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Summary
Fusarium head blight (FHB) in wheat and other small grain cereals is a globally devastating

disease caused by toxigenic Fusarium pathogens. Controlling FHB is a challenge because

germplasm that is naturally resistant against these pathogens is inadequate. Current control

measures rely on fungicides. Here, an antibody fusion comprised of the Fusarium spp.-specific

recombinant antibody gene CWP2 derived from chicken, and the endochitinase gene Ech42

from the biocontrol fungus Trichoderma atroviride was introduced into the elite wheat cultivar

Zhengmai9023 by particle bombardment. Expression of this fusion gene was regulated by the

lemma/palea-specific promoter Lem2 derived from barley; its expression was confirmed as

lemma/palea-specific in transgenic wheat. Single-floret inoculation of independent transgenic

wheat lines of the T3 to T6 generations revealed significant resistance (type II) to fungal

spreading, and natural infection assays in the field showed significant resistance (type I) to initial

infection. Gas chromatography–mass spectrometry analysis revealed marked reduction of

mycotoxins in the grains of the transgenic wheat lines. Progenies of crosses between the

transgenic lines and the FHB-susceptible cultivar Huamai13 also showed significantly enhanced

FHB resistance. Quantitative real-time PCR analysis revealed that the tissue-specific expression of

the antibody fusion was induced by salicylic acid drenching and induced to a greater extent by F.

graminearum infection. Histochemical analysis showed substantial restriction of mycelial growth

in the lemma tissues of the transgenic plants. Thus, the combined tissue-specific and pathogen-

inducible expression of this Fusarium-specific antibody fusion can effectively protect wheat

against Fusarium pathogens and reduce mycotoxin content in grain.

Introduction

Fusarium head blight (FHB) or head scab is a devastating disease

of wheat and other small grain cereals worldwide, that is caused

by Fusarium species (Bai and Shaner, 2004; Kazan et al., 2012;

Xu and Nicholson, 2009; Zhang et al., 2013). Since the mid-

1990s, FHB has re-emerged as a serious problem to agriculture in

North America and Europe (Kazan et al., 2012; Nganje et al.,

2002). In the U.S. between 1998 and 2000, FHB caused

estimated losses of about 3 billion U.S. dollars (Nganje et al.,

2002). Global climate change during recent years has been

implicated in the aggravation of the spread and severity of FHB to

ever wider regions; FHB is thus now considered to be one of the

most deleterious factors in global cereal production (Goswami

and Kistler, 2004). In China, FHB epidemics that cause huge

economic losses occur frequently in the middle and lower regions

of the Yangtze River and have recently extended to other regions.

Furthermore, beyond reductions in yields, Fusarium pathogens

produce various trichothecene mycotoxins in grains that are

highly toxic to both humans and domestic animals (Pestka and

Smolinski, 2005). Mycotoxicosis caused by the consumption of

FHB-affected wheat flour has been reported in China (Chen

et al., 2003) and continues to pose a serious threat to human

health.

Typically with fungal diseases, the best control strategy is to

prevent infection in fields by growing cultivars that are resistant to

fungal pathogens. However, FHB-resistant cultivars are not yet

available because naturally Fusarium-resistant germplasm is

inadequate (Liu, 2001; Xue et al., 2009). Current protective

measures rely heavily on the application of chemical fungicides.
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Fungicide application only provides a 50%-60% reduction in FHB

incidence under optimal conditions (Leonard and Bushnell, 2003),

and such applications have resulted in undesirable environmental

and ecological consequences (Zhang et al., 2009). Worryingly,

the incidence of fungicide-resistant Fusarium pathogens in wheat

fields has increased dramatically in many regions of China since

the mid-1990s (Yuan and Zhou, 2005). Moreover, the application

of fungicides increases mycotoxin production in wheat grains

(D’Mello et al., 2000; Zhang et al., 2009). The use of biological

control measures has often proved inconsistent or is simply

ineffective under field conditions (Xu and Nicholson, 2009).

Therefore, the introduction of alien resistance genes into the

wheat genome via transgenic approaches has been proposed as

an important strategy to protect plants against Fusarium patho-

gens and to reduce mycotoxin production. Different antifungal

peptide-encoding genes from both plants and microbes have

been genetically transformed into wheat to generate wheat

plants under regulation of constitutive promoters that showed

improved FHB resistance; most such studies have been conducted

with the wheat model cultivar Bobwhite (Anand et al., 2003;

Chen et al., 1999; Han et al., 2012; Lakshman et al., 2013; Li

et al., 2008; Makandar et al., 2006), that is less recalcitrant for

stable transformation than elite wheat varieties.

