The
fluorescence emission of GFP only requires
the excitation of living cells by UV or blue
light.

Sour orange is a species among citrus
genotypes particularly recalcitrant to trans-
formation. The production of transgenic
plants is rare and circumstantial. In many
recalcitrant plants, cells competent for
transformation are restricted to specific tis-
sues. To develop transformation procedures
in these cases, it is important to localize the
sites of transgene expression in order to
favour the regeneration of whole plants
from such competent cells. When uidA is
used as a reporter gene, the diffusion of the
GUS indigo dye reaction, the possibility of
the presence of bacteria expressing the
uidA gene, the possible contact between
different transformation events and the
destructive character of GUS assays all con-
tribute to the imprecise localization of cells
or tissues competent for transformation.
GFP provides the possibility to perform in
vivo monitoring of Agrobacterium-inocu-
lated plant tissues and thus allowed local-
ization of competent cells for
transformation in dedifferentiated callus
from the cambium tissue of citrus explants
(Ghorbel et al., 1999). Therefore, treatments
favouring the development of such callus
tissue are necessary to increase transforma-
tion frequencies and to enhance a more effi-
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cient recovery of citrus transgenic plants
(Ghorbel et al., 2000).

It has been important in many plants to
use reporter genes, mainly uidA, to test the
influence of factors affecting both transfor-
mation and the regeneration of transfor-
mants and escapes. However, since assays
to test reporter gene activity are destructive,
such factors cannot be evaluated continu-
ously and simultaneously. Moreover, the
destructive character of GUS assays pre-
cludes the recovery of the GUS + putative
transgenic regenerated shoots. To select
transgenic shoots from systems in which
escapes and chimeras regenerate at high
frequencies, such as in citrus, all the regen-
erated shoots have to be analysed, which is
a very laborious process. We have shown
that GFP expression permits a rapid and
easy discrimination of transgenic and
escape shoots in citrus (Fig. 15.2C).
Competition for growth between trans-
formed and non-transformed shoots could
be avoided by eliminating the escapes soon
after their origin (Ghorbel et al., 1999).

Selectable markers, such as NPTII,
have been widely used to produce trans-

genic plants. However, the presence of
these markers may restrict the release of
transgenic products due to their adverse
influence on consumer perceptions. In fact,
the presence and expression of selectable
markers coding for antibiotic resistance has
been a topic of much discussion for the
commercialization of certain transgenic
crops in Europe. Recently, a European
Union Directive forbid the commercializa-
tion of transgenic foods with antibiotic
transgenes, effective from 2008. We have
used GFP for the early detection and rescue
of transgenic buds, circumventing the use
of antibiotic marker genes to produce trans-
genic plants. Green fluorescent shoots can
be regenerated from explants inoculated
with Agrobacterium but cultured in a
medium without kanamycin (Ghorbel et al.,
1999) (Fig. 15.2C). This opens up the possi-
bility of producing transgenic plants with-
out using selective agents.

Moreover, we have investigated the use
of appropriate Agrobacterium strains to
transform economically important citrus
genotypes efficiently. Citrus is not naturally
infected by A. tumefaciens. In fact, crown
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Fig. 15.2. Use of uidA and gfp as reporter genes in the recovery of transgenic citrus plants. (A) GUS
expression of a transgenic sweet orange fruit (left) and a non-transgenic control fruit (right). (B) GUS
expression of cultured embryos recovered from seeds of an adult transgenic plant. (C) GFP-positive shoot
grafted on a decapitated citrange seedling illuminated with blue light. (D) GFP expression of juice vesicles
from a transgenic (left) and a non-transgenic (right) lime fruit.



gall is not a disease affecting citrus.
However, we have demonstrated that A.
tumefaciens strain A281 is not only able to
transform citrus efficiently but that it is
even super-virulent in many citrus geno-
types (Cervera et al., 1998c; R. Ghorbel et
al., unpublished results). In addition, we
have found a correlation between super-vir-
ulence and the super-transformation ability
of its disarmed derivative EHA105. The
super-virulence of A281 in many plants has
been attributed to higher expression of vir
genes after induction. In fact, we have
demonstrated that the vir region of its Ti
plasmid pTiBo542 provides this ability in
citrus (Ghorbel et al., 2001a).

Furthermore, introduction of extra
copies of virG from pTiBo542 into EHA105
increases stable transformation frequency
in citrus. When additional copies of virG
from pTiBo542 are introduced into C58
(pMP90), stable transformation frequency is
drastically increased, approximately 80-
fold in lime, suggesting that not only the
quantity but also the quality of virG from
pTiBo542 is a determinant in the super-
transformation ability of Agrobacterium in
citrus. In lemon, introduction of additional
copies of virG from pTiBo542 in EHA 105
permits the transformation frequency to be
doubled. Thus, additional copies of virG
from pTiBo542 can be used as a tool to
increase transformation frequency in those
citrus genotypes more recalcitrant to
Agrobacterium-mediated transformation
(Ghorbel et al., 2001a).

Greenhouse and field performance of
transgenic plants

In vegetatively propagated and long-lived
perennial fruit crops, an important requi-
site for evaluating the validity of genetic
transformation technology in improvement
programmes is the stability of the modified
genome and transgene integration and
expression over long periods of time. We
have kept in a screenhouse for a period of
4–5 years a collection of 70 transgenic cit-
range plants in order to investigate: (i) the

origin of morphological variants in the
transgenic population; (ii) how factors
related to T-DNA integration, the regenera-
tion process and the expression of trans-
genes may be influenced by transformation
conditions; (iii) whether transgenes are
stably integrated and expressed over long
time periods in citrus plants grown under
natural environmental conditions; and (iv)
whether correlations between integration
patterns and transgene expression could be
established in these plants.

A detailed survey of the plants allowed
detection of four phenotypic off-type plants
and a large variation of transgene integration
and expression patterns among the popula-
tion. Off-type plants were analysed and
characterized as nucellar tetraploids, proba-
bly originating from tetraploid starting
nucellar tissues rather than from somaclonal
variation events. Transgene integration and
expression analyses revealed that: (i) a sig-
nificant negative correlation was found
between copy number and transgene
expression; (ii) rearrangements of the T-
DNA inserts did not imply low expression
levels; and (iii) stability of integration and
expression of transgenes was confirmed for
all the transformants grown under natural
environmental conditions. These combined
features validate transformation as a tool for
genetic improvement of citrus (Cervera et
al., 2000a).

A release of genetically modified citrus
plants under controlled field conditions has
also been ongoing since 1997 (Fig. 15.1E).
The release site is located at the IVIA, in an
experimental field with an extension of
1638 m2. There are 130 trees, including 16
transgenic plants of Pineapple sweet
orange, 16 transgenic plants of lime and 16
transgenic plants of Carrizo citrange (two
plants from eight independent transgenic
lines for each case). In addition, there are
eight non-transgenic control plants from
each of the species and an external border
of 58 non-transgenic trees of Clemenules
clementine. The purpose of the release is to
investigate morphological and phenological
characteristics of the transgenic trees,
expression of the transgenes in leaves, flow-

338 L. Peña et al.



ers and fruit, stability of the transgenes,
transmission of the transgenes to the prog-
eny, and the possibility of transgene disper-
sal through the pollen to non-transgenic
monoembryonic citrus trees (Clemenules
clementine). The trial has been approved by
the Spanish Ministry of Environment
(permit No. B/ES/96/15) and is in accor-
dance with Article 9 of Directive 90/220 of
the European Union. This is the first release
of transgenic citrus plants to the field. To
date, the transgenic plants are morphologi-
cally and phenologically normal, as are the
non-transgenic controls, and transgenes are
stably expressed over different seasons and
in different plant tissues and organs (Fig.
15.2A, B and D).

