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intRoduction

Plant reproduction can be accomplished by sexual or asexual means. Sexual 
reproduction produces offspring by the fusion of gametes, resulting in offspring 
genetically different from the parent or parents. Asexual reproduction produces 
new individuals without the fusion of gametes, genetically identical to the par-
ent plants and each other, except when mutations occur. In seed plants, the 
offspring can be packaged in a protective seed, which is used as an agent of 
dispersal.

Understanding plants’ reproductive physiology is of utmost importance to 
human beings since we depend so heavily on plants for food and other aspects 
of our lives. The most common form of plant reproduction utilized by people 
is seeds, but a number of asexual methods are utilized which are usually en-
hancements of natural processes, including cutting, grafting, budding, layering, 
division, sectioning of rhizomes or roots, stolons, tillers (suckers), and artificial 
propagation by laboratory tissue cloning. Asexual methods are most often used 
to propagate cultivars with individual desirable characteristics that do not come 
true from seed. Fruit tree propagation is frequently performed by budding or 
grafting desirable cultivars (clones) onto rootstocks that are also clones, propa-
gated by layering.
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Since vegetatively propagated plants are clones, they are important tools 
in plant research. When a clone is grown in various conditions, differences in 
growth can be ascribes to environmental effects instead of genetic differences. 
The chapters in this volume cast further light onto this vital field of research.

— Philip Stewart, PhD



A Plant Germline-Specific 
integrator of sperm 

Specification and Cell Cycle 
progression

Lynette Brownfield, Said Hafidh, Michael Borg, Anna Sidorova, 
Toshiyuki Mori and David Twell

abstRact
The unique double fertilisation mechanism in flowering plants depends upon 
a pair of functional sperm cells. During male gametogenesis, each haploid 
microspore undergoes an asymmetric division to produce a large, non-ger-
mline vegetative cell and a single germ cell that divides once to produce the 
sperm cell pair. Despite the importance of sperm cells in plant reproduction, 
relatively little is known about the molecular mechanisms controlling germ 
cell proliferation and specification. Here, we investigate the role of the Ara-
bidopsis male germline-specific Myb protein DUO POLLEN1, DUO1, as a 
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positive regulator of male germline development. We show that DUO1 is re-
quired for correct male germ cell differentiation including the expression of 
key genes required for fertilisation. DUO1 is also necessary for male germ cell 
division, and we show that DUO1 is required for the germline expression of 
the G2/M regulator AtCycB1;1 and that AtCycB1:1 can partially rescue de-
fective germ cell division in duo1. We further show that the male germline-
restricted expression of DUO1 depends upon positive promoter elements and 
not upon a proposed repressor binding site. Thus, DUO1 is a key regulator in 
the production of functional sperm cells in flowering plants that has a novel 
integrative role linking gametic cell specification and cell cycle progression.

Introduction
The gametes of flowering plants are formed by discrete haploid gametophyte 
structures consisting of only a few cells that develop within the diploid repro-
ductive floral organs. During spermatogenesis, each single haploid microspore 
divides asymmetrically to produce a larger vegetative cell that eventually gives rise 
to the pollen tube and a smaller germ, or generative, cell (reviewed in [1],[2]). In 
contrast to germline cells in metozoans [3], angiosperm male germ cells do not 
undergo regenerative stem cell divisions, but divide once to form a pair of sperm 
cells. These sperm cells are delivered to the embryo sac via the pollen tube, where 
they fuse with egg and central cells to produce embryo and endosperm respec-
tively. This process of double fertilization depends upon two functional sperm 
cells and is considered one of the major advances in the evolutionary success of 
flowering plants. Despite this importance, the molecular mechanisms underlying 
many component processes, including the production of both male and female 
gametes, remain largely unknown.

Recent transcriptomic analysis of isolated Arabidopsis sperm cells shows that 
sperm cells express a distinct and diverse set of genes [4] and there is evidence 
for extensive male germ cell gene expression in maize and lily [5],[6]. Several 
male germline-specific genes have been characterized in Arabidopsis including 
AtMGH3, encoding a histone H3.3 variant [7],[8], AtGEX2, encoding a puta-
tive membrane associated protein [9], and AtGCS1 (HAP2), encoding a sperm 
cell surface protein required for fertilisation [10],[11]. Homologues of AtGCS1 
are found in many genera [5],[12],[13] that include the green alga Chlamydomo-
nas and the rat malarial parasite Plasmodium berghei, where they are required 
for gamete interactions and membrane fusion [13]. Although gene expression 
in angiosperm sperm cells is extensive and essential for gamete functions little is 
known about its regulation. A transcriptional derepression mechanism, in which  
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expression of male germline expressed genes is repressed in all non-germline cells 
by a protein called Germline Restrictive Silencing Factor (GRSF), has recently 
been proposed [14]. A binding site for the GRSF protein was identified in the 
promoter region of the Lily male germline gene LGC1, and mutations in this 
sequence led to the ectopic activation of the LGC1 promoter in non-germline 
cells in lily and Arabidopsis. Although similar binding sites have been found in 
the promoter regions of several germline genes in Arabidopsis, including the ger-
mline-specific transcription factor gene DUO1 [14], a functional role for these 
sites or of GRSF activity in regulating gene expression in Arabidopsis pollen has 
not been shown.

Germ cell division resulting in the sperm cell pair in each pollen grain, is 
essential for double fertilization and recent data supports the capacity of both 
sperm cells to fertilize the egg cell in Arabidopsis [15]. Several mutants have 
been described in which germ cell division is disrupted [16]–[18]. Mutations in 
the conserved cell cycle regulator CDKA1 [16],[17] and in the F-BOX protein 
FBL17 [18] prevent germ cell division and result in mature pollen with a single 
germ cell. Defects in Chromosome Assembly Factor 1 (CAF1) can also disrupt 
germ cell division [19]. Interestingly, the single germ cells in these mutants are 
capable of fertilization, with cdka1 and fbl17 mutant germ cells fertilizing the 
egg cell to produce an embryo that aborts early in development due to the lack 
of endosperm production. These mutations clearly demonstrate that germ cell 
division and specification can be uncoupled, but do not identify how these pro-
cesses may be coordinated to produce twin sperm cells competent for double 
fertilization.

DUO POLLEN1 (DUO1) is a unique male germ cell-specific R2R3 Myb 
protein that is also required for germ cell division in Arabidopsis [20]. Unlike 
cdka1 and fbl17 single germ cells, duo1 germ cells do not lead to successful 
fertilization, suggesting that in addition to germ cell cycle defects, key features 
of gamete differentiation and function are impaired in duo1. Here we further 
characterize DUO1 as an essential, positive regulator of sperm cell production 
in plants. We use various molecular markers and ectopic expression assays to 
show that DUO1 is both necessary and sufficient for the expression of male 
germline genes. We show that DUO1 is required for the expression of the Arabi-
dopsis G2/M regulator CyclinB1;1 (AtCycB1;1) in the male germline and that 
AtCycB1:1 can partially rescue defective germ cell division in duo1. Our find-
ings reveal a novel integrative role for the germline-specific DUO1 protein, in 
cell specification and cell cycle progression necessary for twin sperm cell produc-
tion. Furthermore, we show that restriction of DUO1 expression to the male 
germline is not dependent on a putative GRSF binding site but involves positive 
elements in the promoter.
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Results/Discussion
DUO1 Is a Key Regulator of Sperm Cell Specification

To investigate the potential role of DUO1 in regulating sperm specification we 
examined the expression of three male germline markers, AtMGH3, AtGEX2 
and AtGCS1, in mutant duo1 pollen. We exploited marker lines with promoter 
regions of these germline genes linked to GFP. First we characterised the expres-
sion of these markers in a coordinated manner using confocal laser scanning mi-
croscopy (CLSM) throughout development of wild-type pollen (Figure 1A–C), 
and compared their profiles with the expression of a DUO1:mRFP fusion protein 
under control of the DUO1 promoter (DUO1-DUO1::mRFP; Figure 1D). The 
expression of all three germ cell markers is undetectable in free microspores when 
DUO1 is not expressed (Figure 1, Panel 1). Fluorescence is first detected in the 
germ cell during or soon after engulfment by the vegetative cell, appearing at a 
similar time to the expression of DUO1 (Figure 1, Panel 2). As the pollen ma-
tures the level of GFP accumulates in germ cells before mitosis and remains high 
in mature sperm cells (Figure 1A–C, Panels 3–5). The accumulation of GFP in 
progressive stages is illustrated by the reduced autofluorescence signal arising from 
the pollen wall, reflecting the reduced exposure needed to capture a relatively 
unsaturated germ cell GFP signal. DUO1 expression persists during pollen de-
velopment, although its abundance does not obviously increase in tricellular and 
mature pollen (Figure 1D). Our analysis shows that in common with AtMGH3 
and AtGEX2, the expression of AtGCS1, previously thought to be sperm cell-spe-
cific in Arabidopsis [11], is detected in germ cells soon after asymmetric division 
(Figure 1C). The expression of all male germ cell markers shortly after the asym-
metric division shows that sperm cell specification begins early after inception of 
the germline prior to passage of germ cells through mitosis.

The three male germline markers were introduced into heterozygous duo1 
plants that produce 50% wild type pollen and 50% mutant pollen, and GFP 
expression was scored. Virtually all the wild type pollen showed GFP fluorescence 
in twin sperm cells while there was no fluorescence, or rarely a weak GFP signal, 
in the single germ cell in duo1 pollen (Figure 1E–G, I–K). When these markers 
were introduced into the cdka;1 mutant in which the arrested germ cell is able 
to fertilize the egg cell, fluorescence was observed in the single germ cells in mu-
tant pollen (Figure 1E–G). This result confirms that germ cell division and cell 
fate specification are uncoupled in cdka;1 mutant pollen, similar to the observed 
expression of germ cell markers in arrested but functional germ cells in CAF1 
mutants [19]. The absence of GFP in mutant duo1 germ cells demonstrates that 
DUO1 is necessary for the expression of several germline-expressed genes, and 
explains why duo1 pollen is infertile (it lacks proteins including AtGCS1 that 
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are essential for fertilization). In contrast, when the DUO1 promoter was used to 
express a nuclear-targeted histone H2B::mRFP marker protein, fluorescence was 
detected in mutant duo1 germ cells, similar to its expression in wild type sperm 
cells and in cdka;1 germ cells (Figure 1H,L), indicating that DUO1 promoter 
activation does not depend upon DUO1 itself.

Figure 1. Expression of male germline-specific genes in wild type and duo1 pollen.
Expression of AtMGH3-H2B::GFP (A), AtGEX2-GFP (B), AtGCS1-AtGCS1::GFP (C) and DUO1-
DUO1::mRFP (D) during wild type pollen development, observed with CLSM. Panels are numbered 1 (left) 
to 5 (right). For all markers, fluorescence is not detected in microspores (MS; Panel 1), a weak signal is detected 
in the germ cell during or soon after engulfment (early-BC; Panel 2), fluorescence increases in mid-bicellular 
pollen (mid-BC; Panel 3) and remains in tricellular (TC; Panel 4) and mature pollen (MP; Panel 5). (E–L) 
Expression of germline expressed genes in heterozygous duo1 plants. The percentage pollen showing GFP or 
RFP in sperm cells of wild type (WT) pollen or the single germ cell in cdka;1 and duo1 mutant pollen in plants 
homozygous for AtMGH3-H2B::GFP (AtMGH3, E), AtGEX2-GFP (AtGEX2, F), AtGCS1-AtGCS1::GFP 
(AtGCS1, G) and DUO1-H2B::mRFP (DUO1, H). Individual examples viewed by fluorescence microscopy in 
I to L. AtMGH3-H2B::GFP (I), AtGEX2-GFP (J) and AtGCS1-AtGCS1::GFP (K) are not expressed, or have 
reduced expression in duo1 pollen while DUO1-H2B::RFP (L) is expressed. Each image has a wild type pollen 
grain to the left and a duo1 mutant grain to the right (see lower DAPI images).
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To independently confirm the regulation of germline genes by DUO1 we 
ectopically expressed DUO1 in seedlings, and in pollen vegetative cells, where At-
MGH3, AtGEX2 and AtGCS1 are not normally expressed. As DUO1 contains a 
recognition site for microRNA159 we used a resistant DUO1 cDNA (mDUO1) 
with an altered nucleotide sequence at the miR159 binding site, but encoding 
the native amino acid sequence [21]. Transgenic seedlings in which the mDUO1 
cDNA was placed under the control of an estradiol inducible promoter [22] 
showed mDUO1 induction when exposed to estradiol (Figure 2A). Expression 
of the male germline genes, AtMGH3, AtGEX2 and AtGCS1, was also induced, 
with high levels of transcripts present only in plants exposed to estradiol and 
containing mDUO1 (Figure 2A). Similarly, when a DUO1::mRFP fusion was 
ectopically expressed in pollen vegetative cells using the LAT52 promoter [23], 
we observed ectopic expression of the AtMGH3 marker in vegetative cell nuclei 
(Figure 2B,C). Thus ectopic expression of DUO1 is sufficient for activation of 
germ cell-specific gene expression in a range of non-germline cells.

Figure 2. Ectopic expression of DUO1 results in expression of male germline specific genes. 
(A) RT-PCR analysis of mDUO1, AtMGH3, AtGEX2, AtGCS1 and AtCycB1;1 expression in whole seedlings 
transformed with the mDUO1 cDNA (see methods) under the control of an estradiol inducible promoter grown 
on media without estradiol (−) or with estradiol (+). Histone H3 was used as a control. (B, C) Mature pollen grains 
showing AtMGH3-H2B::GFP expression specifically in sperm cells in the absence of LAT52-DUO1::mRFP 
(B), or in both the vegetative cell nucleus and sperm cells in the presence of LAT52-DUO1::mRFP (C). Left and 
right panels correspond to RFP and GFP signals viewed by CLSM.
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DUO1 Is Required for AtCycB1;1 Expression in the Male 
germline

The phenotype of duo1 shows that in addition to the activation of male germline 
genes, DUO1 is required for germ cell division. Mutant duo1 germ cells com-
plete DNA synthesis (S) phase but fail to enter mitosis (M) [20],[24], suggesting 
that DUO1 may regulate the expression of essential G2/M factors. As the Arabi-
dopsis CDK regulatory subunit AtCycB1;1 shows enhanced expression at G2/M 
[25],[26] and is expressed in developing pollen, we investigated AtCycB1;1 as a 
potential downstream target of DUO1. To monitor the expression of AtCycB1;1 
we used the pCDG marker which contains the AtCycB1;1 promoter region and 
mitotic destruction box fused to the β-glucuronidase (GUS) reporter [25]. First 
we analysed the marker in wild type pollen (Figure 3A–F). Individual pollen 
grains at different stages of development (as determined by DAPI staining) were 
analysed for GUS activity, which results in the formation of indigo microcrystals. 
Microspores and bicellular pollen shortly after mitosis contain numerous indigo 
crystals, with the number peaking close to mitosis (Figure 3A–C), indicating that 
expression of AtCycB1;1 is linked to asymmetric division. Expression is then abol-
ished in bicellular pollen (Figure 3D). Close to germ cell mitosis, single indigo 
crystals are present specifically in germ cells (located by DAPI staining; Figure 3E) 
indicating expression of AtCycB1;1 in the germ cell before division. The protein is 
degraded after mitosis and is absent in tricellular pollen (Figure 3F).

We then counted the number of pollen grains with GUS staining at differ-
ent stages of development in wild type and heterozygous duo1 plants. In both 
wild type and heterozygous duo1 plants, polarized microspores and vegetative 
cells shortly after asymmetric division showed almost 100% staining, indicating 
expression of AtCycB1:1 (Figure 3G). Thereafter vegetative cell staining declined 
and was absent from late-bicellular stage pollen (Figure 3G). Germ cell staining 
was subsequently observed in ~100% of pollen from wild type plants close to 
mitosis, but was reduced by approximately half in heterozygous duo1 plants at 
this stage (Figure 3H). As half of the pollen population is mutant in heterozygous 
duo1 plants, and wild type pollen show GUS staining, this reduction in staining is 
consistent with a lack of AtCycB1;1 expression in mutant duo1 pollen. This indi-
cates that DUO1 is required for the expression of AtCycB1;1 in male germ cells.

We then analysed the expression of AtCycB1;1 transcripts in seedlings after 
steroid induction of mDUO1. In contrast to the germline markers, AtCycB1;1 
was expressed at a low level in seedlings not exposed to estradiol and the presence 
of DUO1 did not affect the level of AtCycB1;1 transcripts (Figure 2A). Thus, 
although DUO1 is required for germline expression of AtCycB1;1 the presence of 
DUO1 is not sufficient to induce AtCycB1;1 mRNA in seedlings. Transcription 
of the AtCycB1;1 gene is known to be regulated by a number of factors, including 
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activators such as three repeat [27] or other Myb proteins [28] and TCP20 [29] 
and repressors such as TOUSLED [30]. Thus, DUO1 may be unable to over-
come these controls in seedlings, and may affect AtCycB1;1 transcription in the 
male germline through an indirect mechanism or through effects on AtCycB1;1 
protein stability.

Figure 3. AtCycB1;1 expression in developing pollen. 
(A–F), pCDG-dependent GUS staining (upper panel) and DAPI staining (lower panel) in isolated spores: (A, 
B), unicellular microspores, (C, D, E), early, mid-and late bicellular pollen and (F), tricellular pollen. (G, H) The 
frequency of pCDG-dependent GUS staining in microspores and vegetative cells close to mitosis is similar in 
duo1 heterozygotes and wild type plants (G), whereas GUS staining in germ cells, is reduced by approximately 
half in duo1 heterozygotes, where 50% of the pollen is WT and the other 50% mutant (H). The stage of pollen 
development is indicated below each graph and the approximate time of mitosis is indicated by grey squares 
with a dashed line. (I) DUO1-AtCycB1;1 is able to partially complement the bicellular phenotype of duo1 
pollen. The amount of tricellular pollen (T) increases and the amount of bicellular pollen (B) decreases when 
heterozygous duo1 plants are transformed with DUO1-AtCycB1;1 (n = 31 T1 lines) compared with plants 
either not transformed (n = 3 individuals) or transformed with control constructs AtMGH3-AtCycB1;1::GFP 
(n = 17 T1 lines) or LAT52-AtCycB1;1 (n = 17 T1 lines). Bars represent the average percentage of pollen with 
error bars showing standard deviation. (J) Germline markers are not activated in the complemented tricellular 
pollen. In non-complemented plants ~50% of the pollen is tricellular (T) with marker expression and ~50% is 
bicellular (B) without marker expression. When the bicellular phenotype is partially complemented by DUO1-
AtCycB1;1, ~10% of pollen is tricellular without marker expression, while there is a decrease in the amount of 
bicellular pollen. Bars represent the average percentage of pollen from 3–6 individual plants with the error bars 
showing standard deviation.

To investigate the role of AtCycB1;1 in the failure of duo1 male germ cells 
to enter mitosis we determined whether AtCycB1;1 is sufficient to rescue the 
germ cell mitosis defect in duo1 pollen. We used the DUO1 promoter to drive 
AtCycB1;1 expression in the male germline. The proportion of bicellular or tri-
cellular pollen grains from heterozygous duo1 plants either not transformed or 
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transformed with either of two control constructs (MGH3-AtCycB1;1::GFP, 
which is not expressed in mutant pollen, and LAT52-AtCycB1;1, which is ex-
pressed only in the vegetative cell) did not vary significantly from 50% (Chi2 
p<0.05) (Figure 3I). In contrast, in heterozygous duo1 plants transformed with 
DUO1-AtCycB1:1 the majority of lines (31/49) showed a significantly reduced 
frequency of bicellular pollen and a corresponding increase in tricellular pollen 
(Figure 3I). This suggests that restoring AtCycB1;1 in duo1 mutant germ cells is 
sufficient to promote mitosis in a proportion of the population. Complementa-
tion was however incompletely penetrant, which may result from the use of the 
DUO1 promoter that may not produce native amounts of AtCycB1;1. It is also 
possible that other factors with a role in G2/M transition, such as other AtCycB 
family members that are also expressed during pollen development [31], may also 
be absent in duo1 pollen.