Antibodies produced by all vertebrates recognize and bind

pathogen-specific antigens. It has been demonstrated that

various antibodies including monoclonal antibodies and single-

chain antibodies can be functionally expressed in plants for

various applications. Such antibodies have been used for the

targeted protection of plants against a range of agronomically

important pathogens (Safarnejad et al., 2011). In the first

application of this technology, a single-chain variable fragment

antibody (scFv) specific to artichoke mottled crinkle virus was

used to confer specific resistance to this virus in transgenic

tobacco plants (Tavladoraki et al., 1993). Since then, many

different virus-specific scFvs and monoclonal antibodies have

been used to improve the resistance of plants to particular viruses

(Cervera et al., 2010; N€olke et al., 2009; Voss et al., 1995; Xiao

et al., 2000). The first example of antibody-mediated fungal

resistance was demonstrated in Arabidopsis thaliana: CWP2, a

chicken-derived Fusarium spp.-specific scFv, recognized a surface

antigen of F. graminearum and conferred resistance to Fusarium

pathogens (Peschen et al., 2004). More importantly, when this

antibody was fused to one of three antifungal peptides and

transformed into Arabidopsis thaliana and wheat, transgenic

plants showed high levels of resistance to Fusarium pathogens (Li

et al., 2008; Peschen et al., 2004). Immunofluorescence locali-

zation and biological assays demonstrated that these antibody

fusions retained their two functions: the binding of the antibody

to the antigen and the antifungal action of the peptide (Peschen

et al., 2004). Subsequently, fungus-specific scFv antibodies have

been applied for the protection of canola against Sclerotinia

sclerotiorum (Yajima et al., 2010) and the protection of soybean

against Fusarium virguliforme (Brar and Bhattacharyya, 2012),

both cases in which there were no naturally resistant sources of

germplasm available. Thus, pathogen-specific antibodies with

defined specificity can be used to improve disease resistance in

plants; this is particularly vital in situations where there is a lack of

naturally resistant germplasm to use in conventional breeding

efforts.

Wheat spikes are the organs infected by Fusarium pathogens in

FHB. In resistance assays, disease symptoms of the blighted spikes

of a given wheat genotype are visually assessed by counting the

diseased spikelets after some period of fungal infection (Bai and

Shaner, 2004). Two types of FHB resistance have been proposed:

type I refers to resistance to initial infection, and type II describes

resistance to the spread of colonizing fungus within a spike (Bai

and Shaner, 2004; Schroeder and Christensen, 1963). Different

inoculation methods are often used in experiments to differen-

tiate between these two types of resistance. Type I resistance is

typically evaluated in the field; wheat grains that have been

inoculated with the fungus are scattered over the soil surface

prior to anthesis, or spore suspensions are sprayed over flowering

spikes. Type II resistance is assessed by delivering conidial spores

onto a single floret. A third type of resistance (type III) has been

proposed to determine the amounts of mycotoxins in harvested

grains. The characterization of type III resistance was based on the

observation that low deoxynivalenol (DON) content in wheat

grains result from either fewer infected kernels or high levels of

DON in spike tissues other than kernels (Miller et al., 1986). In all

three types of resistance, the lemma/palea is among the first

barriers to confront invading Fusarium fungi (Bai and Shaner,

2004; Xu and Nicholson, 2009) and/or the translocation of

mycotoxins into kernels (Miller et al., 1986; Snijders and Krech-

ting, 1992). Thus, the lemma/palea-specific expression of an

introduced resistance gene in transgenic wheat could efficiently

restrict the initial infection and spread of Fusarium pathogens on

spikes and reduce the translocation of mycotoxins from lemma/

palea into kernels. Moreover, it is possible to combine a

pathogen-inducible component to the transgene alongside with

the localized lemma/palea expression component, thereby adding

specificity and effectiveness to transgenic plants to combat FHB

pathogens.

In this study, a fusion gene comprised of the CWP2 antibody

and the fungal Ech42 chitinase gene, under the control of the

barley lemma/palea-specific Lem2 promoter (Abebe et al., 2005,

2006), was constructed and introduced into the elite wheat

cultivar Zhengmai9023. The transgene was preferentially

expressed in lemma/palea organs, and expression of the gene

was quickly activated upon Fusarium infection. Inoculation of

plants of the T3 to T6 generations of different transgenic lines

showed significantly enhanced Type I, II and III resistance to

Fusarium pathogens. Thus, the lemma/palea-specific and Fusari-

um-inducible regulation of transgenes in wheat by the Lem2

promoter may provide a promising approach for the efficient

control of FHB and associated mycotoxins in cereals.

Results

Transformation and selection of transgenic wheat plants

Immature embryos from an elite wheat cv. Zhengmai9023

(Z9023) were cultured to induce calli that were used for

bombardment with an expression cassette containing an anti-

body fusion gene Ech42-CWP2 and a PMI gene as a selection

marker (Figure 1a). CPR-positive plantlets were identified by PCR

with three pairs of primers annealing to different regions of the

expression cassette (Figure 1a). Five independent T0 transgenic

plants were obtained to generate T1 transgenic lines. To select

genetically stable and homozygous transgenic plants for subse-

quent analyses, individual plants of the T1, T2 and T3 generations

were analysed by PCR. Two transgenic lines, Z1 and Z4,

showed no segregation at the T3 generation. PCR analyses of

T3 transgenic plants of these two lines with the Lem2F/Ech42R

primer pair showed a DNA fragment of 394 bp, as expected

(Figure 1b). Southern blot analyses revealed that the Z1
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transgenic line contained four copies of the transgene whilst one

copy was integrated into the Z4 transgenic line (Figure 1c). These

two lines were regenerated to produce transgenic lines of the T4
to T6 generations. PCR was used to identify individual transgenic

wheat plants in each generation.

Expression pattern of the transgene in transgenic wheat
plants

As the Lem2 promoter from barley has been reported to regulate

the tissue-specific expression in lemma/palea in barley, RNA from

flag leaves, lemma/palea, pericarp and endosperm (Figure 1d) of

the two homozygote T3 transgenic wheat lines and nontransgenic

Z9023 was used for RT-PCR analysis. The results showed that the

antibody fusion gene Ech42-CWP2 was indeed expressed at the

highest level in the lemma/palea, with only a trace level present in

flag leaves, pericarp and endosperm, in both transgenic lines

(Figure 1e). No amplification of the transgene was detected in the

nontransgenic control. These results indicated that the barely

Lem2 promoter regulated the specific expression of the Ech42-

CWP2 fusion gene at the outer floret organ of transgenic wheat,

a pattern similar to that described for Lem2 promoter constructs

evaluated in barley (Abebe et al., 2005, 2006).