Incorporation of Genes of Potential
Interest

The availability of genetic transformation
systems for many different citrus genotypes
is allowing us to incorporate transgenes of
potential agricultural interest into citrus
rootstocks and varieties.

Soil salinity significantly limits citrus
production in many areas worldwide.
Carrizo citrange, considered an excellent
citrus rootstock, is very sensitive to salt
stress, which restricts its use in salty soils.
We have successfully transformed plants of
Carrizo citrange with the halotolerance
gene HAL2 (Cervera et al., 2000b), origi-
nally isolated from yeast and implicated in
salt tolerance mechanisms (Murguía et al.,
1995). Plants showing higher transcription
levels in northern analyses were chosen to
undergo in vivo salt stress tolerance assays,
by using transgenic plants as rootstocks for
a sensitive citrus variety. These tests are
currently being performed at our Institute.

Phytophthora citrophthora is the most
widespread fungus over all the citrus-grow-
ing areas and represents one of the major
causes of crop losses. Constitutive overex-
pression of proteins involved in the plant
defence mechanism against disease is one of
the strategies proposed to increase plant tol-
erance to fungal pathogens. p23 is a 23 kDa

pathogenesis-related protein induced in
tomato (Lycopersicon esculetum Mill. cv.
Rutgers) plants when these are infected with
citrus exocortis viroid, and its antifungal
activity has been shown in in vitro assays
(Rodrigo et al., 1993). We have successfully
produced transgenic Pineapple sweet orange
plants with a chimeric gene construct com-
prising the coding region of the p23 gene.
Transgenic lines constitutively expressing
the PR protein were challenged with P. cit-
rophthora and one of them achieved plant
survival rates higher than the control when
whole transgenic plants were inoculated
with fungal cultures. These results provide
evidence for the antifungal activity in vivo of
the p23 pathogenesis-related protein against
P. citrophthora and suggest that this may be
employed as a strategy aimed at the engi-
neering of Phytophthora disease resistance
in citrus (Fagoaga et al., 2001).

CTV is the causal agent of the most
important virus disease of citrus in the
world. Several strategies have been used to
engineer plant resistance to viral
pathogens. Most are based on the concept of
pathogen-derived resistance (Sanford and
Johnston, 1985), which proposes that the
introduction and expression in plants of
viral sequences could interfere with the life
cycle of the same or a closely related chal-
lenging virus, thus providing resistance to
infection. This approach has proved to be
applicable to a range of more than 40 virus
species in different transgenic hosts. We are
introducing coding and non-coding ver-
sions of the major coat protein gene of the
virus in lime, which is very susceptible to
CTV, to evaluate pathogen-derived resist-
ance. More than 40 transgenic lines
expressing the coat protein gene of the virus
have already been produced (Domínguez et
al., 2000). When plants propagated from
each transgenic line were graft or aphid
inoculated with CTV, two types of response
to viral challenge were observed: some
lines developed CTV symptoms similar to
those of non-transgenic controls, whereas
others exhibited protection against the
virus (Fig. 15.3A). This protection con-
sisted of a proportion of plants, ranging
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from 10 to 33%, that were resistant to CTV,
and the remainder showed a significant
delay in virus accumulation and symptom
onset (Domínguez et al., 2002). This is the
first demonstration of pathogen-derived
resistance in transgenic plants against a
Closterovirus member in its natural host.
The major coat protein gene of CTV has
been also inserted into sour orange, and
transgenic plants either expressing or not
expressing the transgene have been gener-
ated (Ghorbel et al., 2000).

The 3’-terminal gene of CTV codes for a
23 kDa protein (p23), which is an RNA-
binding protein that contains a motif rich in
cysteine and histidine residues. For this
reason, a regulatory role in CTV replication
or gene expression has been suggested for
p23. To explore whether overexpression in
transgenic plants of this protein could affect
the normal CTV infectious process, we have
produced transgenic lime plants carrying
the p23 transgene, or a truncated version
thereof. Constitutive expression of p23

induced phenotypic aberrations resembling
symptoms caused by CTV in non-transgenic
lime plants (Fig. 15.3B), whereas transgenic
plants expressing the truncated version of
p23 were normal. The onset of CTV-like
symptoms in p23-transgenic plants was
associated with the expression of p23, and
its accumulation level paralleled symptom
intensity (Ghorbel et al., 2001b). This
demonstrates that p23 is involved in symp-
tom development and that it probably plays
a key role in CTV pathogenesis. This finding
also delimits a small region of the large CTV
genome for future mapping of specific path-
ogenic determinants.

Results of genetic improvement pro-
grammes for citrus are almost non-existent,
due, among other reasons, to the extremely
long juvenile phases of the trees which pro-
long the time required to analyse late traits
such as fruit features. With the aim of accel-
erating their flowering time, we have trans-
formed juvenile Carrizo citrange seedlings to
constitutively express the Arabidopsis
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Fig. 15.3. Incorporation of genes of potential interest. (A and B) Engineering citrus resistance to CTV. (A)
Non-transgenic control (left) and CP (p25) transgenic (right) lime plants infected with CTV. The transgenic
CP plant showed resistance to the virus. (B) Leaves from a non-transgenic control lime plant inoculated
with CTV (top) and from a p23-transgenic lime plant (bottom). Expression of p23 in citrus plants causes the
appearance of CTV-like symptoms. (C and D) Overexpression of APETALA1 and LEAFY genes from
Arabidopsis in Carrizo citrange transgenic plants. (C) Transgenic AP1 plants flowering six months after
sowing (four plants on the right) compared with a control non-transformed plant (plant on the left). (D)
Transgenic LFY plant that flowered after being grafted on a vigorous rootstock in the greenhouse.
Transgenic LFY plants generally showed developmental aberrations.



LEAFY or APETALA1 genes, that are suffi-
cient to promote flower initiation in
Arabidopsis (Mandel and Yanofsky, 1995;
Weigel and Nilsson, 1995). Both types of
transgenic citrus plants produced fertile
flowers and fruit as early as the first year,
notably through a mechanism involving a
dramatic shortening of their juvenile phase
(Fig. 15.3C and D). This phenomenon had
not been observed in Arabidopsis.
Furthermore, expression of APETALA1,
being as efficient as LEAFY in the initiation
of flowers, did not produce any severe devel-
opmental abnormality. Both types of trans-
genic trees flowered again in consecutive
years and their flowering response was
under environmental control. In addition,
sexual and nucellar derived transgenic
seedlings had a very short juvenile phase
and flowered in their first spring, demon-
strating the stability and inheritance of this
trait (Peña et al., 2001). This opens up the
possibility of using independent APETALA1
transgenic plants as parents in crosses with
non-transformed genotypes that would yield
50% of the progeny flowering and setting
fruit in 1–2 years, thus providing the oppor-
tunity to evaluate fruit features very early
and to advance generations rapidly. On the
other hand, by retransformation of
APETALA1 transgenic citrus plants, it could
be possible to test the effect of the expression
of certain transgenes rapidly under flower
organ- or fruit-specific promoters as a system
to look for biotechnological strategies to
develop seedless varieties, modify fruit
colour or favour easy-peeling characteristics.

Conclusion and Future Prospects

Just a decade ago, citrus was recalcitrant to
genetic transformation. Nowadays, many
citrus species are readily transformed, due
to the selection of appropriate vectors, the
use of vigorous source plant material com-
petent for transformation and regeneration,
and the establishment of adequate inocula-
tion, co-cultivation and regeneration–selec-
tion culture media and conditions. This has
permitted initiation of the introduction of

transgenes in citrus with the aim of improv-
ing rootstock and variety performance.