To determine if the presence of DUO1-AtCycB1;1 in duo1 pollen restored 
only the ability to proceed through mitosis or germline specification as well, we 
analysed expression of the AtMGH3 and AtGCS1 markers in duo1 plants show-
ing partial complementation (Figure 3J). In contrast to plants without DUO1-
AtCycB1;1 where almost all tricellular pollen expresses GFP, plants displaying 
partial complementation produce ~10% of pollen that is tricellular but does not 
express the markers. As there is also a ~10% decrease in bicellular pollen, this new 
class of tricellular pollen is most likely duo1 pollen in which the division defect 
has been complemented by the DUO1-AtCycB1;1 construct, but in which the 
markers have not been activated. Consistent with this, DUO1-AtCycB1;1 com-
plemented duo1 pollen showed no male transmission. Thus, complementation 
of the bicellular phenotype by AtCycB1;1 only affects cell division and does not 
restore expression of germline gene expression and sperm cell function.

DUO1 Expression Is Restricted to the Male Germline 
Independent of a Putative GRSF Binding Site
Closer examination of mature pollen grains ectopically expressing DUO1 in the 
vegetative cell revealed a distinctive morphology with reduced cytoplasmic den-
sity, larger vacuoles and numerous large cytoplasmic inclusions. This phenotype 
was only found in pollen containing vegetative nucleus GFP and analysis of pol-
len viability revealed up to 50% non-viable pollen with the aberrant pollen not 
being viable. Similar phenotypes are not seen in pollen of plants transformed with 
LAT52-H2B::GFP where the transgene is transmitted normally (data not shown). 
Furthermore, Arabidopsis plants constitutively expressing DUO1 (driven by the 
35S promoter) show severe seedling patterning defects, twisted and curled leaves 
and floral defects [21]. These phenotypes demonstrate the importance of restrict-
ing high level expression of DUO1 to male germ cells.
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Such restriction may partially rely upon degradation of DUO1 mRNA by 
microRNA159 [21] in certain cell types but promoter elements are also likely to 
be important. As such, restriction of DUO1 expression to the male germline has 
been proposed to rely on the repressor protein GRSF due to a putative GRSF 
binding site in the DUO1 promoter [14]. Mutagenesis of similar sequences in 
the LGC1 promoter led to ectopic activation of the LGC1 promoter in non-germ 
line cells in tobacco and Arabidopsis [14]. However, when we specifically mutated 
the putative GRSF binding site in the DUO1 promoter this did not affect the ger-
mline-specific expression of DUO1 (Figure 4A–D). Moreover, sequences in the 
150 bp proximal DUO1 promoter, excluding putative GRSF binding sites, were 
sufficient for germline-specific expression (Figure 4E). Although factors that bind 
to the lily LGC1 silencer appear to be present in non-germline cells in Arabidop-
sis [14], the germline-restricted activation of DUO1 does not appear to involve 
GRSF mediated repression. Since the DUO1 promoter appears to be active only 
after asymmetric division in the newly formed germ cell and that activation does 
not depend upon DUO1 itself (see Figure 1), activation of the DUO1 promoter 
may depend on proximal region-binding transcription factors that are inherited 
and/or segregated during asymmetric division of the microspore.

Figure 4. Male germline specificity of DUO1 does not depend on putative GRSF binding sites. 
(A) Schematic of the DUO1 promoter region illustrating the mutagenized putative GRSF binding site. (B,C) 
Expression of H2B::GFP in pollen driven by the native (B) or mutagenized DUO1 (C) promoters. Top 
panels show GFP signal, lower panels show DAPI staining. (D) RT-PCR analysis of native and mutagenized 
DUO1 promoter activity in seedlings. PCR was conducted on cDNA from wild type plants (1), control plants 
transformed with a constituitive HistoneH3 promoter-H2B::GFP fusion (2), and plants transformed with the 
native (3), or mutagenized (4), DUO1 promoters driving H2B::GFP expression. The primers used were specific 
for GFP (upper panel) or native Histone H3 transcripts (lower panel). The native or mutagenized DUO1 
promoters showed no sporophytic expression of GFP transcripts. (E) Schematic representation of the of the 
DUO1 promoter 5′ deletion series used to drive expression of H2B::GFP. The first four deletions, including 
deletion 3 in which the putative GRSF binding site is removed, showed a similar expression pattern to that of the 
full-length DUO1 promoter, with GFP signal only observed in sperm cell nuclei. The same expression pattern 
was observed in all independent lines examined (n). GFP expression was not observed in any transformants 
harbouring the shortest promoter fragment (deletion 5).
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Conclusions

We have shown that DUO1 is both necessary and sufficient for the expression of 
several male germline genes including AtGCS1 that is required for gamete fusion 
[13], thus DUO1 has a major role in the specification of functional male gametes. 
DUO1 is not involved in regulating microspore division and is first expressed in 
germ cells after asymmetric division. DUO1 is also required for the entry of male 
germ cells into mitosis and for the germline expression of the G2/M regulator 
AtCycB1;1. Thus, the germ cell programme under DUO1 control has an impor-
tant role in regulating core cell cycle machinery specifically in the male germline. 
The discovery of the dual role of DUO1 as a positive regulator in male germline 
specification and cell cycle progression is a major advance in uncovering the mo-
lecular mechanisms involved in plant sexual reproduction. DUO1 is currently the 
only regulatory factor that has been shown to be required for gamete specification 
in plants. Recently we described an independent mechanism for male germ cell 
cycle regulation where the F-BOX protein FBL17 controls germ cell entry into 
S-phase via the degradation of the CDKA inhibitors KRP6 and 7 [4]. Taken to-
gether these data establish a molecular framework for twin sperm cell production 
in flowering plants (Figure 5).

Figure 5. Regulatory events in plant male germ cell production and specification.
Model integrating the role of DUO1 and SCFFBL17 [18] in plant germ cell production and specification. The 
germline-specific DUO1 protein (blue) activates the expression of several germline specific proteins (red). In 
parallel, the CDKA inhibitors KRP6 and KRP7 (green) are expressed in the vegetative cell and germ cell after 
asymmetric division, where they inhibit CDKA activity and S phase progression. The F-box protein FBL17 
is then transiently expressed in the germline and forms an SCFFBL17 complex (blue) that targets KRP6/7 
for proteasome dependent proteolysis, licensing S-phase progression (green arrow). Further germ cell cycle 
progression is controlled by the DUO1-dependent G2/M phase expression of the CDKA regulatory subunit 
AtCYCB1;1 (red). Thus, while SCFFBL17 and DUO1 promote male germ cell proliferation at successive stages 
of the cell cycle, DUO1 integrates germ cell specification and division to ensure the production of functional 
twin sperm cells that are essential for double fertilization. Arrows indicate a requirement for the protein rather 
than direct binding.
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Further analysis will shed light on how DUO1 activates its targets, and how 
DUO1 itself is activated specifically in the male germline. The identification of 
the role of DUO1 in germ cell specification also provides an exciting platform to 
develop a detailed regulatory network for male gametogenesis and for compara-
tive studies of the control of sperm cell production. DUO1 homologs are found 
throughout the land plants from the non-flowering plants Selaginella moellen-
dorffii and Physcomitrella patens (moss) through to the monocots and dicots. 
Exploring the functional conservation of DUO1 in different species will reveal 
if DUO1 has a conserved role in male gamete production, in terms of both of 
germline mitosis and specification, where DUO1 may regulate the expression of a 
similar suite of genes such as the conserved GCS1 protein. Such studies may shed 
light on the evolution of regulatory mechanisms in plant germline development 
and their significance in double fertilization in flowering plants.

Materials and Methods 
Plant Material and Transformation

Arabidopsis plants were grown at 21°C with a 16 h-light and 8 h-dark cycle or with 
24 h light, with variable humidity. Experiments were conducted in the duo1-1 
(in No-0) or the No-0 backgrounds, except for those involving the inducible ec-
topic expression of mDUO1 and analysis of the DUO1 promoter that were con-
ducted in Col-0. The AtGCS1-AtGCS1::GFP, AtGEX2-GFP and CDG marker 
lines are also in Col-0. Plants were transformed with Agrobacterium tumefaciens 
(GV3101) using a standard floral dipping method. Transformants were selected 
either on Murashige and Skoog (MS) agar containing 50 µg/ml kanamycin or 
20 µg/ml hygromycin or on soil with 30 µg/ml BASTA (glufosinate ammonium, 
DHAI PROCIDA) fed by sub-irrigation.

Vector Construction

Gateway single and multi-site construction (Invitrogen) was used to generate 
most vectors. DNA was amplified from genomic DNA, cDNA or plasmid DNA 
by PCR with high fidelity Phusion DNA polymerase (Finnzymes) and primers 
with suitable attachment site (attB) adapters. Full-length attB sites were added 
to each fragment in a second high fidelity PCR. For site-directed mutagenesis of 
the putative GRSF binding site in the DUO1 promoter a two-step recombinant 
PCR approach was taken. Two overlapping PCR fragments were generated con-
taining the mutated sequence and the two fragments joined in a stitching PCR. 
PCR fragments were cloned into pDONR vectors (Invitrogen; pDONR207 for 
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AtCycB1;1 cDNA or pDONR221 for H2B and DUO1 and mDUO1 cDNA, 
pDONRP4P1R for promoter regions and pDONRP2RP3 for GFP and RFP) via 
a BP reaction using BP Clonase II (Invitrogen). The product of BP reactions was 
transformed into alpha-select chemically competent cells (Bioline) and all clones 
were verified by sequencing.

A multipart LR reaction using LR Clonase plus (Invitrogen) and the des-
tination vector pK7m34GW [32] was used to generate the AtMGH3 marker, 
AtMGH3-H2B::GFP. This contains the region upstream of the AtMGH3 
coding region [7] driving expression of a H2B::GFP fusion protein, with the 
H2B used to give a nuclear GFP signal. The GCS1-GCS1::GFP marker was 
constructed by inserting a PCR fragment of GFP into an AflII site in the 
16th exon of a Arabidopsis GCS1 genomic DNA fragment in the previously 
described binary vector [10]. The AtGEX2-GFP marker, with the GEX2 pro-
moter region driving GFP expression was kindly provided by Shelia McCor-
mick [9].

The vectors DUO1-DUO1::mRFP, DUO1-H2B::mRFP and LAT52-
DUO1::mRFP were also generated using gateway multisite cloning and the vec-
tors pK7m34GW or pB7m34GW [32]. DUO1-DUO1::mRFP uses the DUO1 
promoter region to drive expression of a DUO1::mRFP fusion (used to follow 
the DUO1 protein during pollen development) while DUO1-H2B::GFP uses 
the DUO1 promoter to produce a H2B::mRFP fusion protein (used to follow 
the activity of the DUO1 promoter in duo1 pollen). The LAT52 promoter is ac-
tive in the vegetative cell [23] so was used to ectopically express DUO1::mRFP 
in the vegetative cell. Vectors to analyse the DUO1 promoter region were also 
constructed using gateway multisite cloning.

The DUO1 mRNA contains a functional recognition site for the microRNA 
miR159 [21], so for inducible expression of DUO1 a miR159 resistant version of 
the DUO1 cDNA was used containing silent mutations in the miR159 binding 
site. This was cloned in the vector pMDC7 [33] that contains the XVE estradiol 
inducible promoter system [22], using a single part LR reaction and LR Clonase 
II (Invitrogen).

For experiments examining the ability of AtCycB1;1 to complement the duo1 
division phenotype the vectors pB2GW7 and pH2GW7 [34] were modified to 
contain the DUO1 and LAT52 promoters respectively. The 1.2 kb DUO1 and 
609 bp LAT52 promoter fragments were amplified from cloned sequences using 
restriction tagged oligonucleotide primer pairs. A single part gateway reaction 
was then used to clone AtCycB1;1 into the vectors creating DUO1-CycB1;1 and 
LAT52-CycB1;1. MGH3-CycB1;1::GFP was generated using a multipart gate-
way reaction.
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Inducible Expression of DUO1

T2 seed from transgenic Col-O plants were grown in MSO plates containing 20 
µg/ml hygromycin in standard conditions for 12 days. 25 seedlings were trans-
ferred to either control plants containing 0.002% v/v DMSO or induction plates 
contain 2 µM 17β-estradiol dissolved in DMSO. Plants were returned to the 
growth room for a further 24 h, before being snap frozen in liquid nitrogen.

RT-PCR Analysis

Pollen from ecotype Landsberg erecta at different stages of development was iso-
lated and RNA extracted as described [31]. For RT-PCR on seedling ectopically 
expressing mDUO1 and for DUO1 promoter analysis, RNA was extracted from 
frozen samples using the Qiagen RNeasy Kit. Samples of 750 ng or 1 µg of total 
RNA for pollen stages and seedlings, respectively, were reverse transcribed in a 20 
µl reaction using Superscript II RNase H reverse transcriptase (Invitrogen) and 
an oligodT primer as per the manufactures instructions. For PCR amplification 
1 µl of a 10× (pollen stages) or 5× (seedling) diluted cDNA was used in a 25 µl 
reaction using Biotaq DNA polymerase (Bioline) and 12.5 pmol of each primer. 
PCR conditions were: 96°C for 1 min, 30 to 40 cycles at 96°C for 30 s, 55°C 
for 30 s, 72°C for 40 s followed by 5 min at 72°C. Histone H3 (At4g40040) was 
used as a control.

Analysis and Imaging of Pollen

Mature pollen was stained with DAPI (4′-6-Diamidino-2-phenylindole) as de-
scribed previously [35]. Staining for GUS activity was performed as described 
[36] with inflorescences incubated in GUS buffer (100 mM sodium-phosphate, 
pH 7; 5 mM EDTA, 0.1% Triton X-100) with 1 mM X-gluc (5-bromo-4-chlo-
ro-3-indolyl b-D-glucuronide) and 0.5 mM K3Fe[CN]6, at 37°C for 1–3 days. 
Stained inflorescences were then cleared with 70% ethanol. Pollen was dissected 
out and stained with 0.8 µg/ml DAPI in GUS buffer. Phenotypic analysis of pol-
len was conducted on a Nikon TE2000-E inverted microscope (Nikon, Japan). 
Bright field and DIC images were captured with a Nikon-D100 camera (Model 
MH-18, Japan) and fluorescence images were captured with HAMAMATSU – 
ORCA-ER digital camera (Model C4742-95, Japan) using Openlab software ver-
sion 5.0.2. (Improvision).

For confocal laser scanning microscopy (CLSM) pollen from buds at different 
stages of development was teased out of the anther with a needle and mounted 
in 0.3 M mannitol and mature pollen was released directly into 0.3 M mannitol. 
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Pollen was viewed with a Nikon TE2000-E inverted microscope and C1 confo-
cal system using Melles Griot Argon Ion (emission 488 nm) and Melles Griot 
Helium-Neon (emission 543 nm) lasers, detection filters for GFP and RFP, and 
EZ-C1 control and imaging software.
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Effects of Herbivory on the 
Reproductive Effort of 4 

prairie perennials

Erica Spotswood, Kate L. Bradley and Johannes M. H. Knops

abstRact
Background

Herbivory can affect every aspect of a plant’s life. Damaged individuals may 
show decreased survivorship and reproductive output. Additionally, specific 
plant species (legumes) and tissues (flowers) are often selectively targeted by 
herbivores, like deer. These types of herbivory influence a plant’s growth and 
abundance. The objective of this study was to identify the effects of leaf and 
meristem removal (simulated herbivory within an exclosure) on fruit and 
flower production in four species (Rhus glabra, Rosa arkansana, Lathyrus 
venosus, and Phlox pilosa) which are known targets of deer herbivory.

Results

Lathyrus never flowered or went to seed, so we were unable to detect any treat-
ment effects. Leaf removal did not affect flower number in the other three  
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species. However, Phlox, Rosa, and Rhus all showed significant negative cor-
relations between seed mass and leaf removal. Meristem removal had a more 
negative effect than leaf removal on flower number in Phlox and on both 
flower number and seed mass in Rosa.

Conclusions

Meristem removal caused a greater response than defoliation alone in both 
Phlox and Rosa, which suggests that meristem loss has a greater effect on re-
production. The combination of leaf and meristem removal as well as recruit-
ment limitation by deer, which selectively browse for these species, is likely to 
be one factor contributing to their low abundance in prairies.

Background
Herbivory has the potential to impact every stage in a plant’s life [1], and thus 
influences where a plant can grow and its abundance [2]. Different kinds of her-
bivory have differential impacts on plants. Herbivory can reduce resource avail-
ability and subsequently have indirect impacts on plant reproduction [3]. Both 
meristem damage [4] and leaf damage [3] have been shown to negatively impact 
components of plant fitness such as survival, flower number, and fruit production 
[1,4-6].

Herbivores may also feed selectively on specific plant species or tissues, which 
can lead to increased mortality or slower growth rates of damaged individuals [2]. 
Insect herbivores can directly limit seed production and lifetime fitness by feeding 
on inflorescences [7]. Mammalian herbivory has been shown to be strong enough 
to significantly limit the abundance of a plant species [8-10]. Deer in particular 
have influenced the composition of plant communities in the northeastern and 
north-central United States [11,12].

Deer have been shown to reduce the proportional rate of increase in the height 
of some woody species [13]. It also has been suggested that deer browsing can 
significantly reduce the growth rate of herbaceous plants [11]. Deer herbivory 
typically involves the removal of entire leaves and terminal meristems, and re-
duces the proportion of flowering shoots [11], and has the potential to effect 
reproductive success of browsed plants. For example, deer browsing reduced the 
number of flowers and proportion of large fruits produced by the forb, Lactuca 
canadensis[14]. However, there is little known how browsing influences plant 
fecundity [11].

The objective of this study was to identify the effects of leaf and meristem 
damage on fruit and flower production in four species of prairie plants that are 
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known targets of deer herbivory. We simulated herbivory with four unrelated 
species and asked three questions: (1) Does leaf removal influence plant repro-
duction? (2) If so, is there a threshold level of leaf removal that must be reached 
before plant reproduction is influenced? (3) Does a combination of leaf removal 
and meristem removal have a greater impact on a plant than random leaf removal? 
We report on our findings for each of these questions.

Results
There was a significant influence of the exclosures on the abundance of three out 
of the four species, Phlox, Rhus, and Lathyrus (Figure 1). Flower number strongly 
correlated with leaf biomass for Phlox, Rosa, and Rhus (Figure 2). The number of 
flowers produced by Phlox (P = 0.6), Rosa (P = 0.13), and Rhus (P = 0.3) was not 
significantly affected by the leaf removal treatment when accounting for plant size. 
We did not detect an effect in Lathyrus because the few flowers produced were 
all aborted. Seed mass positively correlated with both flower number (Figure 3a) 
and leaf biomass. The strong, collinear relationship between flower number and 
leaf biomass (Figure 2) prevented us from using both variables in the seed mass 
analyses. We chose to use flower number as a covariate since it has a more direct 
impact on seed set and the number of seeds produced by an individual plant.