FHB resistance in T3 transgenic wheat in the greenhouse
after single-floret injection

To investigate the response of the transgenic plants to FHB

pathogens, the two transgenic Z1 and Z4 lines of T3 generation

were assayed by single-floret injection in a greenhouse, and their

percentages of infected spikelets were scored at 21 dpi. Non-

transgenic cv. Z9023 and FHB-resistant cv. Sumai3 were similarly

inoculated and used as controls. The results showed significant

differences in FHB resistance between the transgenic wheat and

(a) (c)

(b)

(d)

(e)

Figure 1 Structure of the pUL-PMI-Lem2-Ech42-CWP2 construct and molecular identification of the presence of the construct in transgenic wheat plants.

(a) Structure of a minimal cassette containing Ech42-CWP2 gene for wheat transformation. Ubi-P, maize ubiquitin1 promoter; pmi, phosphomannose

isomerase gene; Lem2-P, barely Lem2 promoter; Ech42, an endochitinase gene from Trichoderma atroviride; CWP2, a Fusarium-specific antibody gene

derived from chicken; (G4S)3 Linker, a 15-amino acid glycine–serine linker; Nos-T, Nos terminator. The solid line indicates the DNA fragment amplified by

PCR for confirmation of the construct in transgenic wheat; this is also the sequence used as a probe in the Southern blotting experiment; dotted lines

indicate fragments amplified by PCR for the identification of plants with the transgene. (b) PCR products amplified from transgenic wheat. DNA isolated

from leaves of T3 transgenic wheat lines Z1, Z4 and nontransgenic Z9023 used as the template for PCR amplification using primer pair Lem2F/Ech42R.

(c) Southern blot analysis of transgenic wheat. DNA from T3 transgenic wheat lines Z1, Z4 and nontransgenic Z9023 was digested with HindIII, resolved on

an agarose gel, transferred to a Hybond-N+ nylon membrane and hybridized with an a-[32P]-dCTP-labelled DNA fragment that was amplified from a

junction region (the solid line in Figure 1a) of the Lem2 promoter and the Ech42 gene with primer pair Lem2F/Ech42R. (d) Wheat tissues used for RNA

isolation. En: endosperm; Fl: flag leaf; L/P: lemma/palea; Pe: pericarp. (e) Reversely transcribed PCR products were amplified from RNA extracted from

wheat tissues indicated above the panel.
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nontransgenic controls (Table 1). The Z1 and Z4 plants had

7.13% and 8.78% infected spikelets at 21 dpi, with significant

disease reductions (P < 0.01) of 83% and 79%, respectively,

compared with the nontransgenic Z9023 (42.09%). Thus, the

tissue-specific expression in lemma/palea of the Ech42-CWP2

gene efficiently restricted the spread of Fusarium pathogens on

wheat spikes. Encouraged by these results, the two transgenic

wheat lines were further characterized for their response to FHB

under field conditions.

FHB resistance in field-grown T4 to T6 transgenic wheat
following single-floret injection

T4 to T6 generation plants of the Z1 and Z4 lines and the control

plants grown in fields were inoculated by single-floret injection

and their percentages of infected spikelets were scored at 21 dpi

(Table 1). The transgenic wheat line Z1 had 12.31%, 10.69%

and 12.14% infected spikelets, respectively, in T4, T5 and T6
generations, with significant disease reductions (P < 0.01) of

76%, 67%, and 72% compared with the nontransgenic Z9023

(50.29%, 32.89%, and 43.79%). The transgenic wheat line Z4

showed a similar level of FHB resistance to that of the Z1 line.

Compared with the control Z9023, significant disease reductions

of 69%-75% were observed for this line in the T4 to T6
generations. These results indicated that the Ech42-CWP2 gene

conferred durable FHB resistance (i.e. a type II resistance) to

fungal spread on wheat spikes in the field in different years.

Representative resistant and susceptible wheat spikes from single-

floret injection at 21 dpi are presented in Figure 2a.

FHB resistance in field-grown T4 to T6 transgenic wheat
under natural infection conditions

To ascertain whether the two transgenic wheat lines displayed

type I resistance in field conditions, Z1 and Z4 plants of the T4 to

T6 generations were assayed in fields by natural infection; there

was a rich variety of different Fusarium pathogens present in the

test fields. The percentages of infected spikelets were scored at

30 days postanthesis (dpa) (Table 1). The transgenic wheat line

Z1 had percentages of infected spikelets ranging from 3.2% to

6.74% in T4, T5 and T6 generations, with significant reductions by

70%-84%, compared with the nontransgenic Z9023 (19.88%-

22.88%). Transgenic line Z4 also showed enhanced FHB

resistance; the proportion of infected spikelets ranged from

3.35% to 9.37% in the three generations, with a significant

reduction of 54%-83% relative to that of the control Z9023.

Therefore, the lemma/palea-specific expression of the Ech42-

CWP2 gene conferred a durable FHB resistance to initial infection

by Fusarium pathogens, that is a type I resistance, in fields under

natural conditions. Distinct disease symptoms of wheat spikes

from transgenic and nontransgenic controls by natural infection

at 30 dpa were shown in Figure 2b.

FHB resistance in F4 progenies from crosses between
transgenic wheat and an FHB-susceptible cultivar in field
conditions

To reveal the functionality of the Ech42-CWP2 gene in an

additional genetic background of wheat, T3 plants of the

homozygous Z1 and Z4 lines were crossed with the FHB-

susceptible cultivar Huamai13 (H13). The resulting F1 to F4
progenies derived from the H13 9 Z1 and H13 9 Z4 crosses

were genotyped by PCR. Plants in the F4 progenies were

inoculated by single-floret injection and natural infection in fields,

as described above. Two F4 progenies had infected spikelets of

21.7% from a cross H13 9 Z1 and 16.8% from a cross

H13 9 Z4 at 21 dpi, respectively, with significant reductions

(P < 0.01) of 62%-71% and 50%-62% compared with the

nontransgenic parental cultivars H13 (57.1%) and Z9023 (43.8%)

(Figure 3). Further natural infection assays showed similar FHB

resistance for the progenies: the two progenies had significant

disease reduction (P < 0.01) of 62%-67% and 41%-49%,

respectively, relative to the two nontransgenic parents at 30

dpa. These results indicated that the Ech42-CWP2 gene regulated

by the Lem2 promoter functioned well in more than one wheat

genotype.