Looking ahead, efforts must be made to
try to establish genetic transformation sys-
tems for other important citrus genotypes,
such as mandarins, including clementines
and satsumas. Furthermore, desirable traits
to incorporate into citrus would include
disease and pest resistance, higher toler-
ance to abiotic stresses, and improved fruit
quality and productivity. Although we and
others are producing transgenic citrus
plants with genes from other plants and
non-plant sources for these purposes, the
major obstacle in the improvement of citrus
through genetic transformation is the lack
of adequate useful genes isolated from the
citrus genome. Almost no important traits
have been characterized in sufficient detail
to be incorporated into the citrus genome
through gene transfer. Therefore, it is nec-
essary first to identify and clone genes
involved in determining traits of interest.
Efficient genetic transformation procedures
will also be an important tool to perform
functional genomic analyses. Only then
will it be possible to select efficiently which
genes should be inserted to achieve the
desired results. In addition, efforts must
also focus on understanding in more detail
the mechanisms that regulate transgene
expression and how the modified genome is
affected by the insertion of a foreign gene
and its expression, and in investigating
tissue-specific or inducible promoters from
citrus genes. Moreover, research on the
environmental impacts of releasing trans-
genic citrus plants to the field will also con-
stitute a necessary task in the near future.
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Introduction

Mutation breeding refers to development of
new cultivars or germplasm by the deliber-
ate production and selection of new muta-
tions. In some cases, the objective of the
breeder is to create a mutation in an exist-
ing cultivar that improves a defect such as
seediness. After finding and evaluating a
selection with the desired trait, the original
cultivar containing the mutation would be
released. The breeder may also utilize
mutation breeding to obtain selections with
a desired mutation, and then use this
germplasm as a parent in a hybridization-
selection programme. This chapter
describes the issues that a citrus breeder
faces when considering if and how to
implement a mutation breeding project.
Examples of development of citrus culti-
vars using mutation breeding are also
described. Van Harten (1998) provides a
detailed summary of mutation breeding.

The Nature of Mutation

Mutation refers to any heritable change in
the DNA, but the breeder is generally inter-
ested only in those mutations that alter a
phenotype. At the molecular level, muta-

tions can alter DNA by base substitution,
insertion, deletion or sequence rearrange-
ment. Any of these types of changes may
cause a phenotypic change. It is important
to distinguish the ‘permanent’ change in
DNA from types of temporary change that
are generally classified as epigenetic. For
example, expression of a gene may be
silenced by methylation of the DNA. This
state may be ‘semi-permanent’ in that
daughter cells derived from the altered cells
retain the methylation pattern. This means
that it may be possible to propagate trees
that retain this character. However, regener-
ation from tissue culture or meiosis can
sometimes restore the non-methylated DNA
and corresponding phenotype. It is not
clear whether epigenetic changes con-
tribute to the diverse phenotypes seen in
citrus.

A further complexity is chimerism
(Fig. 16.1). When a new mutation is
induced in somatic cells, it will affect cells
in one of the three histogen layers: L-I
which gives rise to the epidermis and most
juice vesicle tissue; L-II which produces
subepidermal tissues including the flavedo,
nucellus and gametes; and L-III which
includes most internal tissues such as the
cortex. Generally cells divide to give daugh-
ter cells of the same layer, so a mutation
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affecting one cell layer can appear stable
during vegetative propagation. Such geno-
types are called periclinal chimeras. A
‘layer substitution’ can cause such
chimeras to revert to the original type, or
become a ‘solid’ or non-chimeric mutant.
Layer substitutions can arise when tissues
differentiate from callus such as when
pruning or freeze damage leads to regenera-
tion of new branches.

When is Mutation Breeding
Appropriate?

Mutation breeding is the strategy of choice
when it is essential to retain the character-
istics of an existing cultivar, but correct a
specific defect in it. The high heterozygos-
ity of most citrus cultivars makes it very dif-
ficult to recover progeny with very similar
characters from hybridization-selection.
The relatively small population sizes that
most citrus breeders can produce and eval-
uate further limit hybridization-selection in
many crops. These conditions occur in all
important fruit cultivar types except man-
darins, so it would seem that mutation
breeding should be widely used. This has
not been the case because, for most traits,
mutation breeding is also limited by the
breeder’s ability to produce and evaluate
very large populations. Mutation breeding
procedures (other than genetic engineering)
do not allow the breeder to target particular

genes or traits. Tissue exposed to mutagenic
agents will have random mutations, most of
which have no effect or undesirable effects.
Therefore, it is necessary to screen large
populations to have a reasonable chance of
finding the desired mutation. Increasing the
dosage of mutagen will increase the fre-
quency of mutations, but also increases
mortality. At high dosages, the desired
mutation will often be accompanied by
undesirable mutations which mean that the
mutant line cannot be used directly as a
cultivar. The one trait that clearly can be
obtained relatively easily with mutation
breeding is seedlessness, presumably
because the mechanism does not require
mutation of a single gene or genes. This is
discussed in detail below. Alterations in
other traits can also be obtained by muta-
tion breeding, but success is less certain
and the effort required is likely to be
greater.

The place of mutation breeding in
citrus cultivar development will depend
greatly on the cost and acceptance of
genetic engineering. Genetic engineering
promises to achieve the same type of end
result as mutation breeding: introduction of
a specific trait into an existing cultivar.
However, genetic engineering is more pre-
cise because it depends not on a chance
mutation, but on addition or change in a
specific target gene. Induced mutations are
not generally different from the natural
mutations responsible for variation in
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nature. Therefore, mutation breeding does
not face the same level of controversy as the
‘unnatural’ changes induced by genetic
engineering (Predieri, 2001). Furthermore,
approval for release of cultivars produced
by genetic engineering is presently very
expensive in most countries, while culti-
vars from mutation breeding are not subject
to special regulation.

The stages of a mutation breeding proj-
ect involve first choosing a target tissue to
expose to the mutagenic agent, choosing a
mutagen, exposing the tissue, propagating
plants from the exposed tissue, screening
these plants for the desire mutation and
then evaluating selections that carry the
mutation, either directly or as parents. Each
of these stages is discussed below.

Tissue choice

The breeder can initiate a mutation breed-
ing project with one of several different
types of tissues, each with certain advan-
tages and disadvantages (Table 16.1).
Choice of tissue may also depend on the
target trait and type of mutagen to be used.

The major advantage of treating hap-
loid tissues, generally pollen or
microspores, it that chimeras are not pro-
duced. The treated pollen is then used to
fertilize untreated egg cells, seeds are col-
lected, and seedlings are grown and evalu-
ated. The major disadvantages of this
approach are, for fruit traits, the time to
evaluation is long because the seedlings
will be juvenile, and it may be difficult to
distinguish mutants from recombinants in

the sexual progeny that result.
Furthermore, this approach results in
hybrids few of which will resemble the
parent cultivar. Pollen irradiation has
rarely been used in citrus.

Treatment of seeds is widely practised
in seed-propagated crops, but is less
common in citrus and other fruit trees. It is
easy to treat large numbers of seeds, but
identification of mutants is easy only if
most embryos are of nucellar origin. It is not
clear whether the frequency of chimeras is
similar after treatment of seeds and buds. In
both cases, the target cells occur in meris-
tems composed of many cells, and
chimerism seems fairly likely, but there are
few data on rates of chimerism on which to
base a conclusion.

Treatment of tissue cultures with muta-
gens has been used by several researchers.
The first step involves establishing a cul-
ture capable of regeneration. This can be
difficult in some cultivars and is at least
tedious if it is desired to induce the muta-
tion in many cultivars. The type of tissue
culture influences the likelihood of
chimerism and time to evaluation. If proto-
plasts from an embryogenic callus system
are used, then most embryos are thought to
regenerate from single cells and therefore
chimerism is unlikely, but the regenerated
plants will be juvenile. Chimeras are also
minimized if plants are regenerated from
protoplasts produced before or after muta-
gen treatment. If stem segments from
mature tissue are cultured, then organized
meristems are already present and chimeras
are as likely as with seeds or budwood. An
advantage of tissue culture systems is that
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Table 16.1. Advantages and disadvantages of treating various tissue types with mutagens.