Figure 1. Abundance (mean ± 1 SE) of Lathyrus, Rosa, Phlox, and Rhus inside and outside fenced enclosures. 
The effect of fencing was compared within each species using oneway ANOVAs (Lathyrus n = 4, Rosa n = 4, 
Phlox n = 8, Rhus n = 12). Overall, the abundance of all species was significantly higher inside the fence (Type 
III GLM F = 14.7, df= 7, P < 0.001, R2 = 0.837; species F = 21.3, df = 3, P < 0.001; enclosure F = 24.2, df = 1. 
P < 0.001; interaction F = 6.72, df = 3, p = 0.003).
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Figure 2. The relationship between flower number and leaf biomass for Phlox (n = 60), Rosa (n = 48) and Rhus 
(n = 60) respectively. 
Flower number per individual was square root transformed.

Phlox, Rosa, and Rhus all showed a significant, negative correlation between 
leaf removal and seed weight when accounting for flower number (Figure 3b). The 
more biomass that was removed, the smaller the overall seed mass per individual. 
There was not a leaf removal frequency threshold that influenced flower or seed 
production when all the species were examined together (P = 0.1) or when Rhus 
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(P = 0.3), Phlox (P = 0.1) and Rosa (P = 0.3) were examined individually. We were 
unable to detect an effect in Lathyrus, which flowered a little, but no single plant 
went to seed. None of the plants in the study produced fruits and only three fruits 
were found when the field inside and outside the fence was surveyed.

Figure 3. a) The relationship between seed mass and flower number for Phlox (n = 60), Rosa (n = 48) and Rhus 
(n = 60) respectively. 
Both seed mass and flower number were square root transformed, b) The relationship between the residuals 
(mean ± 1 SE) of seed mass versus flower number and the percent leaf removal for Phlox (n = 60), Rosa (n = 48) 
and Rhus (n = 60) respectively.

The meristem removal treatment had a significantly negative effect on flower 
number in both Phlox and Rosa (Figure 4a). The individuals in the meristem re-
moval treatment produced very few flowers when compared to those individuals 
in the control and leaf removal treatments. Meristem removal also caused the seed 
mass to be significantly lower in Rosa, though the seed masses of both Phlox and 
Rhus remained unaffected (Figure 4b).
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Figure 4. a) Flower number for Phlox, Rosa and Rhus under three different simulated herbivory treatments 
(control, leaf removal only, or meristem removal). 
Values are shown as adjusted means ± 1 SE from Type III GLMs with treatment as the main effect and plant size 
and leaf removal as covariates. Overall, the treatment effect was significant for Phlox (F = 14.2, P < 0.001) and 
Rosa (F = 6.80, P < 0.001) but not for Rhus (P = 0.8). Flower values are based on the average of multiple counts 
on individual plants (Phlox-June 15, 17 and 21; Rosa-June 15 & 21; Rhus-June 1 & July 1). Flower number 
was square root transformed for analysis, b) Seed mass for Phlox, Rosa and Rhus under three different simulated 
herbivory treatments. Values are shown as adjusted means ± 1 SE from Type III GLMs with treatment as the 
main effect and square root flower number and leaf removal as covariates. Treatment had a significant effect for 
Rosa (F = 6.80, P < 0.001) but not for Phlox (P = 0.2) or Rhus (P = 0.6). Different letters denote significant 
effects at P < 0.05 following Bonferroni correction for multiple comparisons.

Discussion
Three of the four species studied were significantly more abundant within the ex-
closures than outside of them. This pattern is consistent with other results found 
for herbaceous species at this [6,15] and other sites [8-10] where mammalian 
herbivory has been shown to limit overall plant abundance in some species. It is 
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therefore not surprising that deer browsing should effect the overall abundance 
of species known to be preferred by deer. Less clear is which aspect of herbivory 
is most important.

Leaf removal did not affect flower production in any of the species, which is 
consistent with other studies [7,16,17]. Ehrlen demonstrated that flower num-
bers were predetermined the previous fall by budding in Lathyrus vernus[18]. 
The same may be true in all of our species because removing leaves did not im-
pact their flower numbers. Nonetheless, high levels of leaf removal did negatively 
impact the seed weight in all of the study species which produced seeds (Figure 
3b). These results suggest that stored resources are available for flowers and seeds 
before the onset of flowering [19,20] and changes in current year resources have 
a negligible effect on flower number. However, leaf removal appears to reduce the 
amount of carbon available for allocation to developing seeds in Phlox, Rosa, and 
Rhus, which causes a decrease in the overall seed mass produced by an individual 
plant.

Though we found a negative relationship between seed mass and percent leaf 
damage in Phlox, Rosa, and Rhus, we did not detect a threshold level of leaf 
removal that had to be reached before seed mass was impacted. Other studies, 
which have attempted to quantify the point where defoliation begins to impact 
reproduction, have yielded widely variable results [1,4-6], though these studies all 
found significant results at 50% or lower levels of defoliation.

Additionally, defoliation may have differential effects on seeds depending on 
when it occurs. In this study, all treatments were administered within a few weeks 
of flowering. One study [5,20] found that when leaves were removed several 
months before the time of flowering, the plant suffered a large loss in reproductive 
output. When the same treatment was administered just before flowering, there 
was no response [5,20]. Timing, then, may be a key in determining how well a 
plant copes with herbivory [11].

Meristem removal was more harmful to the reproductive output of Phlox and 
Rosa than leaf removal alone (Figures 4a &4b). With meristem removal, Phlox 
had fewer flowers than in the control and leaf removal treatments, but its seed 
mass was not affected. Meristem removal more strongly impacted Rosa, which 
had fewer flowers and a lower seed mass than either the leaf removal or control 
groups.

Because Phlox is a small herbaceous plant with terminal flowers, it often suf-
fered complete flower loss and substantial leaf removal under the meristem re-
moval treatment. The individuals in this treatment that did produce seeds sent 
up a side shoot after the meristem was nipped off. In contrast, Rosa produced 
many flowers and never suffered a complete flower loss with meristem removal. 
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The flower loss may have allowed the Phlox to compensate by increasing seed set, 
which has shown to be resource limited in other species [21], in the remaining 
flowers. The relationship between seed mass and flower number is much stronger 
in Rosa than in Phlox (Figure 3a), and Rosa, possibly because of its woody nature, 
was unable to compensate for the flower loss by generating new shoots and flow-
ers or by increasing seed set in the remaining flowers. Therefore, the significance 
of this treatment is most likely due to a combination of how many buds remained 
after meristem removal as well as the allocation of remaining resources for repro-
duction.

Conclusions
High levels of defoliation reduced total seed weight in Phlox, Rosa, and Rhus, 
all of which are found in Minnesota prairies. The removal of meristems along 
with defoliation caused a greater response than defoliation alone in both Phlox 
and Rosa. This suggests that loss of meristems is more important than defoliation 
alone in its influence on the reproductive success of these species. All three species 
studied are preferred by large mammal herbivores (primarily white tailed deer). 
These results suggest that both defoliation, which limits the resources available for 
reproduction, and meristem removal may be partly responsible for the compara-
tive rarity of the study species outside fenced enclosures.

Materials and Methods
Study Site and Study Species

The study was conducted at Cedar Creek Natural History Area (CCNHA) in 
central Minnesota. For a detailed description of the study site, see Tilman [22]. 
The four species studied include smooth sumac (Rhus glabra), wild rose (Rosa 
arkansana), bushy vetch (Lathyrus venosus), and phlox (Phlox pilosa). Smooth 
sumac is a perennial shrub (1–4 m tall). Wild rose is a short woody perennial 
shrub (1 m or shorter). Lathyrus venosus is a perennial legume (1.5 m or shorter). 
Phlox is anherbaceous perennial (30 cm or shorter). These species was chosen 
because they were abundant inside the fenced area and absent or rare outside the 
fence (see methods below). There is also evidence that Rhus[23], Lathyrus[15], 
Phlox (Haarstad, personal communication), and Rosa[24] are all browsed by deer. 
The density of deer in this area has been minimally estimated to be 0.16 deer per 
ha [25]. This density is similar to other protected areas, where deer herbivory has 
caused changes in plant composition [25]. Target species were located inside ex-
closures which kept out large herbivores.
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Experimental Design

To compare abundance of the study species inside and outside the fenced en-
closures, temporary transects (0.5 × 8 m) were established within and outside 
of each fenced area. For each species, the total number of individuals along the 
transects were counted. For Rosa and Lathyrus, two transects on either side of the 
fence were counted. Phlox was counted in four transects inside the fence and four 
outside. Rhus transects were established at fenced areas in 2 different fields. Two 
transects on either side of the fences were counted in each field.

To measure the effects of different levels of defoliation, individuals of each 
species within the exclosures were randomly selected and tagged. Initial height 
and number of leaves were recorded. Ten individuals of each species (except Rosa, 
which only had enough for 8 individuals for each treatment level) were randomly 
assigned to one of the following treatments: 1) control, no simulated herbivory, 
2) 20 % of all leaves removed, 3) 40 % of all leaves removed, 4) 60 % of all 
leaves removed, 5) 80 % of all leaves removed, 6) 100 % of all leaves removed, 
or 7) meristem + natural leaf removal (called the meristem removal hereafter). 
This treatment was designed to simulate deer and rabbit browsing in which the 
entire top of a plant is often removed. Meristems, leaves and flower buds were all 
removed from the top of the plant and left at the bottom of the plant. The mass 
of the leaves removed by the meristem removal was determined and converted to 
the percent of the plant’s total leaf biomass.

Removed leaves were dried at 55 degrees C for one week and then weighed. 
Following the initial damage treatment, the sites were visited twice a week. Flow-
ers were counted on multiple visits. Seeds were collected and dried, and then 
weighed to give the total mass of all the seeds collected per individual plant. Mesh 
bags were placed over Phlox flowers because seeds are small and fall off when they 
ripen. No such bags were needed for Rosa or Rhus, both of which have large 
seeds, which are retained on the parent plant.

statistics

All statistical analysis was performed on SPSS 10.0 for Windows. One-way ANO-
VAs were used to determine the effect of the enclosures on the abundance of the 
individual species. Type III GLM analysis was used to test for differences between 
areas within and outside the enclosure, with abundance as the dependent variable 
and species, enclosure, and their interaction as the independent variables.

Total leaf biomass was calculated for each plant since larger plants generally 
produce more biomass and larger and/or more seeds than smaller plants. Using 
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the weight of the leaves collected, the following formula was used to calculate the 
total leaf biomass per individual:

(dried leaf weight/number of leaves collected) × (total number of leaves on the 
plant)

This leaf biomass was used to account for plant size in statistical analysis.
Multiple regression was used to examine the relationship between percent leaf 

removal and flower number with plant size as the covariate. Multiple regression 
was also used to examine the relationship between percent leaf removal and seed 
mass with flower number as the covariate. Type III GLMs were run to examine 
the effect of the different treaments (leaf removal, meristem removal, and con-
trols) on both flower number and seed mass. Plant size was run as a covariate for 
flower number, and flower number was used as a covariate for seed mass. We also 
corrected for the actual biomass of the leaves removed since the meristem removal 
often removed leaves. The level of Type III GLM analysis was also used to test for 
effects of different levels of leaf removal on flower number and seed mass. Bonfer-
roni tests were performed for multiple comparisons. For all these analyses, seed 
mass and flower number were square root transformed.
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abstRact
Background

We are studying the regulation of flowering in perennial plants by using dip-
loid wild strawberry (Fragaria vesca L.) as a model. Wild strawberry is a fac-
ultative short-day plant with an obligatory short-day requirement at tem-
peratures above 15°C. At lower temperatures, however, flowering induction 
occurs irrespective of photoperiod. In addition to short-day genotypes, ever-
bearing forms of wild strawberry are known. In ‘Baron Solemacher’ reces-
sive alleles of an unknown repressor, SEASONAL FLOWERING LOCUS 
(SFL), are responsible for continuous flowering habit. Although flower in-
duction has a central effect on the cropping potential, the molecular control of 
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flowering in strawberries has not been studied and the genetic flowering path-
ways are still poorly understood. The comparison of everbearing and short-day 
genotypes of wild strawberry could facilitate our understanding of fundamen-
tal molecular mechanisms regulating perennial growth cycle in plants.

Results

We have searched homologs for 118 Arabidopsis flowering time genes from 
Fragaria by EST sequencing and bioinformatics analysis and identified 66 
gene homologs that by sequence similarity, putatively correspond to genes of 
all known genetic flowering pathways. The expression analysis of 25 select-
ed genes representing various flowering pathways did not reveal large differ-
ences between the everbearing and the short-day genotypes. However, puta-
tive floral identity and floral integrator genes AP1 and LFY were co-regulated 
during early floral development. AP1 mRNA was specifically accumulating 
in the shoot apices of the everbearing genotype, indicating its usability as a 
marker for floral initiation. Moreover, we showed that flowering induction in 
everbearing ‘Baron Solemacher’ and ‘Hawaii-4’ was inhibited by short-day 
and low temperature, in contrast to short-day genotypes.

Conclusion

We have shown that many central genetic components of the flowering path-
ways in Arabidopsis can be identified from strawberry. However, novel regula-
tory mechanisms exist, like SFL that functions as a switch between short-day/
low temperature and long-day/high temperature flowering responses between 
the short-day genotype and the everbearing ‘Baron Solemacher’. The identifi-
cation of putative flowering gene homologs and AP1 as potential marker gene 
for floral initiation will strongly facilitate the exploration of strawberry flow-
ering pathways.

Background
Transition from vegetative to reproductive growth is one of the most important 
developmental switches in plant’s life cycle. In annual plants, like Arabidopsis, 
flowering and consequent seed production is essential for the survival of the pop-
ulation until the following season. To assure timely flowering in various environ-
ments, Arabidopsis utilizes several genetic pathways that are activated by various 
external or internal cues. Light and temperature, acting through photoperiod, 
light quality, vernalization and ambient temperature pathways, are the most im-
portant environmental factors regulating flowering time [1]. Moreover, gibberel-
lin (GA) and autonomous pathways promote flowering by responding to internal 
cues [2,3]. In contrast to annual plants, the growth of perennials continues after 
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generative reproduction, and the same developmental program is repeated from 
year to year. Regulation of generative development in these species is even more 
complex, because other processes like juvenility, winter dormancy and chilling are 
tightly linked to the control of flowering time.

In Arabidopsis photoperiodic flowering pathway, phytochrome (phy) and 
cryptochrome (cry) photoreceptors perceive surrounding light signals and reset the 
circadian clock feedback loop, including TOC1 (TIMING OF CAB EXPRES-
SION), CCA1 (CIRCADIAN CLOCK ASSOCIATED 1) and LHY (LATE 
ELONGATED HYPOCOTYL) [4-7]. The central feature in the photoperiodic 
flowering is the clock generated evening peak of CO (CONSTANS) gene expres-
sion [8]. In long-day (LD) conditions, CO peak coincidences with light resulting 
in accumulation of CO protein in the leaf phloem and consequent activation of 
the expression of FT (FLOWERING LOCUS T) [9]. FT protein, in turn, moves 
to the shoot apex, and together with FD triggers floral initiation by activating 
floral identity gene AP1 (APETALA 1) [10,11]. FT, together with SOC1 (SUP-
PRESSOR OF OVEREXPRESSION OF CONSTANS 1) and LFY (LEAFY) 
form also convergence points for different flowering pathways, and therefore are 
called flowering integrator genes [12].

In winter-annual ecotypes of Arabidopsis, MADS-box gene FLC (Flowering 
Locus C) prevents flowering by repressing FT and SOC1, and vernalization is 
needed to nullify its function [13]. The major activator of FLC is FRI (FRIGIDA) 
[14], but several other proteins, including for example FRL1 (FRIGIDA-LIKE 
1) [15], PIE (PHOTOPERIOD INDEPENDENT EARLY FLOWERING 1) 
[16], ELF7 and ELF8 (EARLY FLOWERING 7 and 8) [17], and VIP3 (VER-
NALIZATION INDEPENDENCE 3) [18] are also needed to maintain high 
FLC expression. During vernalization, FLC is down-regulated by VRN2-PRC2 
(Vernalization 2 - Polycomb Repressive Complex 2) protein complex containing 
low temperature activated VIN3 (VERNALIZATION INSENSITIVE3), allow-
ing plants to flower [19,20].

Autonomous and GA pathways respond to endogenous cues to regulate flow-
ering time. The role of the autonomous pathway is to promote flowering by low-
ering the basal level of FLC transcription [3]. Autonomous pathway consists of 
few sub-pathways, which include for example RNA processing factors encoded 
by FCA, FPA, FLK (FLOWERING LOCUS K), FY and LD (LUMINIDEPEN-
DENS) [21], putative histone demethylases LDL1 and LDL2 (LSD1-LIKE 1 
and 2) [22], and deacetylases FLD (Flowering locus D) and FVE [23,24]. GA 
pathway is needed to induce LFY transcription and flowering in short-day (SD) 
conditions [25].

Strawberries (Fragaria sp.) are perennial rosette plants, belonging to the 
economically important Rosaceae family. Most genotypes of garden strawberry 
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(Fragaria × ananassa Duch.) and wild strawberry (F. vesca L.) are Junebear-
ing SD plants, which are induced to flowering in decreasing photoperiod in 
autumn [26,27]. In some genotypes, flowering induction is also promoted 
by decreasing temperatures that may override the effect of the photoperiod 
[27,28]. In contrast to promotion of flowering by decreasing photoperiod 
and temperature, these “autumn signals” have opposite effect on vegetative 
growth. Petiole elongation decreases after a few days, and later, around the 
floral transition, runner initiation ceases and branch crowns are formed from 
the axillary buds of the crown [29,30]. Crown branching has a strong effect 
on cropping potential as it provides meristems that are able to initiate inflo-
rescences [31].

In addition to SD plants, everbearing (EB) genotypes are found in garden 
strawberry and in wild strawberry [29,32]. Environmental regulation of induc-
tion of flowering in EB genotypes has been a topic of debate for a long time. 
Several authors have reported that these genotypes are day-neutral [29,33]. Re-
cent findings, however, show that long-day (LD) accelerates flowering in several 
EB Fragaria genotypes [34,35]. Interestingly, in wild strawberry genotype ‘Baron 
Solemacher’ recessive alleles of SFL gene locus (SEASONAL FLOWERING 
LOCUS) have been shown to cause EB flowering habit [36]. SFL has not been 
cloned, but it seems to encode a central repressor of flowering in wild strawberry. 
Consistent with the repressor theory, LD grown strawberries have been shown to 
produce a mobile floral inhibitor that is able to move from mother plant to the 
attached runner plant [37]. GA is one candidate corresponding to this inhibitor, 
since exogenously applied GA has been shown to repress flowering in strawberries 
[38,39].