Mycotoxins in the grains of T6 transgenic wheat plants

To determine whether the transgenic wheat plants displayed type

III resistance (i.e. to reduce Fusarium mycotoxin contents in

grains), the amounts of trichothecene mycotoxins from grains

harvested after maturation in the field were determined by GC/

MS analysis. T6 transgenic wheat plants of the Z1 and Z4 lines and

control Z9023 plants were used in this analysis. In single-floret

injection experiment, grains of the Z1 and Z4 contained 8.26 lg/

Table 1 Fusarium head blight resistance of transgenic and nontransgenic wheat

Genotype*

Single-floret injection

Infected spikelets (%)†
Natural infection

Infected spikelets (%)†

Greenhouse

T3

October 2011

Field Field

T4

April 2012

T5

April 2013

T6

April 2014

T4

April 2012

T5

April 2013

T6

April 2014

Z1 7.13 � 0.78 a 12.31 � 3.42 a 10.69 � 1.24 a 12.14 � 1.04 a 3.20 � 1.70 a 6.19 � 1.73 a 6.74 � 0.77 a

Z4 8.78 � 0.60 a 15.77 � 2.94 a 8.36 � 0.81 a 12.43 � 1.33 a 3.35 � 0.77 a 9.37 � 2.02 a 5.21 � 0.67 a

Z9023 42.09 � 6.03 b 50.29 � 12.27 b 32.89 � 6.60 b 43.79 � 5.21 b 19.88 � 2.66 b 20.58 � 3.27 b 22.88 � 1.83 b

Su3 9.57 � 1.72 8.94 � 1.87 8.77 � 1.53 13.22 � 2.34 4.38 � 3.71 8.75 � 1.61 7.85 � 1.08

Hua13 – 63.90 � 4.53 55.96 � 6.86 57.08 � 5.78 29.44 � 2.69 35.34 � 4.50 36.45 � 3.83

*Z1, Z4: the two independent transgenic lines Z1 and Z4; Z9023: nontransgenic control cv. Zhengmai9023; Su3: FHB-resistant control cv. Sumai3; Hua13: FHB-

susceptible control cv. Huamai13.
†Percentages of infected spikelets are the mean � standard error from 40 spikes of 40 plants per genotype. Values followed by different letters within one generation

indicate statistical significance (P < 0.01) assessed by Student’s t-tests. –: not determined.
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g and 8.81 lg/g of DON, with significant reductions of 48% and

44%, respectively, compared with the nontransgenic control

Z9023 grains that contained 15.83 lg/g (Table 2). In natural

infection, the two transgenic lines contained only 4.12 lg/g and

4.02 lg/g of DON, with significant reductions of 63% and 64%

relative to the control Z9023 (11.25 lg/g). Thus, the expression

of the Ech42-CWP2 gene in wheat lemma/palea reduces myco-

toxin accumulation in grains after infection by Fusarium patho-

gens.

Expression of the Ech42-CWP2 fusion in response to SA
and Fusarium pathogens

It is known that the Lem2 promoter contains putative cis-

elements that are responsive to the defence signalling molecule

SA in barley (Abebe et al., 2005). Therefore, we investigated the

expression level of the Ech42-CWP2 fusion in transgenic wheat

with qRT-PCR analysis following SA treatment and F. graminea-

rum challenge. To differentiate the induction effects of SA and F.

graminearum, T6 generation of Z1 and Z4 plants was irrigated

with SA or water for 24 h and then inoculated with either

F. graminearum or water. At 12, 24, 48 and 72 h postinoculation

(hpi), RNA from the lemma/palea of the wheat plants was isolated

for qRT-PCR analysis of Ech42-CWP2 expression. To compara-

tively analyse the expression, the transcript levels from plants that

were both irrigated and inoculated with water (H2O+H2O) were

used as controls. We calculated the fold changes of the various

samples relative to the controls. The results of these experiments

are illustrated in Figure 4. Compared to the control (H2O+H2O), a

clear induction of the transgene was seen after SA treatment and

Fusarium inoculation at 12 hpi, and this induction became more

pronounced throughout the time courses extended. For instance,

at 24 hpi, SA irrigation (SA+H2O) induced a 1.7-fold increase of

Ech42-CWP2 expression in the transgenic plants; Fusarium

inoculation (H2O+Fg) activated a higher level of Ech42-CWP2

expression, with 3- and 3.6-fold increase in the two lines.

Furthermore, SA treatment together with Fusarium inoculation

(SA+Fg) induced the highest level of Ech42-CWP2 expression, up

to 3.4- to 4.8-fold. At 48 and 72 hpi, similar patterns with higher

(a)

(b)

Figure 2 Phenotype of representative spikes

from transgenic and nontransgenic wheat

inoculated with Fusarium pathogens in the field.

(a) Spikes of single-floret injection (inoculated

floret indicated by an arrow) at 21 days

postinoculation with F. graminearum conidia.