Ease Time to Identification
Target tissue of use evaluation Chimerism of mutants

Pollen Good Long None Difficult
Seed Good Long Low Varies
Embryogenic callus culture Fair Long Low Easy
Mature stem segment culture Fair Short High Easy
Budwood Good Short High Easy



selection for certain traits can be applied to
the culture, increasing the chances of recov-
ery of a desired mutation.

Treatment of buds has been widely
used in citrus (e.g. Froneman et al., 1996).
A major advantage is that trees propagated
from such buds will not display the delayed
flowering and thorninesss typical of
seedlings. However, the probability of
chimerism is high relative to treatment of
single-cell systems. Lapins (1983) discusses
the organization of primary and axillary
buds in detail. A dormant leaf bud contains
the primary leaf bud and several axillary
bud primordia. These buds are typically
induced to grow into shoots that may con-
tain mutant cells. Axillary buds that are
larger and more fully differentiated at the
time of mutagen treatment are more likely
to produce shoots, but these are more likely
to be chimeric. The smaller axillary buds
have fewer cells and therefore less proba-
bility of giving rise to a chimera.

Mutagenic agents

The breeder can choose from a wide range
of mutagenic agents. Each agent typically
induces mutations by a particular mecha-
nism and therefore results in a specific type
or types of DNA alteration. Specific agents
may be appropriate for a particular tissue or
target trait. Mutagens can be broadly classi-
fied as radiation, chemical, transposable
element and pathogen.

Radiation is the most widely used type
of mutagen for citrus. In part, this is
because there has been considerable fund-
ing for mutation breeding from national and
international atomic energy agencies anx-
ious to characterize the effects of radiation
and find useful applications. Although UV
irradiation can be used, it generally pene-
trates tissues less deeply than ionizing radi-
ation. Ionizing radiation includes X-rays
and γ-rays, and has been the most widely
used and effective type of mutagen for
citrus breeding. It can induce a wide range
of mutation types including chromosome
breaks and rearrangements, and point

mutations. It is thought that seedless forms
of citrus can be obtained at relatively high
frequencies by irradiation because the
resulting chromosome breaks frequently
lead to rearrangements (inversions and
translocations) that cause sterility. This
supposition has not been verified experi-
mentally, but many researchers have
reported a high frequency (up to 10%) of
seedless selections from irradiation (Hearn,
1984, 1986; Vardi et al., 1996)

When using radiation, as well as other
mutagens, the breeder must determine the
appropriate dose and exposure to apply.
The two most commonly used radiation
types are X-rays and γ-rays (generally from
a 60Co source). Dose is the amount of muta-
gen applied per unit time, while exposure
is the total absorbed radiation. The current
unit of absorbed radiation energy is the Gy
(Gray), while most of the older literature
reports exposure in rads or Roentgens (R,
which measures exposure rather than
dose). One Gy equals 100 rad. This unit is
useful in calculating how long and at what
distance to expose tissue to the radiation
source. However, it is difficult to predict
the effect of a given dose and exposure on a
particular tissue. Relatively little is known
about the effects of different dose rates for
citrus tissues because most breeders have
access to a single radiation source which
emits at a constant rate. Breeders typically
use the LD50 as a measure of the biological
response of tissue to a particular radiation
dose. While LD stands for lethal dose, and
therefore the term implies survival, it is
also possible to apply it to vegetative
growth, i.e. a 50% reduction in vegetative
growth. Sensitivity to ionizing radiation
typically varies with the physiological con-
dition of the tissue, particularly water con-
tent, and the cultivar, so breeders generally
identify an appropriate dose empirically. In
the breeding programme at the University
of California, Riverside, we use a dose rate
of 4–8 Gy/min (50 Gy/min would be ideal if
available) and exposure of 30–50 Gy with
budwood to induce mutations to seedless-
ness. Hearn (1986) also reported good
results from irradiating grapefruit budwood
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with 30–50 Gy from a 137Cs source. Vardi et
al. (1996) found about 10–13% of low-
seeded mutants in two mandarin cultivars
after exposures of 27.5–65 Gy, but another
cultivar had only about 8.5% after expo-
sures above 40 Gy.

Chemical mutagens have been used
less commonly in citrus than radiation.
Different chemical mutagens induce differ-
ent spectra of mutations. A very wide range
of chemical mutagens are now available,
but few of these have been evaluated in
citrus. If vegetative tissues such as buds or
meristems are to be treated, it is generally
considered better to dissect away the outer
layer of leaves that cover the bud or meris-
tem to improve penetration of the chemical.
Tissue cultures can be treated with muta-
gens rather conveniently, as summarized by
Predieri (2001), but their use for citrus
mutation breeding has not been reported.

Transposable elements (TEs) are natu-
ral genetic elements with the ability to move
from one genome location to another, either
with or without duplication of the element.
A variety of different classes have been
identified (Feschotte et al., 2002). TEs can
be used to induce mutations, a strategy
known as transposon tagging (Maes et al.,
1999) because a gene mutated by a transpo-
son insertion can be cloned using the trans-
posable element as a ‘tag sequence’. No TEs
in citrus have been shown to be active, but
there is indirect evidence of such activity
since some clementine cultivars derived by
mutation have differences in DNA markers
detected using primers from retrotranspo-
son elements (Breto et al., 2001). TEs can be
transferred from one plant species to
another, but do not always work in unre-
lated species. If a TE inserts into a gene or
regulatory region, it can induce a mutation
that alters expression of that gene. At pres-
ent, use of TEs as an experimental mutagen-
esis system for citrus has not been reported.

Targeted mutation, in which mutations
are induced in a specific gene or DNA
sequence, is not yet efficient in plants. If
this technique were successfully devel-
oped, it would certainly reinvigorate muta-
tion breeding research because it would

open up an alternative path to apply
genomics tools to citrus, one which is likely
to be less controversial than transformation.

Propagation of mutagen-treated materials

When the plant material has been treated
with the mutagen, the next step is to propa-
gate trees from the potentially mutant cells.
The precise method depends on the tissue
that was treated, since this determines
appropriate propagation mechanisms and
influences the probability of chimeras. If
trees or buds are treated with radiation,
then DuPlooy et al. (1993) suggest that the
mv1 generation should be budded on to
rootstocks and the mv2 generation buds
from these trees should be budded on to a
new set of rootstock and the resulting trees
planted in the field for evaluation. This is
expected to reduce the frequency of
chimeras, but detailed results were not
reported. In the UCR programme, to induce
mutations to low seed content, we irradiate
budwood, propagate trees from this and
evaluate these mv1 trees. About 50% of
irradiated buds result in trees that are
planted in the field for evaluation. Most
buds that grow are the primary bud, but sec-
ondary buds also push in some cases. Of
these, perhaps 1–5% are low seeded, the
percentage varying greatly with cultivar.
We have rarely observed chimeras in this
material in that all fruit from a tree is as
seedy as that of the original parent, or all
fruit have greatly reduced seed number.
However, this does not test for periclinal
chimeras. Selections are then re-propagated
using standard budding methods to pro-
duce about 60–100 trees for trials in several
locations. It is expected that chimeras may
be revealed at this stage. A rapid method to
test for chimerism would be a valuable
addition.

Screening

Screening refers to initial evaluation of the
mutant population. The method chosen
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will depend on the target trait. If trees are
not expected to be juvenile then they can be
screened fairly quickly and a high planting
density can be used with little difficulty. If
trees result from mutagen treatment of seed,
pollen or tissue cultures so that juvenility is
expected, then they are unlikely to fruit
until 5–7 years old. Training trees to a long
central leader (Vardi and Spiegel-Roy,
1988) and certain cultural practices can
speed fruiting, but may require more labour
than is available to some programmes.
Trees expressing juvenility must either be
planted at wider spacing or pruned more
severely to maintain plantings. In any case,
when the trait is expressed in a reasonable
percentage of the population, the breeder
can begin screening. Each tree and sector of
the tree should be evaluated for the trait,
and for other visible mutations. If sectoral
chimeras occur, these may be detectable as
branches with different leaf colour, intern-
ode distance or other visible differences
that correlate with fruit character effects.
Evaluation of fruit for 2–3 years is advisable
to reduce the number of selections that do
not consistently express the mutation. An
example of a mutation breeding programme
is shown in Fig. 16.2.