Identification of central genes regulating flowering time and EB flowering 
habit, as well as those controlling other processes affecting flowering, is an 
important goal that would greatly accelerate breeding of strawberry and other 
soft fruit and fruit species of Rosaceae family. In this paper, we have searched 
Fragaria homologs with the known Arabidopsis flowering time genes by EST 
sequencing and bioinformatics analysis. Dozens of putative flowering genes 
corresponding to all known genetic pathways regulating flowering time were 
identified. The expression analysis of several candidate flowering time genes 
revealed only few differences between the SD and EB wild strawberries, in-
cluding the presence or absence of AP1 mRNA in the apices of EB and SD 
genotypes, respectively. Our data provides groundwork for detailed studies of 
flowering time control in Fragaria using transcriptomics, functional genomics 
and QTL mapping.
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Results
Environmental Regulation of Flowering in Two EB Genotypes 
of Wild Strawberry

We studied the effect of photoperiod and temperature on flowering time in two 
EB genotypes, ‘Baron Solemacher’, which contains recessive alleles in SFL locus 
[40,41], and ‘Hawaii-4’. Flowering time was determined by counting the number 
of leaves in the main crown before formation of the terminal inflorescence. In SD 
genotypes of the wild strawberry, SD (<15 h) or, alternatively, low temperature 
(~10°C) is needed to induce flowering [27]. In EB genotypes ‘Baron Solemacher’ 
and ‘Rugen’, instead, LD and high temperature has been shown to accelerate gen-
erative development [35], but careful analysis of the environmental regulation of 
flowering induction has so far been lacking.

Both ‘Baron Solemacher’ and ‘Hawaii-4’ produced five to six leaves in LD 
at 18°C before the emergence of the terminal inflorescence showing that they 
are very early-flowering in favorable conditions (Figure 1A and 1B). In ‘Baron 
Solemacher’, low temperature (11°C) or SD treatment for five weeks at 18°C 
clearly delayed flowering, but low temperature did not have an additional effect 
on flowering time in SD. Also in ‘Hawaii-4’, SD and low temperature delayed 
flowering, but all treatments differed from each other. Compared to the corre-
sponding LD treatment, SD at 18°C doubled the number of leaves, and low tem-
perature (11°C) delayed flowering time by about three leaves in both photoperi-
ods. Thus, flowering induction in these EB genotypes is oppositely regulated by 
photoperiod and temperature than previously shown for the SD genotypes [27].

Figure 1. Environmental regulation of flowering in everbearing wild strawberries. 
The effect of photoperiod (SD 12 h, LD 18 h) and temperature (11/18°C) on the flowering time of ‘Baron 
Solemacher’ (A) and ‘Hawaii-4’ (B). Seeds were germinated in LD at 18°C, and seedlings were exposed to the 
treatments for five weeks, when the cotyledons were opened. After treatments, plants were moved to LD at 
18°C and flowering time was recorded as number of leaves in the main crown before the terminal inflorescence. 
Values are mean ± SD. Pairwise comparisons between the treatments were done by Tukey’s test, and statistically 
significant differences (p ≤ 0.05) are denoted by different letters above the error bars.
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Construction and Sequencing of Subtracted cDNA Libraries

We constructed two subtracted cDNA libraries from LD grown EB genotype 
‘Baron Solemacher’ and SD genotype, in order to identify differentially expressed 
flowering time genes in these genotypes. Plants were grown in LD conditions, 
where the SD genotype stays vegetative and the EB plants show early flowering. 
Pooled shoot apex sample covering the floral initiation period was collected from 
the EB genotype, and vegetative apices of the same age were sampled from the SD 
genotype. Suppression subtractive hybridization (SSH), the method developed 
for extraction of differentially expressed genes between two samples [42], was 
used to enrich either flowering promoting or flowering inhibiting transcripts from 
EB and SD genotypes, respectively.

A total of 1172 ESTs was sequenced from the library enriched with the genes 
of the SD genotype (SD library subtracted with EB cDNA) and 1344 ESTs from 
the library enriched with the EB genes (EB library subtracted with cDNA of 
the SD genotype). 970 SD ESTs [Genbank:GH202443-GH203412] and 1184 
EB ESTs [GenBank:GH201259-GH202442] passed quality checking. Pairwise 
comparison of these EST datasets revealed that there was very little overlap be-
tween the libraries. However, general distribution of the sequences to functional 
categories (FunCat classification) did not reveal any major differences between 
the two libraries.

BLASTx searches against Arabidopsis, Swissprot and non-redundant data-
bases showed that over 70% of the ESTs gave a match in one or all of the three 
databases (Table 1). Moreover, tBLASTx comparison with different genomes 
revealed highest number of hits with Populus trichocarpa (Table 1). We also 
performed tBLASTx searches against TIGR plant transcript assemblies of 
Malus × domestica, Oryza sativa and Vitis vinifera and found hits for 64-76% 
of ESTs in these assemblies. Finally, the comparison of our sequences with a 
current Fragaria unigene list at the Genome Database for Rosaceae (GDR) 
showed that 38.2% of our ESTs are novel Fragaria transcripts. Taken together, 
depending on the analysis, 15-22% of sequences from SD genotype and 22-
27% of EB sequences encode novel proteins, or originate from untranslated 
regions of mRNA. Moreover, the high number of novel Fragaria sequences in 
our libraries indicates that SSH method efficiently enriched rare transcripts 
in the libraries.
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Table 1. The comparison of F. vesca ESTs with different databases.

Identification of Flowering Time Genes

Flowering related genes were identified from our libraries by BLASTx searches as 
described above and fourteen putative flowering time regulators were identified; 
four gene homologs were present only in EB library, eight in SD library, and two 
genes in both libraries. In figure 2, we have summarized the Arabidopsis flower-
ing pathways and highlighted the putative homologous genes identified from our 
EST collection. In general, candidate genes for all major pathways were identified. 
In addition, 118 Arabidopsis flowering time genes were used as a query to search 
publicly available GDR Fragaria EST and EST contig databases using tBLASTn. 
Sequences passing cut-off value of 1e-10 were further analysed by BLASTx algo-
rithm against Arabidopsis protein database, and those returning original Arabi-
dopsis protein were listed. Moreover, sequences that were absent from Fragaria 
databases were similarly searched from GDR Rosaceae EST database. In these 
searches, 52 additional Fragaria sequences were identified. Moreover, the total 
number of 88 homologs of Arabidopsis flowering time genes were found among 
all available Rosaceae sequences.
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Figure 2. A simplified chart showing Arabidopsis flowering pathways and corresponding gene homologs in 
Fragaria. 
Gene homologs found in cDNA libraries produced from SD and EB genotypes are surrounded by blue and red 
boxes, respectively. Arrows indicate positive regulation and bars negative regulation.

Most genes of the Arabidopsis photoperiodic pathway were found also in  
Fragaria, and some of the lacking genes were present among Rosaceae ESTs (Table 
2). We found several genes encoding putative Fragaria photoreceptor apoproteins 
including phyA, phyC, cry2, ZTL (ZEITLUPE) and FKF1 (FLAVIN BIND-
ING KELCH REPEAT F-BOX 1) [43]. Of the central circadian clock genes, 
homologs of LHY and TOC1 [5,7] were present in our EST libraries and GDR, 
respectively, but CCA1 [6] was lacking from both Fragaria and Rosaceae data-
bases. Furthermore, a putative Fragaria CO from the flowering regulating output 
pathway has been cloned earlier [44]. Among the regulators of CO transcrip-
tion and protein stability, GI (GIGANTEA) [45] was identified from Rosaceae 
and putative COP1, SPA3 and SPA4 [46,47] from Fragaria. In addition to genes 
of the photoperiodic pathway, homologs for both known sequences belonging 
to light quality pathways, PFT1 (PHYTOCHROME AND FLOWERING 
TIME 1) and HRB1 (HYPERSENSITIVE TO RED AND BLUE 1) [48,49], 
were found from our EST libraries.
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Table 2. The list of genes belonging to the photoperiodic flowering pathway.

For the vernalization pathway, we were not able to find FLC-like sequences 
from our EST libraries or public Fragaria or Rosaceae EST databases by tBLASTn 
searches although we used the FLC and FLC-like sequences from Arabidopsis 
(MAF1-MAF5, MADS AFFECTING FLOWERING 1-5) and several other 
plant species as query sequences [13,50,51]. Similarly, also FRI [14] was lacking 
from Rosaceae ESTs but putative FRL (FRIGIDA-LIKE) [15] sequences were 
identified in Fragaria. In addition, we identified several gene homologs belonging 
to the FRI complex as well as other regulatory complexes (SWR1, PAF) involved 
in promoting the expression of FLC (Table 3) [17,52,53]. Also putative members 
of FLC repressing PRC2 complex, were present in strawberry ESTs. These include 
putative VIN3 (VERNALIZATION INSENSITIVE 3) [19,20] that has been 
identified earlier [54], and putative SWN1 (SWINGER 1), FIE (FERTILIZA-
TION INDEPENDENT ENDOSPERM), VRN1 (VERNALIZATION 1) and 
LHP1 (LIKE HETEROCHROMATIN PROTEIN 1) [19,55,56], which were 
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found in this investigation (Table 3). However, putative VRN2 that is needed for 
the repression of FLC by PRC2 was not found [19].

Table 3. The list of genes belonging to the vernalization pathway.

In addition to the photoperiod and the vernalization pathways, we searched 
candidate genes for the autonomous and GA pathways. Several sequences cor-
responding to Arabidopsis genes from both pathways were identified suggesting 
the presence of these pathways also in Fragaria (Table 4). Among these genes 
we found homologs for Arabidopsis FVE and SVP which have been shown to 
control flowering in a specific thermosensory pathway [24,57]. Moreover, some 
additional flowering time regulators that are not placed to any specific pathway 
were identified (Table 4).
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Table 4. The list of genes belonging to autonomous and gibberellin flowering pathways.

Identification of Floral Integrator Genes in Fragaria

Sequencing of our EST collections did not reveal any homologs for the floral 
integrator or identity genes such as FT, SOC1, LFY or AP1 [12,58]. A full-length 
cDNA sequence of SOC1 homolog [GenBank:FJ531999] and a 713 bp 3’-end 
fragment of putative LFY [GenBank:FJ532000] were isolated using PCR. Closest 
protein homolog of the putative FvSOC1 was 72% identical Populus trichocarpa 
MADS5, and the putative FvLFY showed highest amino acid identity (79%) 
to Malus domestica FL2. Comparison to Arabidopsis showed that AtSOC1 and 
AtLFY, respectively, were 66% and 75% identical with the corresponding wild 
strawberry protein sequences (Figure 3A and 3B). FT homolog, instead, was 
not identified in Fragaria despite of many attempts using degenerate PCR and 
screening of cDNA library plaques and E.coli clones from a variety of tissues 
and developmental conditions with the Arabidopsis coding sequence (K. Folta, 
unpublished). However, a putative FT was found in Prunus and Malus protein 
databases at NCBI. Among the other genes belonging to the same gene family, 
homologs of MFT (MOTHER OF FT AND TFL1) and ATC (ARABIDOPSIS 
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CENTRORADIALIS) [59] were present in GDR Fragaria EST. Moreover, an 
EST contig corresponding to the floral identity gene AP1 was found. The length 
of the translated protein sequence of FvAP1 was 284 amino acids, being 30 amino 
acids longer than the corresponding Arabidopsis sequence. However, FvAP1 EST 
contig contained an unknown sequence stretch of 81 bp at nucleotide position 
596-677. Putative FvAP1 showed highest overall identity (68%) with putative 
AP1 from Prunus persica (Figure 3C). Moreover, the 5’ sequence containing 187 
amino acids (the sequence before the unknown part) was 73% identical with the 
Arabidopsis AP1.

Figure 3. Protein alignments of Fragaria flowering integrator and identity genes. 
Multiple alignments of Fragaria protein sequences of full length SOC1 (A), partial LFY (B) and full-length AP1 
(C) with closest protein homologs and corresponding protein sequence of Arabidopsis thaliana. Alignments 
were done by ClustalW (A, B) or T-Coffee (C) and modified by Boxshade program. F. vesca AP1 protein 
sequence was translated from GDR Fragaria EST contig 4941. PTM5 = Populus tremuloides MADS5, AFL2 = 
Apple FLORICAULA 2, PpAP1 = putative Prunus persica AP1.
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Gene Expression Analysis Revealed Few Differences Between 
EB and SD Genotypes

We compared the expression of selected flowering time genes (Table 5) corre-
sponding to each flowering pathway in the leaf and shoot apex samples of EB and 
SD genotypes in order to explore the role of different pathways. Only few of the 
analysed genes were differentially expressed between the genotypes. Floral integra-
tor gene LFY was slightly up-regulated in the shoot apex samples of EB (Table 6). 
Moreover, PCR expression analysis with two different primer pairs showed that 
AP1 was specifically expressed in EB apices correlating with the identity of the 
meristems. Among the genes from different flowering pathways, only two genes, 
vernalization pathway gene ELF8 [17] and photoperiod pathway gene ELF3 [60], 
were slightly differentially expressed between the genotypes (Table 6).

Table 5. The list of PCR primers used in real-time RT-PCR.

Table 6. The expression of selected genes in the wild strawberry.
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Developmental Regulation of Floral Integrator, Floral 
Identity, and GA Pathway Genes

We analysed the developmental regulation of AP1, LFY, SOC1, GA3ox and 
GA2ox transcription in the shoot apices of LD grown plants of EB and SD geno-
type containing one to four leaves. Ubiquitin, used as a control gene, was stable 
between different developmental stages, but was amplified ~1 PCR cycle earlier 
in SD genotype. Thus direct comparison between the genotypes is not possible, 
but the trends during development are comparable. Three genes, AP1, LFY, and 
GA3ox, had clear developmental stage dependent expression pattern in EB apices, 
showing biggest changes after one or two leaf stage (Figure 4). The expression of 
AP1 was detected in EB apices already at one leaf stage, and its mRNA accumu-
lated gradually reaching 6-fold increase at two leaf stage and 50-fold increase at 
four leaf stage (Figure 4A). In parallel, transcription of LFY started to increase 
at 2-leaf stage, but the change in its expression was much smaller (Figure 4B). 
A floral integrator gene, SOC1, in contrast, did not show clear developmental 
regulation (Figure 4C). Also GA pathway was co-regulated with AP1 and LFY, 
since GA biosynthetic gene GA3ox was strongly down-regulated after two leaf 
stage (Figure 4D). In addition, GA catabolism gene, GA2ox, tended to follow 
changes in the expression of GA3ox, although the results were not so clear (data 
not shown). In SD genotype, in contrast, AP1 was absent and other genes did not 
show clear developmental regulation (Figure 4). In this experiment, control plants 
of EB genotype flowered very early, after producing 4.7 ± 0.3 leaves to the main 
crown, whereas plants of SD genotype remained vegetative.

Figure 4. Developmental regulation of gene expression in wild strawberry shoot apices.
The expression of AP1 (A), LFY (B), SOC1 (C) and GA3ox (D) in the SD and EB (‘Baron Solemacher’) 
genotype of the wild strawberry. Triplicate shoot apex samples were collected from LD grown plants at one to 
four leaf stage. Ct values were normalized against a Ubiquitin [GenBank:DY672326] gene to get normalized 
∆Ct values. The expression differences between one leaf stage and later developmental stages were calculated 
from the formula 2∆Ct later developmental stage/2∆Ct one leaf stage. The expression values at one leaf stage were artificially set 
to 1 separately for both genotypes. Values are mean ± SD. Note that Ubiquitin was amplified ~1 cycle earlier 
in SD genotype, but was stable between different developmental stages. Therefore, expression values between 
genotypes cannot be directly compared, while the expression levels between the various developmental stages 
are comparable.
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Discussion
Identification of Flowering Genes in Strawberry

Genetic regulation of flowering in strawberry has earlier been studied only by 
crossing experiments. According to Weebadde et al. [61], everbearing character is 
a polygenic trait in garden strawberry whereas other studies indicate the presence 
of a single dominant gene [62]. Different results may arise from different origin 
of everbearing habit, since at least three different sources have been used in straw-
berry breeding [32,61,62]. Studies in F. vesca ‘Baron Solemacher’have shown that 
EB flowering habit in this genotype is controlled by recessive alleles of a single 
locus, called seasonal flowering locus (sfl) [40,41]. Identification of central genes 
regulating flowering, as well as those controlling other processes that affect flower-
ing (runnering, chilling), is an important goal that would greatly accelerate breed-
ing of strawberry and other soft fruit and fruit species of Rosaceae family.

For comprehensive identification of candidate genes of the strawberry flower-
ing pathways, we searched homologs for 118 Arabidopsis flowering time genes 
from our own cDNA libraries and from GDR. In total, we were able to identify 
66 gene homologs among about 53000 EST sequences. Moreover, gene homologs 
lacking from Fragaria were further mined from Rosaceae EST collections contain-
ing about 410 000 EST sequences. These searches revealed 22 additional putative 
flowering time genes in Rosaceae. Ongoing genome sequencing projects in apple, 
peach and wild strawberry will ultimately reveal the currently lacking flowering 
regulators in these species [63].

Sequences found in Fragaria corresponded to all known Arabidopsis flower-
ing time pathways [2] suggesting that all of these genetic pathways may be pres-
ent in Fragaria. However, the sequence conservation does not necessarily mean 
functional conservation, so major candidate genes from different pathways have 
to be functionally characterized in order to prove the presence of these pathways 
in strawberry. Few central regulators of flowering time are lacking from Fragaria 
sequence collections and some of them also from Rosaceae databases. For ex-
ample, we were not able to identify a homolog for the florigen gene FT [11] in 
Fragaria regardless of several different attempts. This is probably due to its low 
expression level and tissue specific expression pattern [64]. Similarly, GI, which 
links circadian clock and CO [8,65], was absent from the Fragaria sequences. FT 
and GI homologs were, however, found in apple and Prunus, showing that they 
are present in Rosaceae. Moreover, consistent with studies in model legumes [66], 
CCA1 was lacking in Rosaceae, but its redundant paralog, LHY, is represented by 
few ESTs in Fragaria. CCA1 and LHY are MYB-type transcription factors which 
repress the expression of TOC1 in the central loop of Arabidopsis circadian clock 
[67]. Thus, in Fragaria and other species of Rosaceae family, LHY alone may 
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control the expression of TOC1 in the clock core. This contrasts with other spe-
cies, like Populus, where duplications of the LHY/CCA1 genes contribute to an 
apparently more complex mode of clock control [68].

Vernalization pathway in Arabidopsis culminates in FLC and FLC-like floral 
repressors [13,50]. They have been functionally characterized only in Brassicaceae 
[13,69], although homologous MADS box genes have been recently found from 
several eudicot lineages by phylogenetic analysis [51]. However, we were not able 
to identify FLC-like sequences in Rosaceae by using several FLC-like sequences 
as a query. Similarly, also FRI homologs were lacking from the Rosaceae sequence 
collections. However, putative homologs of FRI-like genes, FRL1 and FRL2, 
which are involved in FLC activation in Arabidopsis [15] were found, as well as 
several other homologs of genes belonging to FLC regulating protein complexes. 
Despite the presence of these transcripts, the presence of FLC is unclear, since at 
least PRC2 complex has several target genes [70]. Cloning and characterization 
of putative FLC-like and FRI genes as well as FT in strawberry would greatly 
expand our understanding of strawberry flowering pathways, and therefore, it 
is one of the most important targets of further studies. If these transcripts are 
present in strawberry, it is likely that the precise control of flowering has placed 
their expression in specific tissues or contexts where they are not easily detected. 
However, their presence should be substantiated in analysis of the impending ge-
nome sequence. Another important goal is the identification of putative Rosaceae 
or Fragaria specific flowering time genes. Ultimately, transcriptomics studies and 
functional analysis of central genes may reveal how different flowering pathways, 
which may be closely related to Arabidopsis pathways, make seasonal flowering 
in strawberry.

What is the SFL Gene?