(b) Spikes naturally infected by Fusarium spp. at

30 days postanthesis.
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Ech42-CWP2 transcript levels were observed after both SA

irrigation (SA+H2O) and Fusarium inoculation (H2O+Fg).
More interestingly, F. graminearum activated higher Ech42-

CWP2 expression than did SA, particularly at the later time points

(Figure 4, bottom panel). At 24 hpi, Fusarium infection induced

Figure 3 Percentages of infected spikelets of F4 progenies derived from

two crosses (H13 9 Z1; H13 9 Z4) and their parent genotypes. Crosses

were made between an FHB-susceptible wheat cv. Huamai13 (H13) and T3
generation plants of the two transgenic lines Z1 and Z4. Individual plants

from the F1 to F4 progenies were genotyped by PCR. F4 progenies, the two

transgenic wheat lines (T6 generation), and nontransgenic wheat cultivars

Huamai13 (H13) and Zhengmai9023 (Z9023) were inoculated by single-

floret injection with F. graminearum conidia, or naturally infected with a

mix of four Fusarium pathogens in the field. Percentages of infected

spikelets were scored from 40 spikes (one spike per plant) per genotype at

21 days postinoculation after single-floret injection or 30 days

postanthesis for the natural infection experiments. Different letters

indicate statistical significance (P < 0.05) assessed by Student’s

t-tests.

Table 2 Mycotoxin content in grains of T6 transgenic wheat lines and

nontransgenic wheat cultivars

Genotype*

Single-floret injection Natural infection

DON (lg/g)† DON (lg/g)†

Z1 8.26 � 0.07 a 4.12 � 0.16 a

Z4 8.81 � 0.35 a 4.02 � 0.10 a

Z9023 15.83 � 1.42 b 11.25 � 0.42 b

Su3 6.73 � 0.08 1.83 � 0.14

Hua13 22.52 � 0.89 17.56 � 0.74

*Z1, Z4: the two independent transgenic lines Z1 and Z4; Z9023: nontransgenic

control cv. Zhengmai9023; Su3: FHB-resistant control cv. Sumai3; Hua13: FHB-

susceptible control cv. Huamai13; DON = deoxynivalenol.
†Mycotoxin values are given as the mean � standard error from three

measurements as determined by gas chromatography–mass spectrometry from

the grain following harvest from the field. For single-floret injection, plants were

inoculated with F. graminearum strain 5035, which is known to produce DON.

For natural infection, plants were assayed under natural field conditions where

there were a variety of different Fusarium strains, all of which were DON

producers. Values followed by different letters within one column indicate

statistical significance (P < 0.01) assessed by Student’s t-tests.

Figure 4 Quantitative real-time PCR (qRT-PCR) analyses of the Ech42-

CWP2 gene in lemma/palea tissues of the transgenic lines Z1 and Z4 at 12,

24, 48 and 72 h postinoculation (hpi) with Fusarium graminearum (Fg) or

water (H2O). Wheat plants were irrigated with either SA or water (H2O) for

24 h prior to single-floret injection of F. graminearum or water. Five

lemmas/paleas per treatment were used for RNA isolation, and the

experiment was performed in triplicate. Each sample was replicated in

triplicate (technical replicates) in the qRT-PCR analysis, and data were

normalized to the wheat b-actin gene. Relative expression of the

transgene was calculated using water irrigation and inoculation

(H2O+H2O) as a control (the transcript level was set as 1). The respective

fold changes relative to the control are indicated at the top of the column.

Fold changes between the SA and water treatments, as well as the Fg and

water treatments are presented at the bottom of the panel.
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3- to 3.6-fold (H2O+Fg vs. H2O+H2O) and 2- to 2.7-fold (SA+Fg
vs. SA+H2O) increases in Ech42-CWP2 expression in the trans-

genic plants, whereas SA induced only 1.7-fold (SA+H2O vs.

H2O+H2O) and 1.1- to 1.3-fold (SA+Fg vs. H2O+Fg) increases.

Similarly, increased fold changes of the transcripts were seen at

48 and 72 hpi. These consistent results congruently indicated that

both SA and F. graminearum induced the expression of the

Ech42-CWP2 gene regulated by Lem2 promoter in transgenic

wheat and that F. graminearum was more potent inducer than

was SA.

Histochemical analyses of wheat lemmas inoculated
with Fusarium pathogens

To visually investigate the role of SA and the Ech42-CWP2 gene

under the regulation of Lem2 promoter, lemma tissues from T6
generation of transgenic wheat plants and control Z9023 plants

inoculated with F. graminearum for 3 days were stained with

lactophenol blue. Prior to inoculation, the wheat plants were

irrigated with SA or water for 24 h, as described above. In

lactophenol blue staining, infected mycelia and necrotic wheat

cells are stained deep blue, whilst most of living plant tissues

remain unchanged. The results are shown in Figure 5. In the

nontransgenic Z9023 lacking SA treatment, deep blue colour was

distributed in a large area of lemma surface, indicating the

presence of enormous mycelia and damaged wheat cells

(Figure 5a). In contrast, after irrigation with SA, the stained blue

area was substantially reduced; a small area was still deep blue

(Figure 5b). In the transgenic wheat plants lacking SA treatment,

lemma surfaces contained discontinuous light blue colour (Fig-

ures 5c,e); moreover, lemmas from transgenic plants irrigated

with SA contained the lowest intensity of blue and the fewest

mycelia. These results indicated a severe restriction of mycelial

growth and a substantial decrease of necrotic cells in lemma

tissues (Figures 5d,f). These results therefore indicated that the

lemma/palea-specific expression of the Ech42-CWP2 gene

strongly inhibited fungal growth and that treatment with SA

further strengthened this inhibitory activity, resulting in yet

greater restriction of fungal growth.