Evaluation

Field evaluation of selections from muta-
tion breeding is similar to that for other cul-
tivars, but a few specific considerations are
relevant. Cultivars from mutation breeding
are less likely to be genetically stable and to
be hybrids, and therefore particular atten-
tion should be paid to evaluating unifor-
mity within and between trees. Trees
should be subject to normal cultural prac-
tices that might influence stability. Pruning
in particular may lead to layer substitutions
which cause reversion of chimeras, so
branches that regrow after pruning should
be carefully studied. On the other hand, if
the cultivar treated with mutagen has
already been characterized for performance
attributes, it should be possible to evaluate
the selections for somewhat fewer years

than would be required for a hybrid cultivar
that may have many novel attributes and/or
defects.

Examples

We present two examples that illustrate
mutation breeding in citrus. The ‘Star Ruby’
grapefruit resulted from a mutation breeding
programme in Texas (Hensz, 1971, 1977).
Development of ‘Star Ruby’ was initiated in
1959 by irradiation of seed of ‘Hudson’
grapefruit, a red-fleshed seedy cultivar with
thermal neutrons. The exact dosage of ther-
mal neutrons used was not reported. Seeds
were planted in 1959. In 1960, buds from
the seedlings were grafted on to sour orange
rootstock and the resulting trees were
planted in the field in the winter of
1961–62. Trees first set fruit in 1966.
Budwood was released in March 1970, at
which time only the original tree had pro-
duced fruit. Thus no replicated yield testing
was done prior to release. ‘Star Ruby’ has
more intense flesh colour than ‘Hudson’ as
well as few (1–2) seeds per fruit. The deeper
red rind and flesh colour of ‘Star Ruby’ is
not attributed to mutation because all nucel-
lar seedlings of ‘Hudson’ have a colour sim-
ilar to that of ‘Star Ruby’ (Hensz, 1981).
Evidently the ‘Hudson’ is chimeric, carrying
genes for deep red colour in the L-II layer
which are expressed in the non-chimeric
nucellar seedlings. Despite its deep colour
and few seeds, ‘Star Ruby’ shows a number
of horticultural problems including poor
production in some areas, low tree vigour
and increased susceptibility to some herbi-
cides (Gmitter, 1995). It is interesting that
most of these problems are reported in the
1971 paper, and thus were apparent in the
original tree. Possibly some of these traits
are due to deleterious mutations induced by
irradiation. ‘Star Ruby’ does not appear to
be chimeric – its characteristics have
remained quite stable.

The ‘Mor’ mandarin is a low-seeded
selection of ‘Murcott’ produced by bud-
wood irradiation (Vardi et al., 1993). About
400 buds of ‘Murcott’ were irradiated with
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35 Gy of γ-rays from a 60Co source.
Individual buds were grafted on sour
orange rootstocks. Buds from these trees
were regrafted about 6–9 months later and
the trees were field planted in 1987. Fruits
were observed in 1989 and 1990. One tree,
named selection 13/24, was distinct from
‘Murcott’ in having 5–7 seeds per fruit

whereas ‘Murcott’ had about 20–25 seeds
per fruit. This tree had a more compact
growth (one-third to one-half the size of
‘Murcott’) and flowers with low pollen fer-
tility. Productivity is reported to be similar
to that of ‘Murcott’. Details on field trial
evaluation of this variety have not been
reported.
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Fig. 16.2. Mutation breeding programme at the University of California, Riverside.
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Introduction

Citrus graft-transmissible diseases pro-
duced by viruses, viroids, some bacteria,
spiroplasmas and phytoplasmas produce
very important economic losses in most
citrus-growing areas. In general, they cause
decline, loss of vigour and short commer-
cial life of trees, low yields and poor fruit
quality, and they restrict the use of some
rootstocks. Thus, they have the potential to
become primary limiting factors of produc-
tion. Only preventive measures are useful
for control of graft-transmissible pathogens,
such as use of tolerant or resistant
germplasm, exclusion of potential diseases
from the citrus area, and establishing
orchards using pathogen-free, high quality
nursery trees.

Frequently pathogen-free plants of
many cultivars were not available and it was
necessary to recover healthy plants from
infected ones. The procedure used in the
past to recover pathogen-free citrus plants
was the selection of nucellar seedlings of
polyembryonic or apomictic cultivars
(Weathers and Calavan, 1959; Roistacher,
1977). Nucellar embryony is effective
because most citrus pathogens are not trans-

mitted through the process of embryogene-
sis, and because nucellar plants are pro-
duced by asexual embryogenesis in vivo,
and thus have the same genotype as the
mother plants that produced the seeds. The
limitation of the procedure is that nucellar
plants are juvenile, and consequently they
are excessively vigorous, thorny and late in
bearing, and they have to be grown for many
years until these characters disappear and
are acceptable for commercial propagation
(Roistacher, 1977). In addition, seed trans-
mission of psorosis-like pathogens and
citrus leaf blotch virus has been reported
(Guerri et al., 2004). Recovery of pathogen-
free nucellar plants of monoembryonic cul-
tivars by nucellus culture in vitro has been
reported (Rangan et al., 1968; Juárez et al.,
1976), but most of the plants are not true to
type (Navarro et al., 1985).

Thermotherapy has been used to
recover pathogen-free citrus plants without
juvenile characters. However, this tech-
nique is not effective for the elimination of
pathogens which replicate well under
warm conditions, such as citrus exocortis,
cachexia and other citrus viroids, citrus
stubborn or citrus leaf blotch virus (dweet
mottle) (Roistacher 1977).
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In this situation, a method to recover
citrus plants free of all graft-transmissible
pathogens and without juvenile characters
was required to produce healthy trees for
commercial plantings. The initial attempts
to accomplish this objective were made by
shoot-tip culture in vitro, a technique
widely used to recover healthy plants of
many plant species, particularly herba-
ceous ones. However, all attempts failed
(Murashige et al., 1972), and still today it
has not been possible to regenerate citrus
plants from small shoot-tips cultured in
vitro (L. Navarro and J. Juárez, unpublished
results). Murashige et al. (1972) were able
to recover a few citrus plants by grafting
shoot-tips from diseased plants on young
rootstock seedlings growing in vitro. Some
of these plants were free of the exocortis
viroid and did not have juvenile characters.
This technique, named shoot-tip grafting in
vitro (STG), was studied in detail by
Navarro et al. (1975), who developed a rou-
tine procedure that allowed a 30–50% inci-
dence of successful grafts that were
transplanted to soil with over 95% survival.
The resulting plants did not have juvenile
characters, and most of them were free of
graft-transmissible pathogens.

Several reviews of the STG technique
have been published previously (Navarro
1981, 1988, 1992; Jonard, 1986). In this
chapter, the different steps of this tech-
nique are described in detail, and the elim-
ination of pathogens and its research and
industry applications are reviewed.

Technique of Shoot-tip Grafting In Vitro

The standard procedure described by
Navarro et al. (1975) is routinely used in
most laboratories. It includes the following
steps: rootstock preparation; scion prepara-
tion; grafting; culture in vitro of grafted
plants; and transfer to soil.

Rootstock preparation

Seedlings recovered by seed germination in
vitro are used as rootstocks. Seeds are
peeled, removing both seed coats (Fig.
17.1a), surface sterilized and sown in 25 ×
150 mm culture tubes containing 25 ml of
the plant cell culture salt solution of
Murashige and Skoog (1962), solidified
with 1% Bacto agar. Cultures are incubated
at 27°C in continuous darkness for 2 weeks
(Fig. 17.1b).