SFL is a single dominant locus that enforces seasonal flowering habit in wild 
strawberry, and homozygous mutation in this locus leads to continuous flowering 
habit in at least one genotype, ‘Baron Solemacher’ [36]. In SD genotypes of wild 
strawberry, SD or low temperature induce flowering [27] probably by overcoming 
the function of SFL repressor gene. We showed here that EB genotypes ‘Baron 
Solemacher’ and ‘Hawaii-4’ produce only 5 - 6 leaves to the main crown before 
the formation of the terminal inflorescence in LD at 18°C. Hence, flowering in-
duction in these conditions occurs soon after germination. In SD (12 h) or at low 
temperature (11°C) instead, plants formed several leaves more before the inflo-
rescence. This finding shows that, in contrast to SD genotypes, both SD and low 
temperature restrain flowering induction in these genotypes, confirming earlier 
suggestions that EB genotypes of wild strawberry are in fact LD plants [35]. Most 
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simple explanation for these opposite environmental responses is that the lack of 
flowering inhibitor, produced by active SFL gene, unmasks LD induced flowering 
promotion pathway in ‘Baron Solemacher’ and possibly in other EB genotypes. 
Given that both SD and low temperature repress SFL, analogous flowering regu-
lating pathway has not yet been characterized at molecular level.

Our gene expression analysis did not give any hints of the putative location of 
SFL in wild strawberry flowering pathways. However, homologs of certain flower-
ing repressors can be consireded as candidates for SFL, including the rice CO ho-
molog HD1 (HEADING DATE 1), or Arabidopsis vernalization pathway genes 
FLC and FRI [13,14,71]. In strawberry, the role of vernalization pathway remains 
unclear until the presence or absence of FRI or FLC function is confirmed or 
other targets for this pathway are found. Strawberry CO, instead, has been cloned 
and mapped in Fragaria reference map, but its position does not match with the 
genomic location of SFL showing that CO itself is not SFL [44,72]. However, the 
possibility that some regulator of CO transcription or protein stability could be 
SFL cannot be ruled out and should be studied further.

Exogenously applied GA inhibits flowering in wild strawberry, and therefore, 
GA has been suggested to be a floral repressor [38,39]. Similar patterns have been 
observed and delineate differences between recurrent and non-recurrent roses 
[73]. However, we did not find clear differences in the expression of GA biosyn-
thetic and catabolism genes, GA3ox and GA2ox, in the shoot apex samples of EB 
and SD genotypes before the floral initiation had occurred. In contrast, GA3ox 
was strongly repressed in EB apices after floral initiation and GA2ox showed simi-
lar trend. The fact that these changes in GA pathway occurred after two leaf stage 
suggests that GA signal was regulated during early flower development rather 
than during floral transition. These data does not support the role of endogenous 
GA as the regulator of flowering induction, indicating that SFL is not situated in 
the GA pathway. However, quantitative analysis of GA levels is needed to show 
whether the observed changes in the expression of GA pathway genes are reflected 
at the metabolic level.

AP1 is a Potential Marker of Floral Initiation in Strawberry

Gene expression analysis revealed that two putative flowering genes, AP1 and 
LFY, were co-regulated during floral development in EB wild strawberry. The ho-
molog of floral identity gene AP1 was expressed in the EB apex already at one leaf 
stage, and its expression was strongly enhanced during later developmental stages. 
Also LFY mRNA accumulated along with AP1 during floral development in EB 
genotype, whereas SOC1 did not show a clear trend. The mRNA of SOC1 and 
LFY were present also in SD genotype, but AP1 transcription was not detected. In 
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Arabidopsis, LFY and AP1 activate each other’s expression constituting a feedback 
loop [12,58]. Moreover, AP1 is activated by FT-FD heterodimer shortly after 
flowering induction [10]. Thus, the expression patterns of AP1and LFY in the 
meristems of EB genotype suggest that flowering induction in these plants occurs 
before two leaf stage in LD conditions. Consistent with this conclusion, flower 
initials were clearly visible by stereomicroscope in the meristems at three or four 
leaf stage, and plants flowered after producing on average 4.7 leaves in the main 
crown. Based on our results, AP1 can be used as a marker for floral initiation in 
wild strawberry. However, functional studies are needed to confirm the role of 
AP1, LFY and SOC1 as floral integrator and identity genes, and this approach is 
currently going on.

Conclusion
We have explored putative components for the genetic flowering pathways in 
perennial SD plant wild strawberry by identifying 66 homologs of Arabidopsis 
flowering time genes. Although few central genes are lacking, these data indicate 
that all known genetic flowering pathways may be present in Fragaria. This is con-
sistent with the finding that EB genotypes, ‘Hawaii-4’ and ‘Baron Solemacher’, 
show similar environmental regulation of flowering than Arabidopsis summer-
annuals. We also studied the expression of selected candidate genes and found 
that few genes were co-regulated in the shoot apex of the EB genotype during 
early floral development. Most strikingly, the mRNA of AP1 specifically accumu-
lated in EB genotype, but was absent in SD genotype, showing its usefulness as a 
marker of floral initiation. Finally, identification of putative flowering time genes 
reported here enables their transcriptional and functional characterization, as well 
as genetic mapping, which may give answers for the relative importance of each 
genetic flowering pathway and lead to cloning of the central repressor gene, SFL. 
Ultimately, these genetic resources could be utilized in cultivar breeding of various 
species of Rosaceae family through genetic transformation and marker assisted 
selection breeding.

Methods
Plant Materials, Growing Conditions and Sampling

Seeds of SD and EB (‘Baron Solemacher’) genotypes of the wild strawberry 
(NCGR accession numbers [PI551792] and [PI551507], respectively) were sown 
on potting soil mixture (Kekkilä, Tuusula, Finland) and grown in a greenhouse 
under LD conditions (day length min. 18 h), provided by 400 W SON-T lamps 
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(Airam, Kerava, Finland) and natural sunlight. After two to three leaves had de-
veloped per plant, shoot apex samples (tip of the shoot containing the meristem 
as well as two to three leaf initials) were collected under a stereomicroscope at 
ten different time points with three days intervals. Samples from each time point 
were pooled and used for the construction of cDNA libraries and real-time RT-
PCR. WT samples contained shoot apices of the main crown, collected from 50 
plants per time point. Also in EB genotype, shoot apices of the main crown were 
collected until the sepal initials became visible in the meristems. After this time 
point, the apices from one to three side shoots per plant were collected, altogether 
from 40 plants per sampling. In addition, leaf samples were collected from the 
same plants at four leaf stage for real-time RT-PCR analysis. Moreover, separate 
shoot apex samples were collected from WT and EB genotypes at one, two, three 
and four leaf stages. Control plants were grown in LD and their flowering time 
was determined by counting the number of leaves in the main crown before the 
terminal inflorescence. All samples were collected in July - August 2006 - 2008.

Preparation and Sequencing of Subtracted cDNA Libraries

Total RNA from pooled shoot apex samples was extracted with a pine tree meth-
od for RNA isolation [74]. The cDNA was synthesized with BD SMART cDNA 
Synthesis kit (Clontech, Palo Alto, US), amplified with PCR as instructed for 
subtraction, purified with Chroma Spin-1000 DEPC-H2O Columns (Clontech), 
extracted with chloroform:isoamylalcohol (24:1) using Phase Loch Gel Heavy 1.5 
ml tubes (Eppendorf, Hamburg, Germany), digested with RsaI (Boehringer Man-
nheim, Mannheim, Germany), and purified with High Pure PCR Product Puri-
fication kit (Roche Diagnostics, Indianapolis, US). The cDNAs were subtracted 
using BD PCR-Select cDNA Subtraction Kit (Clontech) in both forward and 
reverse directions. The forward and reverse PCR mixtures were digested with RsaI 
(Boehringer Mannheim) and purified with High Pure PCR Product Purification 
Kit (Roche). After digestion, A-tailing was done as instructed in the technical 
manual of pGEM-T and pGEM-T Easy Vector Systems and PCR mixtures were 
ligated to pGEM-T Easy Vector (Promega, Wisconsis, US), and electroporated 
to TOP10 cells. The libraries were sequenced at the Institute of Biotechnology, 
University of Helsinki, as described earlier [75].

Bioinformatics Analysis

Raw EST sequences were quality checked before annotation. Base calling, end 
clipping and vector removal were performed by CodonCodeAligner-software 
(CodonCode Corporation, US). After this the ESTs were manually checked and 
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sequences that contained poly-T in the beginning followed by short repetitive 
sequences were removed. BLASTx was performed against functionally annotated 
Arabidopsis protein database (v211200, MIPS), Swissprot and non-redundant 
protein database (NCBI), and Populus trichocarpa genome of DOE Joint Ge-
nome Institute [76] using cut-off value 1e-10. tBLASTx was performed against 
TIGR plant transcript assemblies of Malus x domestica, Oryza sativa and Vitis 
vinifera [77], and GDR Fragaria and Rosaceae Contigs using cut-off value 1e-
10. For MIPS BLAST hits corresponding functional classes and Gene Ontology 
classes were obtained from Functional Classification Catalogue (Version 2.1) and 
GO annotation for Arabidopsis thaliana (Version 1.1213).

Homologs of Arabidopsis flowering time genes were searched from GDR Fra-
garia contig and EST databases using tBLASTx algorithm and Arabidopsis protein 
sequences as a query. Homologous sequences passing a cut-off value 1e-10 were 
further analysed by BLASTx algorithm against Arabidopsis protein database, and 
sequences showing highest sequence homology with the corresponding Arabidopsis 
genes were selected. The sequences lacking from Fragaria were similarly searched 
from GDR Rosaceae EST database and from Rosaceae protein database at NCBI.

Photoperiod and Temperature Treatments
For the analysis of environmental regulation of flowering in EB genotypes, seeds of 
‘Baron Solemacher’, and ‘Hawaii-4’ were germinated in 18 h LD at 18°C. During 
germination, plants were illuminated using 400 W SON-T lamps (Airam) for 12 
h daily (90 ± 10 µmol m-2 s-1 at plant height plus natural light) and incandescent 
lamps were used for low-intensity daylength extension (5 ± 1 µmol m-2 s-1 at plant 
height). After opening of the cotyledons plants were moved to four treatments, SD 
and LD (12/18 h) at low or high temperature (11/18°C), for five weeks. In LD, in-
candescent lamps were used for low-intensity daylength extension (5 ± 1 µmol m-2 
s-1 at plant height) after 12 h main light period. Also photoperiods of 8 and 8 + 8 
h (SD/LD) were tested, but because of very slow growth in these light treatments, 
longer photoperiods were selected (data not shown). SD treatments were carried 
out at the greenhouse using darkening curtains, while LD treatments (photope-
riod 18 h) were conducted in a similar greenhouse compartment without curtains. 
The experiments were carried out during winter 2007 - 2008, when the natural 
day length was under 12 h. After treatments, plants were potted to 8 x 8 cm pots, 
moved to LD (18 h), and flowering time was determined as described above.

Gene Expression Analysis
Total RNA from leaf and shoot apex samples was extracted with a pine tree method 
[74], and cDNAs were synthesized from total RNA using Superscript III RT kit 
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(Invitrogen, Carlsbad, US) and dT18VN anchor primers. LightCycler 480 SYBR 
Green I Master kit (Roche Diagnostics, Indianapolis, US) was used to perform 15 
µl real-time RT-PCR reactions in 384-well plates according to manufacturer's in-
structions by using Light Cycler 480 real-time PCR system (Roche Diagnostics). 
PCR primers with Tm value of 60°C were used (Table 5). Three biological repli-
cates were analysed for shoot apex samples from different developmental stages 
(Figure 4), and two biological replicates were used for pooled shoot apex and leaf 
samples (Table 6).
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abstRact
Functional diversity has been postulated to be critical for the maintenance of 
ecosystem functioning, but the way it can be disrupted by human-related dis-
turbances remains poorly investigated. Here we test the hypothesis that habi-
tat fragmentation changes the relative contribution of tree species within cat-
egories of reproductive traits (frequency of traits) and reduces the functional 
diversity of tree assemblages. The study was carried out in an old and severely 
fragmented landscape of the Brazilian Atlantic forest. We used published in-
formation and field observations to obtain the frequency of tree species and 
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individuals within 50 categories of reproductive traits (distributed in four 
major classes: pollination systems, floral biology, sexual systems, and reproduc-
tive systems) in 10 fragments and 10 tracts of forest interior (control plots). As 
hypothesized, populations in fragments and control plots differed substantial-
ly in the representation of the four major classes of reproductive traits (more 
than 50% of the categories investigated). The most conspicuous differences 
were the lack of three pollination systems in fragments-pollination by birds, 
flies and non-flying mammals-and that fragments had a higher frequency of 
both species and individuals pollinated by generalist vectors. Hermaphroditic 
species predominate in both habitats, although their relative abundances were 
higher in fragments. On the contrary, self-incompatible species were under-
represented in fragments. Moreover, fragments showed lower functional diver-
sity (H’ scores) for pollination systems (−30.3%), floral types (−23.6%), and 
floral sizes (−20.8%) in comparison to control plots. In contrast to the over-
whelming effect of fragmentation, patch and landscape metrics such as patch 
size and forest cover played a minor role on the frequency of traits. Our re-
sults suggest that habitat fragmentation promotes a marked shift in the rela-
tive abundance of tree reproductive traits and greatly reduces the functional 
diversity of tree assemblages in fragmented landscapes.

Introduction
Functional diversity can be defined as a variety of life-history traits presented 
by an assemblage of organisms [1], [2] and it has been postulated to be critical 
for the maintenance of ecosystem processes and properties [3]. For example, 
previous empirical work has suggested that ecosystems with a high diversity of 
functional traits have greater efficiency of water, nutrient, and light use, as well 
as higher productivity [3], [4]. In addition, they may also be more resilient [5] 
and resistant to biological invasions and to biodiversity loss [6], [7]. Neverthe-
less, most studies on functional diversity in plant communities have focused 
on the importance of traits associated with plant physiology. Consequently, we 
know little regarding the functional diversity of other traits that also affect both 
community structure and ecosystem functioning, such as those related to plant-
animal interactions [1], [2].

Habitat loss and fragmentation (hereafter habitat fragmentation) have been 
shown to dramatically alter tree communities in tropical forests [8]–[12]. Frag-
ments usually exhibit reduced species richness and diversity, particularly near 
edges. This reduction in species diversity is due in large part to loss of species 
that are “shade-tolerant” [8], [12], [13], restricted to the forest understory [10], 
have large-seeds [14], [15], or are dispersed by vertebrates [12], [16]–[19].  
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Furthermore, fragments tend to become dominated, both in terms of species rich-
ness and individual abundance, by pioneer trees [8], [19]. Because tropical pio-
neer trees usually share a similar set of life-history traits irrespective of their taxo-
nomic affinities [20]–[22], this biased ratio of pioneers to shade-tolerant plants 
may reduce the functional diversity of tree assemblages in fragments.

More than 90% of the extant angiosperms are animal-pollinated [23], there-
fore pollination is considered an essential ecosystem process whose outcome can 
have major consequences for the maintenance of biodiversity [24], [25]. Indeed, 
a broad body of empirical evidence has found that the disruption of plant-pollina-
tor interactions by habitat fragmentation can detrimentally affect plant reproduc-
tive success [26]–[29]. Potentially, changes in plant-pollinator interactions and 
pollinator abundance/composition can affect seed dispersal and seedling recruit-
ment and consequently reduce plant population size or even promote local ex-
tinction [26], [27], [30]. Nevertheless, patterns and process regarding changes in 
reproductive functional diversity in fragmented tropical landscapes remain poorly 
investigated.

Because the long lifespan of tropical trees [31], hypotheses addressing disrup-
tions of functional diversity driven by changes in tree composition can be properly 
tested in landscapes that were disturbed long enough ago to permit demographic 
shifts to have occurred, such as fragmented landscapes with longer histories of 
human occupation. The Atlantic forest of Brazil is a biodiversity hotspot that has 
been reduced to less than 8% of its original distribution due to forest clearing and 
fragmentation that dates to the 16th century [32]. In some regions (e.g. Brazil’s 
northeast), over 90% of fragments are smaller than 50 ha and are immersed in 
a homogeneous and hostile matrix of sugar cane fields [33]. These archipelagos 
of small fragments and forest edge habitat are currently dominated by a small 
subset of pioneer trees, retain less than half of the tree species richness of the for-
est interior [19], and receive an impoverished seed rain biased towards smaller 
seeds [34]. This scenario offers an excellent opportunity to investigate long-term 
fragmentation-related changes in tree assemblages and how they influence func-
tional diversity.

Here we test the hypothesis that the habitat fragmentation changes the fre-
quency of tree species and individuals within categories of reproductive traits and 
consequently reduces the functional diversity of tree assemblages in a fragmented 
landscape of the Brazilian Atlantic forest. We begin by comparing the pollination 
systems, floral biology, sexual systems, and reproductive systems of trees in for-
est fragments and tracts of forest interior (control plots). We then compare the 
diversity of these traits in these two habitats based on the relative contribution 
of both species and individuals. Finally, we discuss potential mechanisms driving 
the patterns we observed. We conclude that habitat fragmentation promotes a 



74 Reproductive Physiology in Plants

marked shift in the relative abundance of tree reproductive traits, including the 
lack of some specialized pollination systems and a parallel increase in the fre-
quency of generalist ones. Collectively, shifts in reproductive traits promote a con-
spicuous reduction in the functional diversity of tree assemblages in fragmented 
landscapes, which may strongly influence forest dynamics and the persistence of 
biodiversity.

Materials and Methods
Study Site and Landscape Attributes

This study was conducted in the State of Alagoas in northeastern Brazil on the 
property of Usina Serra Grande (8°58′50″S, 36°04′30″W), a large, privately-
owned sugar producer. This landholding has approximately 9,000 ha of forest 
included in a unique biogeographic region of the Atlantic forest known as the 
Pernambuco Center of Endemism [sensu 35] or the Atlantic forest of Northeast 
Brazil, the most threatened sector of the South American Atlantic forest [17]. We 
selected a large (666.7 km2), severely fragmented landscape within this property 
containing 109 forest fragments (total forest cover = 9.2%), including the 3,500-
ha Coimbra forest–the largest and best preserved remnant in this region [19]. All 
fragments are entirely surrounded by a uniform matrix of sugar-cane monocul-
ture (Figure 1). In addition to the Coimbra forest, the patches ranged in size from 
1.67–295.7 ha.

Figure 1. Study landscape at the Atlantic forest of northeast Brazil.
(A) Northeastern Brazil, where this study was conducted. (B) Distribution of the Atlantic forest of northeast 
Brazil ( = Pernambuco Center of Endemism), note original (grey) and current (black) distribution of this forest 
in the region; white rectangle represents the study landscape (amplified in C). (C) Study landscape with the 
fragments used in this study (dark grey polygons), including the 3,500 ha Coimbra forest (lower right). Light grey 
and white areas represent remaining forest fragments (not sampled) and sugar-cane cultivation, respectively.
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Our study landscape consists of a low-altitude plateau (300–400 m above sea 
level) containing two similar classes of dystrophic soils with high clay fractions: 
yellow-red latosols and yellow-red podzols (according to the Brazilian soil clas-
sification system [36]). Annual rainfall is ~2000 mm, with a 3-month dry season 
(<60 mm/month) from November to January. Forests in this landscape consist 
of lowland terra firme forest (<400 m a.s.l.) [37], with the Fabaceae, Lauraceae, 
Sapotaceae, Chrysobalanaceae and Lecythidaceae accounting for most tree spe-
cies (≥10 cm DBH) [38], [39]. Sugar cane cultivation in this landscape, which 
dates to the early 19th century, and possibly as early as the 18th century [see 40], 
provided the strongest incentive for clearing large tracts of pristine old-growth 
forests. Remaining forest fragments have been protected against fire and logging 
to ensure watershed protection and water supply for sugar cane irrigation (C. 
Bakker, pers. communication). This protection has guaranteed the stability of 
forest fragment borders and the occurrence of both pioneer and shade-tolerant 
adult trees along forest edges as evidenced by local patterns of seed rain [15]. The 
Serra Grande landscape therefore provides a rare and interesting opportunity for 
Atlantic forest fragmentation studies.