The FHB symptoms of Z1 and Z4 plants and nontransgenic

Z9023 plants, with or without SA treatment, were then evaluated

at 21 dpi after single-floret injection. For the nontransgenic

control plants, irrigation with SA significantly (P < 0.05) reduced

fungal spread by 20% as compared with the control lacking SA

irrigation (Figure 6). As for the transgenic Z1 and Z4 plants, SA

irrigation slightly reduced the proportion of infected spikelets, but

the reductions were not significant compared with the water

control. These results suggested that SA treatment increased FHB

resistance in wheat genotypes that had a rather low level of basal

FHB resistance.

Discussion

Controlling toxigenic Fusarium pathogens in cereal crops is

challenging due to several factors beyond just the lack of

naturally resistant germplasm. The expression levels of alien

genes in transgenic wheat are typically low, and it is difficult to

specifically target particular pathogens. Additional obstacles

include no efficient means of reducing mycotoxin accumulation

in grain. In this study, an Ech42-CWP2 fusion comprising a

Fusarium-specific antibody and a chitinase was expressed prefer-

entially in the lemma/palea of wheat. Further, the expression of

this fusion gene was found to be further activated following

(a) (b)

(c) (d)

(e) (f)

Figure 5 Difference in the quantity of Fusarium

mycelia observed on lemma surfaces at 3 days

postinoculation by single-floret injection of F.

graminearum (Fg). Transgenic wheat lines Z1, Z4

and nontransgenic wheat cv. Zhengmai9023

(Z9023) were irrigated with either SA or water

(H2O) for 24 h prior to inoculation. The lemmas

(n = 5) were stained with lactophenol blue.
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fungal infection. These combined strategies enabled the defined

expression of a transgene that significantly enhanced three types

of resistance to FHB. These results indicated that the tissue-

specific and pathogen-inducible expression of a resistance gene

effectively protected crops against Fusarium pathogens and

mycotoxins in field conditions.

A predefined pattern for the heterologous expression of a

transgene is often achieved through the use of regulatory

elements such as promoters. In nature, defence-related genes in

plants often have rather low basal expression in conditions

without pathogen challenge, but then display rapidly local and/or

systemic activation upon pathogen attack (van Loon et al., 2006).

In efforts to engineer pathogen resistance in plants, it is more

desirable to drive transgene expression in a tissue-specific and/or

pathogen-inducible manner to avoid unexpected toxic and/or

allergic responses against transgene products and to hypothet-

ically increase plant productivity because transgene products

would be produced only in specific tissues and/or accumulated

quickly following pathogen attack (Hensel et al., 2011). Because

FHB and mycotoxins in grains result from the infection of floret

organs by Fusarium fungi and lemma/palea tissues are the

exterior protection structures of florets that are directly exposed

to fungal spores at the onset of colonization (Bai and Shaner,

2004), these tissues are ideal targets for the specific and inducible

expression of a resistance gene to control FHB.

Qualitative and quantitative RT-PCR analyses together with

histochemical analyses showed a lemma/palea-specific expression

of the transgene and its functional effect in wheat (Figs. 1E, 4

and 5). This expression pattern was similar to that observed in

barley (Abebe et al., 2005). These results indicated the efficacy of

the Lem2 promoter in regulating lemma/palea-specific gene

expression in a heterologous system.

Fusarium infection quickly activated the expression of Ech42-

CWP2 gene, suggesting the presence of cis-elements within Lem2

promoter sequence that are responsive to defence signalling

molecules during fungal colonization. The Lem2 promoter

contains two SA-responsive cis-elements and its regulatory roles

can be enhanced by both SA and the SA functional analogue 2,

6-dichloroisonicotinic acid (Abebe et al., 2005). In this study, SA

irrigation induced the expression of Ech42-CWP2 implying an

active response of the Lem2 promoter resulting from interaction

between SA and its cis-elements (Figure 4). These results

suggested that the cis-elements within the Lem2 promoter may

be functional in wheat. More interestingly, Fusarium infection

activated a more profound induction than did the exogenous SA

drenching treatment. The differential responses to SA drenching

and F. graminearum infection by the Lem2 promoter may reflect

different modes of action in response to the two stimuli. Initial

fungal infection and subsequent invasion took place in lemma/

palea, in which the regulatory cis-elements in the tissue-specific

Lem2 promoter can quickly and actively respond to the fungal

stimulus. Previous reports showed that within 6- 12 h of surface

colonization of wheat floret organs, conidial spores of F.

graminearum germinated and spread over surface (Boenisch

and Sch€afer, 2011). Penetration into the floret tissues (‘true

infection’) takes place 24-48 hpi (Boddu et al., 2006). The rapid

activation patterns of the Ech42-CWP2 gene at 12 hpi and the

succeeding time points of the postinoculation time series in the

transgenic lines (Figure 4) are in accordance with the observed

infection processes of the fungus. Infection of wheat by Fusarium

pathogens has been shown to increase SA biosynthesis in spikes

(Makandar et al., 2012). These results imply that Fusarium

pathogens may generate signals for SA biosynthesis, directly

and/or indirectly, as soon as floret organs are colonized, and thus

actively induce local accumulation of defence molecules including

SA, and thereby activate Ech42-CWP2 expression. In the SA

irrigation treatment, plants took up SA from soil and transferred it

into different tissues (Makandar et al., 2012); the Lem2 promoter

may perceive a limited amount of SA during this translocation

from roots if no challenge from Fusarium is available. It is

therefore conceivable that the local activation by Fusarium

infection was apparently more efficient and active in increasing

Ech42-CWP2 expression than exogenous SA treatment alone.