The age of the rootstock has an impor-
tant influence on grafting success (Navarro
et al., 1975). The highest rate of successful
grafts using Troyer citrange (Poncirus trifoli-
ata (L.) Raft. × Citrus sinensis (L.) Osb) as
rootstock was obtained with 2-week-old
seedlings. Most shoot-tips grafted on
younger seedlings (1 week old) were cov-
ered with precocious callus formation by
the rootstock, whereas most shoot-tips
grafted on older rootstock (3 and 4 weeks
old) dried, turned brown and died. These
results suggest that grafting success depends
on the degree of tissue differentiation of the
rootstock, which is affected by age.

Age may be only indicative of seedling
rate of development, which is influenced by
embryo size, germination temperature, seed
batch and storage period. Stem height and
diameter are parameters more appropriate
to determine the optimal stage of seedling
for grafting. We routinely use Troyer cit-
range seedlings 3–5 cm tall with a diameter
of 1.6–1.8 mm at the point of grafting. This
size is reached in 12–16 days at 27°C.

Seedlings can be stored at 4°C for at
least 2 weeks without any detrimental
effect on grafting success. This allows an
easy selection of uniform seedlings for
experimental purposes.

Troyer citrange is the most commonly
used rootstock for STG. It has the advantage
that its trifoliate leaves serve as a morpho-
logical marker for identification of adventi-
tious shoots produced by the rootstock.
However, any rootstock graft compatible
with the shoot-tip scion variety could be
used for STG. At least the following root-
stocks have been successfully used for STG:
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Troyer and Carrizo citranges, Rough lemon
(C. jambhiri Lush.), P. trifoliata, Alemow
(C. macrophylla West), Etrog citron
(C. medica L.), sour orange (C. aurantium
L.), Rangpur lime (C. limonia Osb.),
Volkamer lemon (C. volkameriana
Pasq.), sweet orange (C. sinensis (L.) Osb.)
and Cleopatra mandarin (C. reshni Hort.
ex. Tan.). Differences in grafting success
have been observed among these root-
stocks, but detailed comparative studies
have not been done. In our laboratory, we
routinely use Troyer citrange as rootstock
for STG.

The rootstock seedling is removed from
the test tube under aseptic conditions and it
is decapitated, leaving about 1.5 cm of the
epicotyl. The root is cut to a length of 4–6
cm and the cotyledons and their axillary
buds removed (Fig. 17.1c). Grafting can be
done by several methods, but it is recom-
mended to place the shoot-tip in an
inverted-T incision (Navarro et al. 1975)
(Fig. 17.1i). This is made by a 1 mm long
vertical incision, starting at the point of
decapitation, and a 1–2 mm wide horizon-
tal cut. The cuts are done through the
cortex, and the flaps of the incision are
slightly lifted to expose the cortex.

Scion preparation

Shoot-tips can be excised from growing veg-
etative flushes of field or greenhouse plants,
or from budwood cultured in vitro. Shoot-
tips can also be excised from dormant buds
or shoots from buds cultured in vitro, but
these are not recommended sources for rou-
tine work, since the incidence of successful
grafts and pathogen elimination was
reduced in comparison with other sources
(Navarro et al., 1975, 1976).

Growing vegetative flushes from the
different origins are the recommended
source of shoot-tips for STG. Field trees are
the most direct source of shoot-tips, but
have the disadvantage of the seasonal flush-
ing and the lower rate of elimination of
some pathogens. Greenhouse plants have
the advantage that flushes can be induced

when necessary, avoiding the seasonal
dependency of field trees. In addition, they
can be subjected to a warm pre-treatment to
improve the efficiency of elimination of
some pathogens (Navarro et al., 1980b).
Infected citrus plants growing in pots in the
greenhouse could be completely defoliated
by hand and placed in a warm green-
house, or in a growth chamber. As a
routine procedure in our laboratory, the
infected cultivars are propagated and
grown in containers in a greenhouse at
18–25˚C. They are defoliated by hand
when needed, placed in a growth
chamber at constant 32˚C and exposed to
350 µE m–2 s–1 illumination 16 h daily.
After 8–12 days, new flushes are produced
(Fig. 17.1d) and used as source of shoot-tips
for STG.

Budwood cultured in vitro at constant
32˚C and exposed 16 h daily to 80 µE m–2

s–1 illumination in a culture medium con-
taining the plant cell culture salt solution of
Murashige and Skoog (1962) solidified with
1.2% Bacto agar is also an excellent source
of shoot-tips for STG. New flushes are pro-
duced in 8–16 days (Fig. 17.1e) and used for
isolation of shoot-tips for STG. This source
is routinely used in our laboratory for plant
introduction through the Citrus Quarantine
Station (see below) (Navarro et al., 1984)
and is being increasingly used for local
genotypes, since it is faster than propaga-
tion of plants in the greenhouse, and it
gives a better grafting success (Navarro et
al., 2002).

Grafting

Flushes 3 cm long or shorter are collected to
avoid the abscission stage. They are
stripped of larger leaves, cut to about 1 cm
long (Fig. 17.1f) and surface sterilized by
immersion in a mild 0.25% sodium
hypochlorite solution. Larger leaves of
shoots are removed with the aid of dissect-
ing instruments under a microscope, and
shoot-tips composed of the apical meristem
and three leaf primordia, and measuring
0.1–0.2 mm in length, are then excised with



a razor blade sliver attached to a surgical
handle (Fig. 17.1g and h). This shoot-tip
does not have a vascular connection with
the rest of the plant (Fig. 17.1g), and this
explains why most pathogens are elimi-
nated by shoot-tip grafting. The shoot-tip is
placed inside the incision of the rootstock
with its cut surface in contact with the
cortex exposed by the horizontal cut of the
incision (Fig. 17.1i) made at the top of the
decapitated epicotyl (Navarro et al., 1975).

The frequency of successful grafts
increases with shoot-tip size, but the inci-
dence of recovery of healthy plants
decreases (Navarro et al., 1976).
Consequently, it is necessary to choose a
size that will give a realistic degree of graft-
ing success with the highest possible
number of pathogen-free plants, since
indexing is more expensive and time con-
suming than STG. In our laboratory, we
routinely use shoot-tips composed of the
apical meristem and three leaf primordia.
The size, measured from the cut end to the
tip of the largest leaf primordium, varies
from 0.1 to 0.2 mm, depending on the citrus
species.

Culture in vitro of grafted plants

Micrografted plants are cultured in a liquid
nutrient medium composed of the plant
cell culture salt solution of Murashige and
Skoog (1962), modified White’s vitamins
and 75 g/l sucrose (Navarro et al., 1975).
The medium is distributed into 25 × 150
mm test tubes in 25 ml aliquots. A folded
paper platform, perforated at its centre for
insertion of the root portion of the root-
stock, is placed in the nutrient solution
(Fig. 17.1j). The cultures are kept at con-
stant 27°C and exposed 16 h daily to 40–50
µE m–2 s–1 illumination.

Several experiments have been done
using auxins and cytokinins in the culture
medium or as applications at the grafting
point to increase the incidence of grafting
success (Navarro et al., 1975; Edriss and
Burger, 1984; Starrantino et al., 1986). The
treatments gave either negative results or

some small increase in grafting success, not
confirmed in other laboratories. In practice,
no growth regulators are used for STG.

Sucrose concentration in the nutrient
medium of grafted plants has an important
influence on grafting success and growth of
plants (Navarro et al., 1975). The highest
rate of successful grafts was obtained with
75 g/l of sucrose. There was also a progres-
sive increase in the number and size of new
leaves arising from shoot-tips of successful
grafts and in the production of new lateral
roots by the rootstock with increasing
sucrose concentration up to 75 and 100 g/l.