Tree Species Surveys and Habitat Classification

We compared the frequencies and the functional diversity of tree reproductive 
traits in 10 of the forest fragments (range = 3.4–295.7 ha) and 10 ‘forest interior 
plots’ [sensu 41] located in the region’s largest remnant (Coimbra forest; here ad-
opted as the control site) using floristic data from previously conducted botanical 
surveys. Although we are aware that the Coimbra forest does not represent a true 
‘continuous forest,’ it is the largest remaining Atlantic forest patch in Northeast 
Brazil [see 19] and is more than twice as large as the largest fragment analyzed 
by Ranta et al. [33] in this same center of endemism. In addition, the Coimbra 
forest still retains the full complement of ecological groups occurring in more 
continuous tracts of Atlantic forest, such as large-seeded trees and frugivorous 
vertebrates [16], [17], [42], [43]. It is therefore representative of the largest tracts 
of forest remaining in the hotspot, making its core area [sensu 41] the best pos-
sible control site for assessing persistent and long-term effects of habitat loss and 
fragmentation.

The tree surveys, upon which we randomly selected our fragments and control 
plots, were carried out from 2003–2005 by Oliveira et al. [19] and Grillo [39] 
as part of a regional plant survey. Briefly, all trees ≥10 cm DBH were measured, 
marked, and identified in one 0.1-ha plot per fragment. Plots were located in 
the geographic center of fragments to standardize procedures and minimize edge 
effects [44]. Depending on the size of the fragment, plots were 60.5–502.77 m 
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from nearest edge. The ten control plots, also measuring 0.1-ha, were haphazardly 
located in the interior of Coimbra forest at distances 200–1012.73 m from near-
est edge, in locations consisting of old-growth forest with no detectable edge ef-
fects (i.e. forest interior [sensu 41]). Vouchers collected by Oliveira et al. [19] and 
Grillo [39] are deposited in the Herbarium UFP (No. 34.445 to 36.120), and the 
checklist of the flora of Usina Serra Grande (ca. 650 plant species) is available at 
www.cepan.org.br and in Pôrto et al. [45]. Since 2001, the number of botanical 
investigations carried out in our study landscape has increased [e.g. 15], [19], 
[34], [38], [39], [45], [46], providing detailed knowledge about the taxonomy 
and life-history traits of the woody flora.

Reproductive Traits of Tree Species

Floristic surveys revealed a total of 629 individuals from 77 tree species in the 
forest fragments (32 families, 58 genera), whereas 878 individuals from 119 spe-
cies (37 families, 87 genera) were recorded in the control plots. Pooling the data 
from all sites resulted in 1507 individuals from 156 species (41 families, 105 
genera). For each species we identified the following “reproductive traits”: pol-
lination system, floral biology, sexual system, and reproductive system (Table 1). 
Classification of species into each category was based on (1) floras and botanical 
monographs [e.g. 47], [48]–[50], including several issues of Flora Neotropica; (2) 
web searches including only published and referenced data; (3) field observations 
and a survey of specimens from the UFP and IPA Herbaria; and (4) personal 
knowledge and previously published observations [see 51 for a review]. For each 
fragment and control plot we then calculated the proportion of tree species and 
individuals within the 50 categories that comprise the four major classes of repro-
ductive traits (Table 1). Although not all categories could be identified for a few 
of the species (see results), it is unlikely that this biases the qualitative outcome of 
our analyses because habitats were compared in terms of frequency of species and 
individuals within categories.

Table 1. Tree reproductive traits with their respective categories adopted in this study.
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Explanatory Variables

Because a number of patch and landscape-scale environmental variables may af-
fect the structure of tree assemblages in tropical forests [8], [52], we also consid-
ered the effects of soil type, distance to the nearest forest edge, forest fragment 
size, the spatial distribution of plots (i.e. plot location in the landscape), and the 
amount of forest cover retained in the surrounding landscape (hereafter forest 
cover) as independent variables for the frequency of reproductive traits in the 
tree assemblages. Forest cover is positively correlated with overall connectivity 
between patches [53] and was quantified as the percentage of forest within a 1-km 
width buffer set from the border of each fragment. Patch and landscape metrics 
were quantified using a combination of three Landsat and Spot images acquired 
in 1989, 1998, and 2003, a set of 160 aerial photos (1:8,000) taken from com-
missioned helicopter overflights on April 2003, a soil map by IBGE [36], and a 
soil map provided by the Usina Serra Grande Agriculture Office. Analyses were 
conducted using ArcView 3.2 and Erdas Imagine 8.4.

Functional Diversity of Reproductive Traits

Here we operationally define a functional group as a set of tree species within the 
same category of reproductive trait, i.e. a set of species sharing a life-history trait as 
previously adopted elsewhere [1]. To calculate the functional diversity of reproduc-
tive traits in forest fragment and control plots, we used Shannon’s (log base 2) and 
Simpson’s indices [54]. We used both indices to elucidate the contribution of both 
the richness of categories and the evenness to diversity scores (note that the use of 
evenness-based indices for estimating functional diversity has been recommended 
by some authors [55]–[57]). We calculated these indices twice for each of the 20 
plots: first, using categories as the equivalent of species, and the number of tree spe-
cies within each category as the equivalent of individuals; and second using catego-
ries as the equivalent of species and the number of individual within each category.

Statistical Analysis

Differences in (1) the average percentage of species and individuals within each 
category of reproductive trait, and in (2) the average functional diversity of repro-
ductive traits between the control area and fragments were compared with t or 
Mann-Whitney tests [58]. General linear models (GLM) were used to detect any 
effect of explanatory variables on the frequency of traits in tree assemblages by 
first examining the effects of habitat type (fragments vs. control plots), soil type 
and distance to the nearest edge considering all 20 plots in the two habitats, and 
then the effects of forest fragment size and surrounding forest cover considering 
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the 10 fragments (since these patches and landscape metrics had no variance in 
Coimbra forest). Normality of all response variables were checked using Lilliefors 
tests; for GLMs the percentage-expressed dependent variables were arcsine trans-
formed as suggested by Sokal & Rohlf [58].

Additionally, to examine the effect of habitat and soil type on species similar-
ity between plots these variables were considered as factors in Analysis of Simi-
larities (ANOSIM) tests [59]. Plots were ordered according to their Bray-Curtis 
dissimilarities of species composition [54]. Species abundance were square-root 
transformed and standardized [59] to avoid any bias resulting from very abundant 
species and differences in the sample size of individuals recorded within each plot. 
We also performed a Mantel test with Weighted Spearman rank correlations to 
address the effect of plot geographic location on levels of taxonomic similarity. 
Straight-line distances between plots were ln-transformed, as suggested by Con-
dit et al. [60] and Jones et al. [61]. The Mantel test was carried out considering 
a group of 20 fragments and 75 0.1-ha plots from which information on tree 
species composition is available [19], [39]. Here we assume that the lack of sig-
nificant relationships between soil type, plot location and plot floristic similarity 
discard soil and plot location as variables driving the frequency of tree reproduc-
tive traits in the landscape. All analyses were carried out using SYSTAT 6.0 [62], 
PRIMER v. 5 [63], and PC-ORD 4.36 [64].

Results
Reproductive Traits of Tree Species

Fragments and control plots differed significantly in more than 50% of the cat-
egories of reproductive traits investigated, but differences were much more no-
table when evaluating individuals within categories (over 60% of the categories 
differed) than species (ca. 40%).

For pollination systems, fragments and control plots markedly differed in 
50% of all categories (6 out of 12 categories) (Table 2; Figure 2A). The most con-
spicuous differences concerning species richness within categories of pollination 
systems can be summarized in four aspects. First, fragments lacked three catego-
ries of pollination systems–pollination by birds, flies and non-flying mammals. 
Second, scores for hawkmoth- and bat-mediated pollination in fragments were 
about half of the scores recorded in the control plots. Third, when comparing 
pollination by vertebrates as whole (birds, bats, and non-flying mammals) frag-
ments had a ca. threefold decreased frequency than control plots. Finally, frag-
ments had a 33% increase in the proportion of tree species pollinated by diverse 
small insects (DSI) in comparison to control plots (Table 2). The proportion of 
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tree individuals within categories of pollination systems showed similar trends 
(Figure 2A), although for some categories the differences between fragments and 
control plots were even more dramatic than for species richness (e.g. hawkmoth 
and vertebrate pollination). Fragments and control plots also differed dramati-
cally when pollination systems were pooled into two categories of pollen vectors-
generalists and specialists [sensu 65]. In summary, fragments had proportionately 
more tree species pollinated by generalist vectors (66.43±14.08%) than control 
plots (58.18±7.87%; t = 1.616; d.f. = 18; P = 0.06); the relative abundance indi-
viduals pollinated by generalists was also higher in fragments than control plots 
(71.71±16.5% vs. 46.10±15.53, U = 13.0; P = 0.0052).

Figure 2. Effect of habitat fragmentation on pollination systems, floral sizes and floral rewards. 
Percentage of tree individuals within categories of pollination systems (A; N = 137 spp.), floral sizes (B; N = 105 
spp.), and floral rewards (C; N = 124 spp.) at 10 fragments and 10 control plots of an Atlantic forest landscape, 
northeastern Brazil. Frequencies represented by boxes that are significantly different are indicated with asterisks: 
*P<0.05; **P<0.01; ***P<0.001.
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Table 2. Percentages (mean±SD) of tree species within categories of reproductive traits in forest fragments (N 
= 10) and control plots (N = 10) in a fragmented landscape of Atlantic forest, northeastern Brazil (data on the 
reproductive traits for the species are available upon request).

The proportion of species within categories of floral size was similar in frag-
ments and control plots (Table 2). However, fragments had twice as many in-
dividuals with inconspicuous flowers than control plots (50.75±25.44% vs. 
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29.99±15.86%; Figure 2B). An opposite trend was observed for large and very 
large flowers, fragments with more than a 10-fold lower proportion of individu-
als with large flowers (0.5±0.84%) and almost a three-fold decrease of the very 
large ones (13.74±11.77%) in comparison to control plots (7.54±8.58% and 
35.4±13.54%, respectively). By grouping the five categories of flower size into two 
[i.e. inconspicuous/small (≤10 mm) and medium/very large (>10 mm)] results 
were similar. Fragments showing a prevalence of individuals with inconspicuous/
small flowers (68.85±21.43%) in contrast with control plots (45.98±16.04%), 
and a significant lower proportion of individuals with medium to very large flow-
ers ones (31.15±21.43%) than control sites (54.02±16.04%) (Figure 2B).

Nectar was the most frequent floral reward observed in tree species of frag-
ment and control sites, however, these habitats differed in two of the other five 
categories of floral rewards adopted in this study (Table 2). Nectar/pollen-flower 
species were twice as higher in fragments than in control plots, and fragments 
had also higher frequency of species with oil-flowers in comparison with control 
plots (Table 2). Similar patterns were observed with respect to the proportions of 
individuals within categories of floral rewards in each habitat, but, additionally, 
fragments faced a slight and statistically significant reduction on the proportion 
of individuals with BMFT flowers (0.19±0.41%) in contrast with control plots 
(1.25±1.56%) (Figure 2C).

As expected, fragments and control plots largely differed in terms of floral types 
considering the proportion of both species and individuals. Noticeable differences 
refer to significantly lower scores of species with flag and brush flowers, and high-
er scores of inconspicuous flowers in fragments in comparison with control plots 
(Table 2). Similar patterns were detected by analyzing the eight categories of floral 
types based on reward accessibility: (1) inconspicuous+open/dish flowers (eas-
ily accessible resource [sensu 66]), and (2) non-inconspicuous/open (concealed 
resource, at least some degree of hiddenness [sensu 66]). Under this approach, 
fragments showed a prevalence of species with inconspicuous/open type, which 
was significantly higher than in control sites. In terms of relative abundance of 
tree species within floral types categories, figures described fragments facing the 
same patterns observed to species regarding flag, inconspicuous (with even stron-
ger differences), and brush flowers. Additionally, fragments showed lower pro-
portions of individuals bearing camera and tube flowers in contrast with control 
areas (Figure 3A). Similarly, when observing proportions of individuals within 
categories of floral types according to reward accessibility, fragments had signifi-
cant higher frequency of individuals with flowers of the inconspicuous/open type 
than control plots (Figure 3A), differences being yet more expressive than for 
species richness. Moreover, fragments revealed to be particularly impoverished in 
terms of tree species with nocturnal anthesis, showing a frequency more than two 
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times lower (8.17±9.21%) than control plots (19.58±6.44%) (t = −3.211; d.f. = 
18; P = 0.002). Difference was even more marked when the relative abundance 
of tree species with nocturnal anthesis is analyzed (4.93±6.67% in fragments vs. 
21.18±11.41% in control plots) (t = −3.889; d.f. = 18; P = 0.001).

Figure 3. Effect of habitat fragmentation on floral types, sexual systems and reproductive systems. 
Percentage of tree individuals within categories of floral types (A; N = 111 spp.), sexual system (B; N = 129 spp.), 
and reproductive system (C; N = 79 spp.) at 10 fragments and 10 control plots of an Atlantic forest landscape, 
northeastern Brazil. Frequencies represented by boxes that are significantly different are indicated with asterisks: 
*P<0.05; **P<0.01; ***P<0.001.

Both habitats, fragments and control, were dominated by hermaphrodite 
species and showed similar scores for species within the five categories of sexual 
systems (Table 2). However, habitats were absolutely contrasting with respect to 



Changes�  in Tree Reproductive Traits�  Reduce Functional Divers� ity 83

the frequency of individuals, as fragments were dominated by hermaphrodite in-
dividuals (61.05±15.33%), whereas non-hermaphrodite systems were prevalent 
(50.12±10.66%) among individuals of the control plots. Particularly expressive, 
as well, was the lower representation of monoecious individuals in the fragments–
more than 12-times lower (1.72±1.84%) than control plots (24.51±13.92%) 
(Figure 3B). Fragments also had a slight but statistically significant decrease in 
the proportion of self-incompatible and overall obligatory outcrossing species 
(self-incompatible+dioecious; Table 2). In terms of the relative abundance of tree 
species within categories of reproductive system, fragments had significant lower 
scores of outcrossing individuals (87.82±6.84% vs. 95.40±8.54 in control plots) 
and highest frequency of self-compatible ones (11.59±6.56% vs. 3.90±8.03 in 
control sites) (Figure 3C).

Explanatory Variables

GLMs did not reveal any significant influence of soil type on the proportion 
of traits in tree assemblages. Habitat was consistently the strongest explanatory 
variable for the proportion of tree species and individuals within categories of 
reproductive traits, explaining between 19.4% and 69.4% of their variation, in-
fluencing 38 categories (Table 3). GLMs also detected 10 categories of reproduc-
tive traits that were influenced by log-distance to edge (considering forest frag-
ments and control plots), two categories influenced by log-fragment area, and 
eight affected by forest cover (considering forest fragments only) (Table 3). These 
three fragmentation-related variables explained between 20.7% and 68.6% of the 
variation on reproductive traits in forest fragments and control plots (Table 3). 
Additionally, ANOSIM revealed no significant correlation between soil type and 
level of taxonomic similarity between plots (R = 0.024; P = 0.54), but detected a 
stronger effect of habitat type (R = 0.95; P = 0.001). A Mantel test failed to un-
cover any spatial effects on the taxonomic similarity among plots (Rho = 0.155; 
P = 0.9).

Table 3. Scores from General Linear Models applied to the proportion of tree species and individuals within 
categories of reproductive traits (48 categories for species, 48 categories for individuals) in forest fragments (N = 
10) and control plots (N = 10) in a fragmented landscape of Atlantic forest, northeastern Brazil.
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Functional Diversity of Reproductive Traits

When using the number of reproductive categories (see Table 1) and the species 
richness per category, fragments were significantly less diversified (H′) with respect 
to pollination systems (−18.4%) and floral types (−12.65%) in comparison with 
control plots (Table 4). Simpson’s values also evidenced fragments with signifi-
cant lower functional diversity of pollination systems (Table 4). Differences were 
much more expressive, both biologically and statistically, when using number of 
categories (as equivalent of species) and number of individuals within categories 
for calculating diversity indices. In this case, fragments were significantly less di-
versified (H′ scores) not only in terms of pollination systems (−30.3%) and floral 
types (−23.6%), but they also presented significant lower functional diversity of 
floral sizes (−20.8%) in contrast with control plots (Table 4). Simpson’s values also 
evidenced fragments with significant reduced functional diversity of pollination 
systems (−20.7%) and floral types (−19.62%) (Table 4). Based on Simpson’s in-
dex, fragments were slightly more diversified than control plots in terms of floral 
rewards, however, when applying Bonferroni correction, values for floral rewards 
were not significantly different any more (Table 4).

Table 4. Functional diversity (mean±SD) of pollination systems, floral size, floral type and floral reward 
categories in tree assemblages of forest fragments (N = 10) and control plots (N = 10) in a fragmented landscape 
of Atlantic forest, northeastern Brazil.

Discussion
Patterns and Underlying Mechanisms

Our findings suggest that habitat fragmentation promotes marked changes in 
both the presence and relative abundance of the reproductive traits of tree spe-
cies, resulting in a reduced functional diversity of tree assemblages in forest  



Changes�  in Tree Reproductive Traits�  Reduce Functional Divers� ity 85

fragments. Moreover, small forest patches in severely-fragmented landscapes may 
be strongly impoverished in terms of the number of species and individuals with 
particular pollination systems (e.g. pollination by bats, birds, non-flying mam-
mals, Sphingids) and may be dominated by tree species pollinated by generalists. 
Finally, strategies that are more dependent on long-distance pollen movement 
and animal-mediated services, such as self-incompatibility, may be negatively af-
fected. These statements are supported by the fact that the differences we found 
between fragments and control plots could not be explained by soil type or the 
relative spatial position of the plots in the landscape. Although the distribution of 
tropical trees has been found to be influenced by variation in soil types [52], [67], 
there is no evidence that this also influences the spatial distribution of ecological 
groups (based on reproductive traits, regeneration strategy, etc.) in terra firme 
forests [8], [68].

An increasing body of evidence has shown that as fragments become older, 
tree assemblages become drastically altered [12], [69]–[71]. Plant assemblages in 
small fragments (<10 ha) and forest edges are impoverished (scores of alpha diver-
sity reduced by a half ) and biased in taxonomic and ecological terms towards pio-
neer species. These patch-level findings suggest that fragmented landscapes tend 
to retain just a small subset of species from the original biota. Despite the recent 
findings on this topic, our study is one of the first to document a marked shift on 
the signature of tree assemblages inhabiting a fragmented landscape with respect 
to the frequency of reproductive-related traits and its functional diversity. Simi-
lar results were reported by Chazdon et al. [72] for tree assemblages in second-
growth, logged, and old-growth forests in Costa Rica. They found lower relative 
abundance of mammal-pollinated trees in second-growth forests in comparison 
to old-growth ones, as well as a higher relative abundance of hermaphroditic trees 
in second-growth forests. In addition, Murcia [27] suggested fragmented forests 
tended to have an increased frequency of self-compatible hermaphrodites at the 
expense of other sexual systems. Our findings are consistent with these results, 
as well as recent ones indicating self-incompatible systems are more negatively 
affected than self-compatible ones following habitat loss and fragmentation [12], 
[25], [29].