Fusarium-specific CWP2 antibody was generated against F.

graminearum 5035 (formally named Wuchang 1; Qu et al.,

2008). F. graminearum 5035 is a representative strain of the

predominant Fusarium pathogens in Wuhan, China, a region with

frequent FHB epidemics in both wheat and barley. CWP2 fused to

any of three antifungal peptides has been demonstrated to

possess two functions: (i) the binding of the antibody to the

surface of Fusarium fungi and (ii) antifungal activity damaging the

fungi by the peptide (Peschen et al., 2004). Among the fusions,

the CWP2 antibody fused to a wheat chitinase was the most

active inhibitor, completely destroying Fusarium hyphae in vitro

(Peschen et al., 2004). The Ech42 gene in the fusion gene used in

this study encodes an endochitinase from the biocontrol fungus

T. atroviride (Hayes et al., 1994). This endochitinase is the main

chitin degrading enzyme responsible for inhibiting a wide range

of fungal phytopathogens, including some Fusarium spp. (Ben�ıtez

et al., 2004; Gruber and Seidl-Seiboth, 2012; Howell, 2003; Li,

2006). Chitin is a major component of fungal cell walls and is not

present in plants or mammals. Reduction of chitin biosynthesis in

F. graminearum through disruption of a chitin synthase gene has

been demonstrated to attenuate fungal virulence and develop-

ment (Kim et al., 2009; Xu et al., 2010). Therefore, chitin has

been considered as an ideal target for controlling FHB pathogens

(Xu et al., 2010). The expression of the bi-functional Ech42-

CWP2 molecule in lemma/palea was quickly activated upon

Fusarium infection. This local activation of the transgene appar-

ently favoured the rapid accumulation of the antibody fusion in

Figure 6 Percentages of infected spikelets of transgenic lines Z1, Z4 and

nontransgenic Zhengmai9023 (Z9023) at 21 days postinoculation by

single-floret injection of Fusarium graminearum (Fg). Wheat plants grown

in a greenhouse were continuously irrigated with either SA or water (H2O)

until harvest. Percentages of infected spikelets were scored from a total of

40 spikes per genotype for each treatment. Asterisks indicate statistically

significant variation (*P < 0.05, **P < 0.01) assessed by Student’s t-tests.
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the lemma/palea, the organs most liable to infection by Fusarium

pathogens. The plant-expressed antibody fusion could bind to the

surface antigen of the invading Fusarium to interfere with its

function, whilst at the same time degrading chitin with the

chitinase moiety, resulting in efficient restriction of fungal

infection and thus FHB resistance.

Resistance assays revealed that transgenic wheat lines express-

ing an Ech42-CWP2 gene displayed significantly enhanced

resistance to both initial infection (Type I) and fungal spread

(Type II) (Table 1). A similar resistance pattern was also observed

in two F4 progenies containing the transgene derived from

crosses between an FHB-susceptible variety Huamai13 and

transgenic lines Z1 and Z4 (Figure 3). These results indicated

that the Ech42-CWP2 gene is genetically stable and the antibody

fusion encoded by the transgene under regulation of the Lem2

promoter is functionally active in different wheat genetic

backgrounds and different environments. Thus, Ech42-CWP2

fusion-mediated resistance can be transferred into other elite

wheat varieties through conventional breeding. Moreover, my-

cotoxins in the grains of transgenic wheat plants were signifi-

cantly reduced in both the single-floret injection and the natural

field infection experiments, indicating that Ech42-CWP2 gene

confers type III resistance. Previous studies reported that restric-

tion of fungal colonization in chaff (glumes, lemma and palea)

and kernels and the inhibition of DON translocation from chaff

to kernels can be considered to contribute to a reduction in the

accumulation of mycotoxins in wheat grains (Snijders and

Krechting, 1992). In this study, the Lem2 promoter coordinated

a tissue-specific and pathogen-inducible expression of the

transgene, thus targeting the antibody fusion to lemma/palea.

Apparently, the restriction of fungal colonization in these organs

plays an important role for reduction of mycotoxins in wheat

grains.

In this study, we evaluated the tissue-specific expression and

pathogen-inducible activation of a Fusarium-specific antibody-

based fusion gene in the lemma/palea organs of wheat florets,

the organs where initial infection and further spread of FHB

pathogens occur. Histochemical analyses provided visual differ-

entiation of mycelial growth on lemma tissues of transgenic

wheat and nontransgenic controls. This targeted expression

regulated by a lemma/palea-specific promoter conferred three

types of FHB resistance, and the transgene was shown to be

genetically stable and functionally active in different genetic

backgrounds and environments. This study demonstrated the use

of the targeting a pathogen-specific antibody fusion to the

organs being colonized by fungus to protect against a devastating

fungal pathogen; such a strategy is a promising approach for

generating ‘user-friendly’ transgenic crops for pest management

in sustainable agriculture.

Experimental procedures

Gene constructs

The coding sequence of endochitinase gene Ech42 (accession no.

L14614; Hayes et al., 1994) from a biocontrol fungus Trichoder-

ma atroviride was joined to a Fusarium-specific single-chain

antibody gene CWP2 (accession no. AJ517190; Peschen et al.,

2004) to construct the Ech42-CWP2 fusion gene. The fusion

sequence was ligated to a barley lemma/palea-specific Lem2

promoter (Abebe et al., 2005), generating the final pUL-PMI-

Lem2-Ech42-CWP2 construct (Figure 1a). The entire expression

cassette PMI-Ech42-CWP2 containing the Ech42-CWP2 fusion

gene driven by Lem2 promoter and a PMI (phosphomannose

isomerase) gene as a nonantibiotic selectable marker under the

control of a maize ubiquitin promoter (Figure 1a) was released by

double digestion with KpnI/SpeI (Appendix S1).