Histological studies showed that three
days after grafting there was already some
callus development between the rootstock
and the shoot-tip, and five days after graft-
ing the callus was completely developed at
the graft union (Fig. 17.1k). Initiation of
vascular differentiation was observed seven
days after grafting, and there was a com-
plete vascular connection between the
shoot-tip and the rootstock 11 days after
grafting (Li Xiancai, 1997).

Growing small leaves from the shoot-
tip coming out from the incision can be
observed about 3–4 weeks after grafting
(Fig. 17.1l), and 4–6 weeks after grafting the
successful grafts already have 2–4
expanded leaves and they can be trans-
planted to soil (Fig. 17.1m).

In the Citrus Variety Improvement
Programme in Spain (CVIPS), carried out in
our laboratory, this standard procedure has
been used with many genotypes of at least
43 Citrus species, and with Poncirus and
Fortunella species. The overall percentage
of grafting success has been 38%, but dif-
ferences were found between species and
shoot-tip sources (Table 17.1). Comparative
studies using the same genotype have not
been done, but shoot-tips excised from bud-
wood cultured in vitro gave a slightly
higher incidence of grafting success than
shoot-tips from plants growing in a growth
chamber, albeit that this is species depend-
ent. In the case of satsumas the grafting suc-
cess has been much higher with shoot-tips
isolated from budwood cultured in vitro
(Table 17.1). Overall, more than 40% graft-
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ing success was usually obtained with most
commercially grown species using bud-
wood cultured in vitro as the source of
shoot-tips, with the exception of lemons
that gave only about 20% success.

Transplanting to soil

Scions of successful grafts should have at
least two expanded leaves before being
transplanted to soil. This stage is usually
reached 4–6 weeks after grafting (Fig.
17.1n). Micrografted plants are transferred
to pots containing a steam-sterilized artifi-
cial soil mix suitable to grow citrus. Pots are
enclosed in polyethylene bags that are
closed with rubber bands and placed in a
shaded area of a temperature-controlled
greenhouse set at 18–25°C. After 8–10 days,
the bags are opened, and after another 8–10
days, the bags are removed and the plants
are grown under regular greenhouse condi-
tions (Fig. 17.1l). Alternatively, the epicotyl
of the micrografted plants can be regrafted
on vigorous seedlings growing in the green-
house (De Lange, 1978). With both proce-
dures, we usually obtain over 95% survival,
but growth is faster with the latter method.

Plants recovered by STG do not have
juvenile characters, if the shoot-tips are
excised from adult plants. They usually
flower and set fruits within two years from
grafting (Fig. 17.1l). Several thousands
plants have been obtained by STG in differ-
ent laboratories, and all available data indi-
cate that they are true to type.

Applications of STG

Control of graft-transmissible pathogens

To control diseases caused by graft-trans-
missible pathogens, it is necessary to use
healthy and high quality trees in the new
plantings. The production of these trees
requires the establishment of three different
but related programmes: sanitation, quaran-
tine and certification (Navarro, 1993).
Sanitation programmes have the objective
to recover healthy plants from local vari-
eties, and quarantine programmes have the
objective of importing foreign varieties
avoiding introduction of new pests and dis-
eases. STG plays a key role in these two
programmes that produce healthy plants for
the certification programmes, which have
the objective to guarantee that the sanitary
status of the initial material is maintained
during the process of commercial propaga-
tion at the nurseries. Figure 17.2 shows a
diagrammatic representation of these pro-
grammes.

Sanitation programmes

The most important application of STG is
the recovery of healthy plants. It has been
effective to recover plants free from all
pathogens assayed, including the causal
agents of the following diseases: cachexia,
canker, concave gum, cristacortis, dweet
mottle, exocortis, huanglonbing (ex green-
ing), impietratura, infectious variegation-
crinkly leaf, leaf blotch, psorosis A and B,

Table 17.1. Average grafting success (%) of shoot-tip grafting in vitro carried out in the Citrus Variety
Improvement Program in Spain between 1985 and 2003.

Group of genotypes Shoot-tips excised from plants Shoot-tips excised from
growing in growth chambers budwood cultured in vitro

All genotypes 33.6 43.5
Sweet oranges 40 40
Clementines 46 48.2
Satsumas 18.1 39.8
Other mandarins 39.3 45.8
Lemons 19.4 21.2
Grapefruit – 58.3



ringspot, rough lemon incompatibility,
seedling yellows-tristeza, stubborn, tatter
leaf, tristeza and yellow vein (Navarro et
al., 1975, 1976, 1980a, b, 1981, 1988, 1991,
2002; Roistacher et al., 1976; Roistacher
and Kitto, 1977; Arroyo, 1984; Koizumi
1984; Su and Chu, 1984). These include
diseases produced by viruses, viroids,
mycoplasma, phloem-restricted bacteria
and graft-transmissible agents of unknown
nature.

The most important factors that influ-
ence elimination of citrus pathogens by
STG are the pathogen itself, the size of the
shoot-tip and the growing temperature of
the shoot-tip source plants. Some
pathogens are very easy to eliminate, such
as citrus viroids (cachexia, exocortis), infec-
tious variegation-crinkly leaf, stubborn,
huanglonbing (ex greening), tristeza and
vein enation, and almost 100% of the plants
recovered by STG are free of these diseases.
Seedling yellows-tristeza and yellow vein
are easy to eliminate by STG, and around
80% of micrografted plants are free of these

diseases. Finally, concave gum, cristacortis,
dweet mottle, leaf blotch, impietratura,
psorosis, ringspot and tatter leaf are diffi-
cult to eliminate, and usually fewer than
25% of the micrografted plants are free of
these diseases. These data were obtained
when shoot-tips were collected from field
trees or plants growing in a greenhouse at
18–25°C.

Shoot-tip size has an important influ-
ence on the incidence of healthy plants
recovered by STG. It was shown that
increasing shoot-tip size resulted in higher
incidence of successful grafts, but with an
important decrease of the incidence of
healthy plants (Navarro et al., 1976). The
relatively low frequency of healthy plants
obtained in some laboratories is probably
due to the use of larger shoot-tips. As men-
tioned above, a shoot-tip composed of the
apical meristem and three leaf primordia
measuring 0.1–0.2 mm gives a realistic fre-
quency of successful grafts and healthy
plants, and is recommended for routine
work.
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The incidence of recovery of plants free
from diseases difficult to eliminate
increased by growing the shoot-tip source
plants under warm conditions (Navarro et
al., 1980b; Koizumi, 1984). As mentioned
above, in the routine procedure in the
CVIPS, shoot-tips are isolated from plants
growing in a growth chamber at constant
32˚C or from budwood cultured in vitro at
32˚C. With this procedure, more than 90%
of micrografted plants are usually free of
pathogens, including those difficult to elim-
inate (Navarro et al., 1988, 2002). The only
exception is citrus leaf blotch virus, that is
eliminated in fewer than 50% of micro-
grafted plants.

STG is the best available technique to
recover pathogen-free citrus plants for sani-
tation programmes, since it is possible to
recover plants free of pathogens that cannot
be eliminated by thermotherapy, the result-
ing plants do not have juvenile characters,
as occurs with plants recovered by nucellar
embryony, and all recovered plants are true
to type. STG is being used in citrus sanita-
tion programmes in all the major citrus-
growing countries.

In Spain, there is a very extensive
citrus sanitation programme based on STG
(Navarro, 1976; Navarro et al., 1980a, 1981,
1988, 2002). About 120 million healthy cer-
tified nursery trees, originally recovered by
this technique, have already been planted
in the field. These healthy trees have
15–20% more production of fruit of higher
quality that the original infected trees.
Diseases produced by graft-transmissible
diseases, that were the main limitation of
the Spanish citrus industry in the past, do
not now produce damage in the new plant-
ings.