Two fragmentation-related processes may be the principal mechanisms driv-
ing the changes in reproductive traits and functional diversity we observed: 1) 
the proliferation of pioneer species with a concomitant decline in the abundance 
of shade-tolerant trees and 2) depressed population sizes of animal pollinators, 
which over time led to changes in tree abundance in forest fragments. In tropi-
cal forests, myriad processes triggered by the creation of forest edges promote a 
proliferation of short-lived pioneers [8] and the local extirpation of shade-tolerant 
trees, including canopy and understory species [10], [19], emergent trees [73] 
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and large-seeded trees [15], [34]. In our study site, pioneer species represent over 
80% of all tree species and individuals recorded in the fragments, whereas they 
represent less 50% in core areas [19], [39]. Furthermore, recent surveys in this site 
have documented an outstanding predominance of pioneer species in seed rain 
[15] and seedling assemblages [34], [74] which suggests that pioneer dominance 
may represent a more pervasive, long-term feature of old and severally fragmented 
landscapes.

Assuming that pioneer plants are r-strategists and shade-tolerant (climax) ones 
are K- strategists [21], it is reasonable to expect that these two species groups differ 
in terms of reproductive traits, sexual systems, and reproductive systems. Some of 
our findings, such as higher scores of pollination by DSI and flowers with easily 
accessible resources (inconspicuous+open/dish flowers) in fragments, may simply 
reflect the dominance of pioneer trees in this habitat as these traits appear to be 
more frequent among pioneers (65% of the DSI-pollinated species and over 68% 
of the species with inconspicuous/open/dish flowers are pioneers). On the other 
hand, a trait such as pollination by bats that was significantly more frequent in 
control plots (richness and abundance) is also positively associated with a sub-
set of shade-tolerant species–75% of the bat-pollinated species are shade-tolerant 
(e.g. Bauhinia, Hymenaea-Fabaceae; Manilkara-Sapotaceae; Quararibea-Malva-
ceae sensu APG II [75]). Because the pioneer species recorded in the fragments 
- including both short- and long-lived pioneers - belong to 16 orders and eight 
superordinal clades (sensu APG II [75]), the patterns documented here cannot be 
explained by phylogenetic clustering among pioneers. Even pioneer species that 
were recorded exclusively in forest fragments belong to four families in four orders 
and three superordinal clades. Unfortunately, because of the large number of cat-
egories for each reproductive trait and the low number of tree species within each 
category, it was not possible to properly test trait-associated differences between 
pioneer and shade-tolerant tree species.

In tropical forests, 98–99% of the flowering plant species (and 97.5% of the 
trees) rely on biotic vectors such as insects and vertebrates for successful pollina-
tion [76], [77], and it has been broadly assumed that plant-pollinator interactions 
are largely detrimentally affected by habitat loss and fragmentation [26]–[29], 
[78]–[81]. Some of the changes we documented in our fragments are therefore 
expected, particularly the lack or reduced occurrence of some pollination systems 
[27], [28], [82]. For instance, fragmented habitats may support less pollinators 
than continuous habitats due to limited resource availability for pollinators (area-
related effects on animal populations). In turn, plants can have a depressed repro-
ductive output as consequence of changes in pollinator diversity, composition, or 
behavior [25], [28], i.e., reproductive impairment driven by pollination limita-
tion [sensu 29]. Studies on pollinator diversity carried out in our landscape have 
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documented a decreased diversity of nectarivorous bats [83] and hawkmoths [84] 
in small fragments. However, empirical evidence to determine which pollination-
related traits and plant-pollinator mutualisms are particularly susceptible to habi-
tat disturbance is still scarce [28]. Our results suggest that the reduced number of 
tree species and individuals pollinated by bats and Sphingids in fragments and the 
absence of fly-, bird-, and non-flying-mammal-pollinated trees, together with the 
changes in floral traits and sexual systems, may be a higher order effect promoted 
by habitat fragmentation.

Implications of Reduced Functional Diversity

The reduced reproductive functional diversity documented in our study landscape’s 
fragments resulted primarily from the lack or skewed representation of some pol-
lination systems, floral types, and floral size categories in terms of both species and 
individual (see Table 3). In other words, tree assemblages in this habitat appear 
to carry a narrower range of floral traits and pollination systems in comparison 
to patches of forest interior, particularly for pollinators such as mammals and 
hawkmoths (reduced support capacity). Regardless the underlying mechanism, 
this narrow range may (1) promote the collapse of pollinator populations; (2) 
restrict the ecological range of plant and animal groups able to colonize remain-
ing patches of forest or even turn fragments into sink habitats for both plants and 
their pollinators; and (3) alter the course of natural regeneration or the dynamics 
of forest fragments toward the establishment of impoverished assemblages in terns 
of species richness, ecological composition and trophic structure.

Unfortunately, few studies have addressed shifts on the diversity of plant re-
productive traits in human-disturbed habitats, especially those traits associated 
with plant-pollinator interactions [1], [72]. Studies linking these shifts to func-
tional diversity are even more scarce [1], [2], despite the fact that pollination pro-
cesses influence biodiversity maintenance and ecosystem functioning. Fontaine et 
al. [2], for example, argued that even simple structured plant-pollinator commu-
nities may have their persistence threatened due to reduced functional diversity, 
thereby suggesting that functional diversity of pollination networks is critical to 
avoid biodiversity loss.

In summary, it is reasonable to propose as a working hypothesis that the per-
sistence of biodiversity and consequently the long-term conservation value of iso-
lated tropical forest fragments may be negatively affected by reduced functional 
diversity to such an extent yet not anticipated by conservation biologists. Collec-
tively, the proliferation of pioneer species, extirpation of shade-tolerant trees, and 
reduced functional diversity have the potential to disrupt some trophic interac-
tions [e.g. 85]; even landscapes such as ours that were fragmented long ago and 
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are dominated by pioneers may face future biodiversity loss. We believe it would 
be beneficial for future research to 1) validate and assess the generality of both 
the patterns and the underlying mechanisms observed here and 2) address more 
ecosystem level effects driven by reduced functional diversity in fragmented land-
scapes, such as changes in biodiversity persistence, primary productivity, nutrient 
cycling, succession, and ecosystem resilience.
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Background

The embryo sac contains the haploid maternal cell types necessary for dou-
ble fertilization and subsequent seed development in plants. Large-scale  



96 Reproductive Physiology in Plants

identification of genes expressed in the embryo sac remains cumbersome be-
cause of its inherent microscopic and inaccessible nature. We used genetic sub-
traction and comparative profiling by microarray between the Arabidopsis 
thaliana wild-type and a sporophytic mutant lacking an embryo sac in or-
der to identify embryo sac expressed genes in this model organism. The influ-
ences of the embryo sac on the surrounding sporophytic tissues were previously 
thought to be negligible or nonexistent; we investigated the extent of these in-
teractions by transcriptome analysis.

Results

We identified 1,260 genes as embryo sac expressed by analyzing both our 
dataset and a recently reported dataset, obtained by a similar approach, us-
ing three statistical procedures. Spatial expression of nine genes (for instance 
a central cell expressed trithorax-like gene, an egg cell expressed gene encoding 
a kinase, and a synergid expressed gene encoding a permease) validated our 
approach. We analyzed mutants in five of the newly identified genes that ex-
hibited developmental anomalies during reproductive development. A total of 
527 genes were identified for their expression in ovules of mutants lacking an 
embryo sac, at levels that were twofold higher than in the wild type.

Conclusion

Identification of embryo sac expressed genes establishes a basis for the func-
tional dissection of embryo sac development and function. Sporophytic gain of 
expression in mutants lacking an embryo sac suggests that a substantial por-
tion of the sporophytic transcriptome involved in carpel and ovule develop-
ment is, unexpectedly, under the indirect influence of the embryo sac.

Background
The life cycle of plants alternates between diploid (sporophyte) and haploid (male 
and female gametophytes) generations. The multicellular gametophytes repre-
sent the haploid phase of the life cycle between meiosis and fertilization, during 
which the gametes are produced through mitotic divisions. Double fertilization 
is unique to flowering plants; the female gametes, namely the haploid egg cell 
and the homo-diploid central cell, are fertilized by one sperm cell each. Double 
fertilization produces a diploid embryo and a triploid endosperm, which are the 
two major constituents of the developing seed [1]. The egg, the central cell, and 
two accessory cell types (specifically, two synergid cells and three antipodal cells) 
are contained in the embryo sac, also known as the female gametophyte or mega-
gametophyte, which is embedded within the maternal tissues of the ovule. As a 
carrier of maternal cell types required for fertilization, the embryo sac provides an 
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interesting model in which to study a variety of developmental aspects relating to 
cell specification, cell polarity, signaling, cell differentiation, double fertilization, 
genomic imprinting, and apomixis [1-3].

Out of the 28,974 predicted open reading frames of Arabidopsis thaliana, 
a few thousand genes are predicted to be involved in embryo sac development 
[1,4]. These genes can be grouped into two major classes: genes that are necessary 
during female gametogenesis and genes that impose maternal effects through the 
female gametophyte, and thus play essential roles for seed development. To date, 
loss-of-function mutational analyses have identified just over 100 genes in Ara-
bidopsis that belong to these two classes [5-14]. However, only a small number 
of genes have been characterized in depth. Cell cycle genes (for instance, PRO-
LIFERA, APC2 [ANAPHASE PROMOTING COMPLEX 2], NOMEGA, and 
RBR1 [RETINOBLASTOMA RELATED 1]), transcription factors (for instance, 
MYB98 and AGL80 [AGAMOUS-LIKE-80]), and others (including CKI1 
[CYTOKININ INDEPENDENT 1], GFA2 [GAMETOPHYTIC FACTOR 
2], SWA1 [SLOW WALKER 1] and LPAT2 [LYSOPHOSPHATIDYL ACYL-
TRANSFERASE 2]) are essential during embryo sac development [6,15-23]. 
Maternal effect genes include those of the FIS (FERTILIZATION INDEPEN-
DENT SEED) class and many others that are less well characterized [9,13,24]. 
FIS genes are epigenetic regulators of the Polycomb group and control cell pro-
liferation during endosperm development and embryogenesis [7,10,12,25,26]. 
Ultimately, the molecular components of cell specification and cell differentiation 
during megagametogenesis and double fertilization remain largely unknown, and 
alternate strategies are required for a high-throughput identification of candidate 
genes expressed during embryo sac development.

Although transcriptome profiling of Arabidopsis floral organs [27,28], whole 
flowers and seed [29], and male gametophytes [30-33] have been reported in 
previous studies, large-scale identification of genes expressed during female game-
tophyte development remains cumbersome because of the microscopic nature of 
the embryo sac. Given the dearth of transcriptome data, we attempted to ex-
plore the Arabidopsis embryo sac transcriptome using genetic subtraction and 
microarray-based comparative profiling between the wild type and a sporophytic 
mutant, coatlique (coa), which lacks an embryo sac. Using such a genetic subtrac-
tion, genes whose transcripts were present in the wild type at levels higher than 
in coa could be regarded as embryo sac expressed candidate genes. While our 
work was in progress, Yu and coworkers [34] reported a similar genetic approach 
to reveal the identity of 204 genes expressed in mature embryo sacs. However, 
their analysis of the embryo sac transcriptome was not exhaustive because they 
used different statistical methodology in their data analysis. Thus, we combined 
their dataset with ours for statistical analyses using three statistical packages in 
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order to explore the transcriptome more extensively. Here, we report the identity 
of 1,260 potentially embryo sac expressed genes, 8.6% of which were not found 
in tissue-specific sporophytic transcriptomes, suggesting selective expression in 
the embryo sac. Strong support for the predicted transcriptome was provided by 
the spatial expression pattern of 24 genes in embryo sac cells; 13 of them were 
previously identified as being expressed in the embryo sac by enhancer detectors 
or promoter-reporter gene fusions, and we could confirm the spatial expression 
of the corresponding transcripts by microarray analysis. In addition, we show 
embryo sac cell-specific expression for nine novel genes by in situ hybridization 
or reporter gene fusions. In order to elucidate the functional role of the identi-
fied genes, we sought to search for mutants affecting embryo sac and seed de-
velopment by T-DNA mutagenesis. We describe the developmental anomalies 
evident in five mutants exhibiting lethality during female gametogenesis or seed  
development.

Genetic evidence suggests that the maternal sporophyte influences develop-
ment of the embryo sac [1,35-37]. Because the carpel and sporophytic parts of the 
ovule develop normally in the absence of an embryo sac, it has been concluded 
that the female gametophyte does not influence gene expression in the surround-
ing tissue [2]. Our data clearly showed that 527 genes were over-expressed by at 
least twofold in the morphologically normal maternal sporophyte in two sporo-
phytic mutants lacking an embryo sac. We confirm the gain of expression of 11 
such genes in mutant ovules by reverse transcription polymerase chain reaction 
(RT-PCR). Spatial expression of five of these genes in carpel and ovule tissues of 
coa was confirmed by in situ hybridization, revealing that expression mainly in 
the carpel and ovule tissues is tightly correlated with the presence or absence of 
an embryo sac. In summary, our study provides two valuable datasets of the tran-
scriptome of Arabidopsis gynoecia, comprising a total of 1,787 genes: genes that 
are expressed or enriched in the embryo sac and are likely function to control em-
bryo sac and seed development; and a set of genes that are over-expressed in the 
maternal sporophyte in the absence of a functional embryo sac, revealing interac-
tions between gametophytic and sporophytic tissues in the ovule and carpel.

Results
We intended to isolate genes that are expressed in the mature female gametophyte 
of A. thaliana, and are thus potentially involved in its development and function. 
To this end, the transcriptomes of the gynoecia from wild-type plants were com-
pared with those of two sporophytic recessive mutants, namely coatlique (coa) 
and sporocyteless (spl), both of which lack a functional embryo sac. The coa mu-
tant was isolated during transposon mutagenesis for its complete female sterility 
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and partial male sterility in the homozygous state (Vielle-Calzada J-P, Moore JM, 
Grossniklaus U, unpublished data). Following tetrad formation three megaspores 
degenerated, producing one viable megaspore, but megagametogenesis was not 
initiated in coa. Despite the failure in embryo sac development, the integuments 
and endothelium in coa differentiated similar to wild-type ovules (Figure 1). In 
addition to our experiment with coa, we reanalyzed the dataset reported by Yu 
and coworkers [34], who used the spl mutant and corresponding wild type for 
a similar comparison. The spl mutant behaves both phenotypically and geneti-
cally very similar to coa [38]. The primary difference in the experimental set up 
between the present study and that conducted by Yu and coworkers [34] is that 
we did not dissect out the ovules from pistils, whereas Yu and coworkers extracted 
ovule samples by manual dissection from the carpel, which led to a lower dilution 
of ‘contaminating’ cells surrounding the embryo sac. However, our inclusion of 
intact pistils allowed us to elucidate the carpel-specific and ovule-specific effects 
controlled by the female gametophyte.

Figure 1. A genetic subtraction strategy for determination of the embryo sac transcriptome. 
(a) A branch of a coatlique (coa) showing undeveloped siliques. Arrows point to a small silique, which bears 
female sterile ovules inside the carpel (insert: wild-type Ler branch). (b) Morphology of a mature wild-type 
ovule bearing an embryo sac (ES) before anthesis. (c) A functional embryo sac is absent in coa (degenerated 
megaspores [DM]). Note that the ovule sporophyte is morphologically equivalent to that of the wild type. (d) 
Functional categories of genes identified by a microarray-based comparison of coa and sporocyteless (spl; based 
on data from Yu and coworkers [34]) with the wild type. The embryo sac expressed transcriptome is shown to 
the left. Embryo sac expressed genes were grouped as preferentially expressed in the embryo sac if they were 
not detected in previous sporophytic microarrays [28]. The size of the specific transcriptome in each class is 
marked on each bar by a dark outline. Functional categories of genes that were identified as over-expressed in 
the sporophyte of coa and spl are shown to the right. Scale bars: 1 cm in panel a (2 cm in the insert of panel a), 
and 50 µm in panels b and c.
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Statistical Issues on the Microarray Data Analysis

To determine the embryo sac transcriptome, we used coa and wild-type pistil 
samples (late 11 to late 12 floral stages [39]) in three biologic replicates, and fol-
lowed the Affymetrix standard procedures from cRNA synthesis to hybridization 
on the chip. Finally, raw microarray data from the coa and wild-type samples in 
triplicate were retrieved after scanning the Arabidopsis ATH1 ‘whole genome’ 
chips, which represent 24,000 annotated genes, and they were subjected to statis-
tical analyses. The normalized data were examined for their quality using cluster 
analysis [40]. There was strong positive correlation between samples within the 
three replicates of wild-type and coa (Pearson coefficients: r = 0.967 for for wild-
type and r = 0.973 for coa). Therefore, the data were considered to be of good 
quality for further analyses. It was necessary to ensure that the arrays of both the 
wild type and coa did not differ in RNA quality and hybridization efficiency. The 
hybridization signal intensities of internal control gene probes were not signifi-
cantly altered across the analysed arrays, hence assuring the reliability of the results 
(data not shown). The quality of data for the spl mutant and wild-type microarray 
was described previously [34]. Subsequently, differentially expressed genes were 
identified using three independent microarray data analysis software packages.

To identify genes that are expressed in the female gametophyte, we subtracted 
the transcriptomes of coa or spl from the corresponding wild type. Genes that 
were identified as being upregulated in wild-type gynoecia are candidates for 
female gametophytic expression, and genes highly expressed in coa and spl are 
probable candidates for gain-of-expression in the sporophyte of these mutants. 
However, this comparison was not straightforward because we were not in a posi-
tion to compare the mere four cell types of the mature embryo sac with the same 
number of sporophytic cells. Whether using whole pistils or isolated ovules, a 
large excess of sporophytic cells surrounds the embryo sac. The contaminating 
cells originate from the ovule tissues such as endothelium, integuments and fu-
niculus, or those surrounding the ovules such as stigma, style, transmitting tract, 
placenta, carpel wall and replum. Therefore, we anticipated that the transcript 
subtraction for embryo sac expression would suffer from high experimental noise. 
We examined the log transformed data points from the coa and spl datasets (with 
their corresponding wild-type data) in volcano plots. This procedure allows us to 
visualize the trade-offs between the fold change and the statistical significance. As 
we anticipated, the data points from the sporophytic gain outnumbered the em-
bryo sac transcriptome data points on a high-stringency scale (data not shown). 
This problem of dilution in our data for embryo sac gene discovery was more 
pronounced in the coa dataset than that of spl, because we did not dissect out 
the ovules from the carpel. Therefore, we made the following decisions in analyz-
ing the gametophytic data: to use advanced statistical packages that use different  
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principles in their treatment of the data; and to set a lowest meaningful fold 
change in data comparison, in contrast to the usual twofold change as recom-
mended in the literature.