Plant materials and transformation

Triticum aestivum L. cv. Zhengmai9023 (Z9023), an elite hexa-

ploid wheat cultivar that is widely cultivated in the middle and

lower regions of the Yangtze River valley of China was grown in

an experimental field in Wuhan, China. Spikes were collected at

13–14 days postanthesis (dpa). Immature embryos were isolated

and placed on callus induction medium for 6 days. Embryonic

calli were then bombarded with the minimal cassette PMI-Ech42-

CWP2 using a PDS-1000 He biolistic gun (BioRad, Hercules, CA) at

the pressure of 1100 psi. The callus induction and selection of

plantlets were performed as previously described (Wright et al.,

2001).

PCR, RT-PCR and Southern blot analysis

Genomic DNA was extracted from young leaves of transgenic

wheat from different generations and nontransgenic wheat

controls using the CTAB method (Nicholson and Parry, 1996).

Three sets of primers (PmiF/NosR, Lem2F/Ech42R and scFvP1/

scFvP2; Table S1) were used for PCR to confirm the presence of

the PMI-Ech42-CWP2 cassette in transgenic plants.

Total RNA from flag leaves, lemma/palea (at anthesis), pericarp

and endosperm (14 dpa) in transgenic and nontransgenic wheat

plants was extracted with TRIzol reagent (Invitrogen, Carlsbad,

CA) according to manufacturer’s instructions. Aliquots of 5 lg of

total RNA treated by RNase-free DNase I (Takara, Dalian, China)

was reversely transcribed into cDNA. Gene-specific primers (E1/

E2; Table S1) were used for qualitative RT-PCR analysis using the

PCR cycling programme described above. The wheat b-actin gene

was co-amplified and used as an internal control.

For Southern blot analysis, a total of 15 lg DNA from T3
transgenic and nontransgenic Z9023 plants was digested with 60

U restriction enzyme HindIII (Takara) overnight and separated via

electrophoresis on 0.8% agarose gels. DNA fragments were

transferred onto a nylon membrane (Hybond-N+; Amersham,

Buckinghamshire, UK) and hybridized with an a-[32P]-dCTP-
labelled DNA fragment, that was prepared from a junction

region of the Lem2 promoter and the antibody fusion gene

amplified with the Lem2F/Ech42R primer pair (Figure 1a; Table

S1). Autoradiography was conducted using a Fujifilm imaging

plate and cassette and analysed with a Fuji BAS1800-II system

(Fujifilm, Tokyo, Japan).

FHB resistance assay

For single-floret injection, wheat plants were grown in a

greenhouse (T3 generation) or in experimental fields (T4, T5 and

T6 generations) at Huazhong Agricultural University, Wuhan,

China. A total of 40 plants from each transgenic line or control

were inoculated via single-floret injection at anthesis (Li et al.,

2008). One head per plant was inoculated with a 10-lL droplet of
a macroconidium suspension of F. graminearum isolate 5035

(5 9 105 spores ml�1) that was injected by a pipette tip to the

central floret of one middle spikelet. The fungus-inoculated plants

were kept in high humidity conditions for 5 days. The FHB-

resistant cv. Sumai3, the FHB-susceptible cv. Huamai13, and the

nontransgenic cv. Z9023 served as controls. Disease symptoms

were scored by counting the number of visually infected spikelets

at 21 days postinoculation (dpi), and by calculating infected
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spikelets relative to the total number of spikelets of the respective

head, resulting in the percentage of infected spikelets.

Transgenic wheat plants from the T4 to T6 generations were

evaluated in the natural infection assays. To create an

environment in the experimental fields with sufficient Fusarium

inoculum, wheat grains (cv. Huamai13) were inoculated with a

mixture of four Fusarium strains (5031, 5035, 5037, and 5063;

Qu et al., 2008) and incubated at 25 °C in darkness for

21 days. The infected wheat grains were then distributed

evenly over the soil surface in fields at the booting stage of the

wheat plants in the contained experimental fields, as previously

described (Anand et al., 2003). Infected spikelets of 40

randomly selected spikes per genotype were scored 30 dpa,

and the percentages of infected spikelets relative to the total

numbers of spikelets were calculated as for the single-floret

injection described above.

Mycotoxin profiling

Mycotoxin contents from the grains of T6 transgenic plants and

nontransgenic controls inoculated with Fusarium pathogens were

profiled using gas chromatography–mass spectrometry (GC-MS)

as previously described (Zhang et al., 2013).

Salicylate treatment and qRT-PCR analysis

Pretreatment of wheat plants with 200 lM of sodium salicylate

(SA) (Sigma-Aldrich, St. Louis) in a greenhouse was carried out

by irrigating the potted plants 24 h prior to single-floret

injection with F. graminearum or water (Makandar et al.,

2012), and consecutively irrigated with the same concentration

of SA until harvest. Wheat plants irrigated with water before

and after inoculation were used in parallel in the same trials as

controls.

For quantitative real-time PCR (qRT-PCR) analysis, total RNA

was extracted from lemma/palea of wheat plants at 12, 24, 48

and 72 h postinoculation (hpi) with F. graminearum or water,

before which the wheat plants had been irrigated with SA or

water for 24 h. For each sample, lemma/palea from 5 spikelets

was randomly selected for RNA isolation, and the experiment

was performed in triplicate. Reverse transcription into cDNA

was carried out as described above and used for qRT-PCR

(Appendix S1).

Histochemical analysis

Lemma tissues (n = 5) from spikelets 3 days postinoculation with

F. graminearum of T6 transgenic wheat lines and nontransgenic

Z9023 plants were stained in lactophenol blue solution (Lewan-

dowski et al., 2006; Tekle et al., 2012). The samples were

observed under an Olympus SZX16 stereomicroscope (Olympus,

Tokyo, Japan).

Statistical analysis

All data were analysed using SAS release 6.12 (SAS Institute,

Cary, NC, USA), using significance levels of 0.01 or 0.05.
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