Quarantine procedures

Movement of citrus species and varieties
between different citrus areas for commer-
cial and scientific purposes is often desir-
able. However, uncontrolled importation of
budwood carries the risk of introducing
new pests and pathogens that in some
instances may be devastating or may cause

very important economic damage. This risk
may be minimized by controlled introduc-
tion through quarantine stations, that have
the objective of importing foreign varieties
while avoiding the introduction of new
pests and diseases that may be carried in
the original material. In citrus there are two
different quarantine procedures that can be
safely used for importation of plant mate-
rial (Frison and Taher, 1991)

The classic method consists of propa-
gating the imported budwood in quarantine
greenhouses located far away from citrus-
growing areas. Then the newly propagated
plants can be indexed or submitted directly
to STG followed by indexing. This proce-
dure requires the availability of facilities
and trained personnel on citrus pests, dis-
eases and cultural practices in areas not
directly involved with citrus research. It is
used in some countries with a long tradi-
tion in quarantine that have central facili-
ties and personnel for importation of plant
material of several crops, but it is very
expensive and difficult to establish only for
citrus in most countries.

An alternative citrus tissue culture pro-
cedure was developed for safe introduction
of citrus genotypes (Navarro et al., 1984,
1991) that has been proved to be very effi-
cient in excluding citrus pests and diseases
(Fig. 17.3). Budsticks that are received from
another country are thoroughly cleaned and
surface sterilized and then cultured in vitro
at 32°C in a growth chamber as described
above to induce the sprouting of lateral
buds and formation of flushes (Fig. 17.1e)
from which shoot-tips are isolated and
micrografted in vitro. The only material
really imported is a small shoot-tip that
usually is free of pests and pathogens. This
process includes many different controls
(Fig. 17.3) and minimizes the possibility of
escape of harmful pathogens, and it allows
rapid processing of new entries.

This tissue culture method has several
advantages over the traditional quarantine
method. Pests and diseases that might be in
the original material are eliminated at the
early stages of introduction, thus shorten-
ing the quarantine period. With tissue cul-



ture, the test tubes serve as a substitute for
the greenhouses located in isolated areas,
and thus the quarantine station may be
located at citrus research stations. At many
of these stations STG is being used for san-
itation of local cultivars, and the required
facilities and personnel are usually avail-
able. Consequently the tissue culture proce-
dure can be easily established in many
countries for safe import of citrus vegetative
material. This method is recommended for
exchange of citrus germplasm (Frison and
Taher, 1991) and has been legally accepted
in several areas, such as the European
Union. Due to these advantages, the tissue
culture method is recommended for the
safe importation of citrus budwood. In
Spain, it has been used successfully to
import over 200 varieties from different
citrus areas.

Research applications

In addition to research with graft-transmis-
sible pathogens, STG is becoming a very
useful technique for production, propaga-

tion and regeneration of elite genotypes in
several areas of research. In vitro grafting
for this purpose may be done using larger
shoots (at least up to 1 cm) using different
types of incisions (Fig. 17.4) with close to
100% grafting success. Some research
applications of STG are described below.

Regeneration of somatic hybrids

In protoplast fusion experiments, abnormal
embryos are very often produced. These
include multiple fasciated cotyledons,
embryos that only produce shoots, germi-
nating embryos without a good vascular
connection between shoot and root, and
abnormal shoot proliferation, among others
(Fig. 17.5) (Olivares-Fuster, 1988). These
embryos do not produce plants that can be
established in the greenhouse, thus reduc-
ing the efficiency of recovery of somatic
hybrids and losing potentially valuable
genotypes. In our laboratory, we routinely
graft in vitro shoots produced by these
embryos to recover plants that are estab-
lished in the greenhouse with high effi-
ciency (Fig. 17.5).
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Regeneration of plants from irradiated shoots

Irradiation is used in citrus improvement
programmes in attempts to reduce the
number of seeds produced by high quality
genotypes, particularly with mandarins.
However, in many cases, unstable chimeras
are produced that revert to the original vari-
ety after some cycles of propagation. In
assays to produce seedless clementines,
shoot-tips were isolated, placed facing
upwards in a Petri dish with agar media
and irradiated. The assumption was that
cells of the exposed meristem would be
mutated, producing stable plants. After
irradiation, whole plants were recovered by
STG, transplanted to soil and evaluated
(Fig. 17.6). A relatively high number of
apparently stable mutants have been pro-
duced and a new variety Nulessín selected
and released (Asins et al., 2002).

Regeneration of haploid plants

Haploid plants have interesting applica-
tions in citrus genetics and genomics. They
can be recovered by in situ parthenogenesis
after pollination with irradiated pollen,
which induce aborted seeds that in some
cases contain haploid embryos, that after in
vitro culture produce a few plants very dif-
ficult to establish in the greenhouse
(Ollitrault et al., 1996). We have used this
approach in our laboratory, and haploid
embryos produced abnormal clusters of
proliferating tissues that did not allow the
regeneration of plants. However, grafting in
vitro some of these shoot-like tissues
allowed us to regenerate several Nules
clementine plants that were successfully
established in the greenhouse, where they
are even flowering (Fig. 17.7).

Production of stable tetraploid plants of
monoembryonic genotypes

Tetraploid plants of monoembryonic geno-
types are very important for use as female
parents in triploid mandarin breeding pro-
grammes. However, this type of genotype is
not available. They could be recovered by

colchicine treatment of budwood, but usu-
ally only unstable chimeras without any
value for breeding are produced. We have
attempted the recovery of tetraploid plants
by treatment of shoot-tips with colchicine
solution and regeneration of plants by STG
or by adding a drop of colchicine solution
on a shoot-tip two weeks after grafting in
vitro (Juárez et al., 2004). The objective was
to induce chromosome duplication in the
exposed cells of the meristem. We were
able to recover stable tetraploid plants of
Nules, Fina and Marisol clementines and
Moncada mandarin that are now the most
widely used female parents in our triploid
breeding programme (Navarro et al., 2003).

Regeneration of plants from somaclonal
variation experiments of adult material

Somaclonal variation is an interesting
approach for citrus improvement that is
being used for this purpose in some labora-
tories (Grosser et al., 2003). Clementines are
a good candidate for somaclonal variation
studies, since they are genetically unstable
and frequently produce budsports in the
field. We have attempted to recover
somaclonal variants through the process of
adventitious organogenesis from adult
internode tissues, but these only produce
very tiny buds that cannot be rooted to pro-
duce plants (Fig. 17.8). However, grafting
these buds in vitro allowed us to recover
more than 450 plants that are under field
evaluation (Fig. 17.8).

Regeneration of transgenic plants

One of the major limitations of citrus trans-
formation was the difficulty in recovery of
plants from transgenic shoots (Peña et al.,
2003; see also Chapter 15). With many
genotypes, the rooting efficiency of trans-
genic shoots is very low and rooting of
shoots from adult material is almost impos-
sible. The use of STG to regenerate plants
from transformed shoots or buds has
become a routine procedure in most labora-
tories, allowing an important increase of



the efficiency of the genetic transformation
protocols (Fig. 17.9).

Conclusions

The technique of STG is having a very
important impact in the citrus industry
worldwide. Some graft-transmissible dis-
eases are disappearing from commercial
plantings in several countries, there is a
diminution of risks of introducing exotic
pests and diseases with exchange of geno-
types, and there are reduced limitations of

rootstock use as a consequence of variety
infection. In addition, there is an increase
of production and fruit quality as a conse-
quence of control of graft-transmissible dis-
eases.

Furthermore, STG is increasingly being
used as a tool in different research areas to
regenerate elite genotypes or produce
plants that cannot be recovered by other
means. This includes genetic transforma-
tion, somatic hybridization, recovery of
haploid and tetraploid plants, and
somaclonal variation.
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