In the recent past, many new pre-processing methods for Affymetrix GeneChip 
data have been developed, and there are conflicting reports about the performance 
of each algorithm [41-43]. Because there is no consensus about the most accu-
rate analysis methods, contrasting methods can be combined for gene discovery 
[44]. We used the following three methods in data analyses: the microarray suite 
software (MAS; Affymetrix) and Genspring; the DNA Chip analyzer (dCHIP) 
package [45]; and GC robust multi-array average analysis (gcRMA) [46]. MAS 
uses a nonparametric statistical method in data analyses, whereas dCHIP uses 
an intensity modeling approach [47]. dCHIP removes outlier probe intensities, 
and reduces the between-replicate variation [48]. A more recent method, gcRMA 
uses a model-based background correction and a robust linear model to calcu-
late signal intensities. Depending on the particular question to be addressed, one 
may wish to identify genes that are expressed in the embryo sac with the highest 
probability possible and to use a very stringent statistical treatment (for example, 
dCHIP), or one may wish to obtain the widest possible range of genes that are 
potentially expressed in the embryo sac and employ a less stringent method (for 
example, MAS). We did not wish to discriminate between the three methods in 
our analysis, and we provide data for all of them.

Although conventionally twofold change criteria have been followed in a num-
ber of microarray studies, it has been disputed whether fold change should be used 
at all to study differential gene expression (for review, see [49]). Based on studies 
correlating both microarray and quantitative RT-PCR data, it was suggested that 
genes exhibiting 1.4-fold change could be used reliably [50,51]. Tung and cowork-
ers used a minimum fold change as low as 1.2 in order to identify differentially 
expressed genes in Arabidopsis pistils within specific cell types, and the results were 
spatially validated [52]. In order to make a decision on our fold change criterion in 
the data analysis, we examined the dataset for validation of embryo sac expressed 
genes that had previously been reported. We found that genes such as CyclinA2;4 
(coa dataset) and ORC2 (spl dataset) were identified at a fold change of 1.28. In 
addition, out of the 43 predicted genes at 1.28-fold change from coa and spl data-
sets, 33% were present in triplicate datasets from laser captured central cells (Wuest 
S, Vijverberg K, Grossniklaus U, unpublished data), independently confirming 
their expression in at least one cell of the embryo sac. Therefore, the baseline cut-
off for subtraction was set at 1.28-fold in the wild type, and a total of 1,260 genes 
were identified as putative candidates for expression in the female gametophyte.

However, it must be noted that lowering the fold change potentially increases 
the incidence of false-positive findings. By setting the baseline to 1.28, we could 
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predict that false discovery rates (FDRs) would range between 0.05% and 3.00%, 
based on dCHIP and gcRMA analyses (data not shown). Convincingly, we we able 
to observe 24 essential genes and 17 embryo sac expressed genes at a fold change 
range between 1.28 and 1.6. Moreover, our data on homology of candidate genes 
to expressed sequence tags (ESTs) from monocot embryo sacs will facilitate careful 
manual omission of false-positive findings. The usefulness of this approach is also 
demonstrated by the observation that 84% of the essential genes and genes vali-
dated for embryo sac expression (n = 51) present in our datasets exhibited homol-
ogy to the monocot embryo sac ESTs. Therefore, our practical strategy of using 
a low fold change cut-off probably helped in identifying low-abundance signals, 
which would otherwise be ignored or handled in an ad hoc manner.

In contrast to the embryo sac datasets, we applied a more stringent twofold 
higher expression as a baseline for comparison of the mutant sporophyte with 
the wild type. This is because we had large amounts of sporophytic cells available 
for comparison. In all, 527 genes were identified as candidate genes for gain of 
sporophytic expression in coa and spl mutant ovules. Because the transcriptome 
identified by three independent statistical methods and the resultant overlaps 
were rather different in size for both the gametophytic and sporophytic datasets, 
we report all the data across the three methods. This approach is validated by the 
fact that candidate genes found using only one statistical method can indeed be 
embryo sac expressed. Furthermore, only 8% of the validated genes (n = 51) were 
consistently identified by all three methods, demonstrating the need for indepen-
dent statistical treatments. In short, our data analyses demonstrate the usefulness 
of employing different statistical treatments for microarray data.

Another practical consideration following our data analyses was the very lim-
ited overlap between coa and spl datasets. Although both mutants are genetically 
and phenotypically similar, the overlap is only 35 genes between the embryo sac 
datasets and 13 genes between the sporophytic datasets. In light of the valida-
tion in expression for 12 genes from the coa dataset, which were not identified 
from the spl dataset, we suggest that the limited overlap is not merely due to 
experimental errors. It is likely that the embryo sac transcriptome is substantial 
(several thousands of genes [2]), and two independent experiments identified dif-
ferent subsets of the same transcriptome. This is apparent from our validation of 
expression for several genes, which were exclusively found in only one microarray 
dataset. In terms of the sporophytic gene expression, we have shown that three 
sporophytic genes initially identified only in the spl microarray dataset were in-
deed over-expressed in coa tissues (discussed below). In short, despite the limited 
overlap between datasets, both the embryo sac and sporophytic datasets will be 
very useful in elucidating embryo sac development and its control of sporophytic 
gene expression.
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Functional Classification of the Candidate Genes

The genes identified as embryo sac expressed or over-expressed sporophytic can-
didates were grouped into eight functional categories based on a classification 
system reported previously [53] (Figure 1). The gene annotations were improved 
based on the Gene Ontology annotations available from ‘The Arabidopsis Infor-
mation Resource’ (TAIR). The largest group in both gene datasets consisted of 
genes with unknown function (35% of embryo sac expressed genes and 37% of 
over-expressed sporophytic candidate genes), and the next largest was the class of 
metabolic genes (24% and 27%; Figure 1). Overall, both the gametophytic and 
sporophytic datasets comprised similar percentages of genes within each func-
tional category (Figure 1). In both datasets, we found genes that are predicted to 
be involved in transport facilitation and cell wall biogenesis (15% of embryo sac 
expressed genes and 13% of over-expressed sporophytic candidate genes), tran-
scriptional regulation (10% and 9%), signaling (7% and 6%), translation and 
protein fate (5% each), RNA synthesis and modification (3% and 1%), and cell 
cycle and chromosome dynamics (1% each).

Validation of Expression for Known Embryo Sac-Expressed 
genes
The efficacy of the comparative profiling approach used here was first confirmed 
by the presence of 18 genes that were previously identified as being expressed 
in the embryo sac. They included embryo sac expressed genes such as PROLIF-
ERA, PAB2 and PAB5 (which encode poly-A binding proteins) and MEDEA, 
and genes with cell-specific expression such as central cell expressed FIS2 and 
FWA, synergid cell expressed MYB98, and antipodal cell expressed AT1G36340. 
Therefore, our comparative profiling approach potentially identified novel genes 
that could be expressed either throughout the embryo sac or in an expression pat-
tern that is restricted to specific cell types.

In Situ Hybridization and Enhancer Detector Patterns Confirm 
Embryo Sac Expression of Candidate Genes
In order to validate the spatial expression of candidate genes in the wild-type 
embryo sac, the six following genes were chosen for mRNA in situ hybridiza-
tion on paraffin-embedded pistils: AT5G40260 (encoding nodulin; 1.99-fold) 
and AT4G30590 (encoding plastocyanin; 1.88-fold); AT5G60270 (encoding 
a receptor-like kinase; 1.56-fold) and AT3G61740 (encoding TRITHORAX-
LIKE 3 [ATX3]; 1.47-fold); and AT5G50915 (encoding a TCP transcription 
factor; 1.36-fold) and AT1G78940 (encoding a protein kinase; 1.35-fold). Broad  
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expression in all cells of the mature embryo sac was observed for genes AT5G40260, 
AT4G30590, AT5G60270, and AT4G01970 (Figure 2). The trithorax group gene 
ATX3 and AT5G50915 were predominantly expressed in the egg and the central 
cell, and the expression of the receptor-like kinase gene AT5G60270 was found to 
be restricted to the egg cell alone (Figure 2). In addition to the in situ hybridiza-
tion experiments, we examined the expression of transgenes where specific pro-
moters drive the expression of the bacterial uidA gene encoding β-galacturonidase 
(GUS) or in enhancer detector lines. We show that CYCLIN A2;4 (1.28-fold) 
and AT4G01970 (encoding a galactosyl-transferase; about 1.51-fold) were broad-
ly expressed in the embryo sac, and that PUP3 (encoding a purine permease; 1.3-
fold) was specifically expressed in the synergids (Figure 2). CYCLIN A2;4 appears 
to be expressed also in the endothelial layer surrounding the embryo sac (Figure 
2e). Diffusion of GUS activity did not permit us to distinguish unambiguously 
embryo sac expression from endothelial expression. In short, both broader and 
cell type specific expression patterns in the embryo sac were observed for the nine 
candidate genes. Hence, we could validate the minimal fold change cut-off of 
1.28 and the statistical methods employed in this study.

Figure 2. Confirmation of embryo sac expression for selected genes. 
Embryo sac expression of nine candidate genes is shown by in situ hybridization (panels a, c, d, f, g, and i) or 
histochemical reporter gene (GUS) analysis (b, e, and h). Illustrated is the in situ expression of broadly expressed 
genes: (a) AT1G78940 (encoding a protein kinase that is involved in regulation of cell cycle progression), (c) 
AT5G40260 (encoding a nodulin), and (d) AT4G30590 (encoding a plastocyanin). Also shown is the restricted 
expression of (f ) AT3G61740 (encoding the trithorax-like protein ATX3), (g) AT5G50915 (encoding a TCP 
transcription factor), and (i) AT5G60270 (encoding a protein kinase). The corresponding sense control for panels 
a, b, c, d, f, g, and i did not show any detectable signal (data not shown). GUS staining: (b) an enhancer-trap line 
for AT4G01970 (encoding a galactosyltransferase) shows embryo sac expression, (e) a promoter-GUS line for 
AT1G80370 (encoding CYCLIN A2;4) shows a strong and specific expression in the embryo sac and endothelium 
(insert: shows several ovules at lower magnification), and (h) a promoter-GUS line for AT1G28220 (encoding the 
purine permease PUP3) shows synergid specific expression (insert; note the pollen-specific expression of PUP3-
GUS when used as a pollen donor on a wild-type pistil). CC, central cell; EC, egg cell; SC, synergids. Scale bars: 
50 µm in panels a to i; and 100 µm and 50 µm in the inserts of panels e and h, respectively.
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Embryo Sac Enriched Genes

Our strategic approach to exploring the embryo sac transcriptome was twofold: 
we aimed first to identify embryo sac expressed genes; second to describe the 
gametophyte enriched (male and female) transcriptome; and finally to define the 
embryo sac enriched (female only) transcriptome. Although the first category does 
not consider whether an embryo sac expressed gene is also expressed in the sporo-
phyte, the second class of genes are grouped for their enriched expression in the 
male (pollen) and female gametophyte, but not in the sporophyte. The embryo 
sac enriched transcriptome is a subset of the gametophyte enriched transcrip-
tome, wherein male gametophyte expressed genes are omitted. Of the embryo sac 
expressed genes, 32% were also present in the mature pollen transcriptome, and 
the vast majority (77%) were expressed in immature siliques as expected. Because 
large-scale female gametophytic cell expressed transcriptome data of Arabidopsis 
based on microarray or EST analyses are not yet available, we compared our data 
with the publicly available cell specific ESTs from maize and wheat by basic local 
alignment search tool (BLAST) analysis. Large-scale monocot ESTs are available 
only for the embryo sac and egg cells but not for the central cells (only 30 central 
cell derived ESTs from [54]). Therefore, we included the ESTs from immature en-
dosperm cells at 6 days after pollination in the data comparison. Of our candidate 
genes, 38% were similar to the monocot embryo sac ESTs, 33% to the egg ESTs, 
and 53% to the central cell and endosperm ESTs.

Genes that were enriched in both the male and female gametophytes, or 
only in the embryo sac, were identified by subtracting these transcriptomes 
from a vast array of plant sporophytic transcriptomes of leaves, roots, whole 
seedlings, floral organs, pollen, and so on. The transcriptomes of the immature 
siliques were omitted in this subtraction scheme because often the gametophyte 
enriched genes are also present in the developing embryo and endosperm. We 
found 129 gametophyte enriched and 108 embryo sac enriched genes, account-
ing for 10% and 8.6%, respectively, of the embryo sac expressed genes (Table 
1). Among the embryo sac enriched genes, 52% are uncategorized, 17% are 
enzymes or genes that are involved in metabolism, 15% are involved in cell 
structure and transport, 8% are transcriptional regulators, 4% are involved in 
translational initiation and modification, 3% are predicted to be involved in 
RNA synthesis and modification, and 2% in signaling (Figure 1 and Table 1). 
Of the embryo sac enriched transcripts, 31% were present in the immature 
siliques, suggesting their expression in the embryo and endosperm (Table 1). 
Furthemore, 26% of the embryo sac enriched genes were similar to monocot 
ESTs from the embryo sac or egg, and 41% were similar to central cell and en-
dosperm ESTs (Table 1).
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Table 1. Enriched expression of genes in the embryo sac cells was distinguished by their absence of detectable 
expression in sporophytic and pollen transcriptomes
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Table 1 (Continued)
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Table 1 (Continued)

Targeted Reverse Genetic Approaches Identified Female 
Gametophytic and Zygotic Mutants

Initial examination of our dataset for previously characterized genes revealed that 
the dataset contained 33 genes that were reported to be essential for female game-
tophyte or seed development (Figure 3). Given the availability of T-DNA mutants 
from the Arabidopsis stock centers, we wished to examine T-DNA knockout lines 
of some selected embryo sac expressed genes for ovule or seed abortion. During 
the first phase of our screen using 90 knockout lines, we identified eight semi-
sterile mutants with about 50% infertile ovules indicating gametophytic lethal-
ity, and four mutants with about 25% seed abortion suggesting zygotic lethality 
(Table 2). When we examined the mutant ovules of gametophytic mutants, we 
found that seven mutants exhibited a very similar terminal phenotype: an arrested 
one-nucleate embryo sac. Co-segregation analysis by phenotyping and genotyp-
ing of one such mutant, namely frigg (fig-1) demonstrated that the mutant was 
not tagged, and the phenotype caused by a possible reciprocal translocation that 
may have arisen during T-DNA mutagenesis (Table 2). Preliminary data suggest-
ed that the six other mutants with a similar phenotype were not linked to the gene 
disruption either. Although not conclusively shown, it is likely that these mu-
tants carry a similar translocation and, therefore, we did not analyze them further. 
These findings demonstrate that among the T-DNA insertation lines available, a 
rather high percentage (7/90 [8%]) exhibit a semisterile phenotype that is not due 
to the insertion. Therefore, caution must be exercised in screens for gametophytic 
mutants among these lines.
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Figure 3. Genes essential for female gametogenesis, fertilization, and seed development are present in the 
embryo sac transcriptome datasets. 
(a) Chromosomal locations of 35 essential genes. Five genes that are described in the current work are shown in 
blue. (b) Five genes and the locations of corresponding mutant alleles described in this work. Exons are shaded in 
orange. The genes were named after the following Goddesses: KERRIDWIN, the Welsh triple Goddess of trinity 
known for nurturing children; OMISHA, Indian Goddess of birth and death; FREYA, the Norse Goddess of 
fertility; and ILITHYIA, the Greek Goddess of childbirth. HOG1, HOMOLOGY DEPENDENT GENE 
SILENCING 1; LB and RB, left and right borders of the T-DNA. (c) Mutants were identified based on infertile 
ovules (ken-1) or seed abortion (hog1-6, oma-1, fey-1, and ila-1). The arrows identify the defective ovules. Scale 
bar: 100 µm in panel c.

Table 2. Genetics of mutant alleles affecting the female gametophyte and seed development
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In about 54% of the ovules, the polar nuclei failed to fuse in kerridwin 
(ken-1), a mutant allele of AT2G47750, which encodes an auxin-responsive 
GH3 family protein (Figure 4 and Table 2). The corresponding wild-type 
pistils exhibited 9% unfused polar nuclei when examined 2 days after emas-
culation, and the remaining ovules had one fused central cell nucleus (n = 
275). The hog1-6 mutant is allelic to the recently reported hog1-4, disrupt-
ing the HOMOLOGY DEPENDENT GENE SILENCING 1 gene (HOG1; 
AT4G13940), and they both were zygotic lethal, producing 24% to 26% 
aborted seeds (Table 2) [55]. Both these mutants exhibit anomalies during 
early endosperm division and zygote development (Figure 4i-l). In wild-type 
seeds, the endosperm remains in a free-nuclear state before cellularization 
around 48 to 60 hours after fertilization (HAP), and the embryo is at the 
globular stage (Figure 4f ). In hog1-6, at about the same time the endosperm 
nuclei displayed irregularities in size, shape and number, and they never were 
uniformly spread throughout the seed (Figure 4i-l; n = 318). The irregular 
mitotic nuclei were clustered into two to four domains. The zygote remained 
at the single-cell stage, and in 2% of the cases it went on to the two-cell stage. 
In very rare instances (five observations), two large endosperm nuclei were 
observed while the embryo remained arrested at single-cell stage in hog1-4 
(Figure 4k).

In omisha (oma-1) and freya (fey-1), the T-DNA disrupted AT1G80410 
(encoding an acetyl-transferase) and AT5G13010 (encoding an RNA heli-
case), leading to 18% and 21% seed abortion, respectively (Table 2). The em-
bryo arrested around the globular stage in both mutants (Figure 5f-i). The ar-
rested mid-globular embryo cells (17%; n = 269) were larger in size in oma-1, 
whereas the corresponding wild type progressed to late-heart and torpedo 
stages with cellularized endosperm (Figure 5g). In the aborted fey-1 seeds, the 
cells of late-globular embryos (19%; n = 243) were much larger and irregular 
in shape than in the wild type, but no endosperm phenotype was discernible 
(Figure 5i). In most cases, giant suspensor cells were seen in fey-1, and there 
were more cells in the mutant suspensor than in that of the wild type (Figure 
5i). ILITHYIA disrupts AT1G64790 encoding a translational activator, and 
the ila-1 embryos arrested when they reached the torpedo stage (Figure 4j and 
Table 2; n = 352). A small proportion of ila-1 embryos arrested at a late heart 
stage (11 observations). The results from the first phase of our targeted reverse 
genetic approach showed that there are mutant phenotypes for embryo sac 
expressed candidate genes, and that these gene disruptions lead to lethality 
during female gametophyte or seed development.
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Figure 4. Female gametophytic and early zygotic mutant phenotypes highlight the essential role of corresponding 
genes for reproductive development. 
(a) A cartoon showing the ontogeny of the wild-type female gametophyte in Arabidopsis and the early transition 
to seed development. A haploid functional megaspore (FM) develops from a diploid megaspore mother cell 
(MMC) upon two meiotic divisions (1). Three syncitial mitotic divisions (2) convert the FM into an eight-
nuclear cell. Upon nuclear migration, cellularization, nuclear fusion and differentiation (3), a cellularized 
seven-celled embryo sac forms. It contains an egg cell (EC) and two synergid cells (SC) at the micropylar 
pole, three antipodals (AP) at the chalazal pole, and one vacuolated homo-diploid central cell (CC) in the 
middle. Subsequently, the AP cells degenerate. Degeneration of one SC precedes the entry of one pollen tube 
(PT), and two sperm cells (SP) independently fertilize the egg and central cell, leading to the development of 
a diploid embryo (EM) and triploid endosperm (EN) respectively. SUS, suspensor, VN, vegetative nucleus. 
(b-f ) Morphology of wild-type ovules corresponding to representative events described above is depicted (ii 
indicates inner integuments, and oi indicates outer integuments). Both synchronous and asynchronous free 
nuclear mitotic divisions (as shown in panel e; arrows) lead to development of the free nuclear endosperm (FNE) 
as shown in panel f. The insert in panel e depicts a developing zygote (ZY). (g) In kerridwin (ken-1), two polar 
nuclei in the central cell fail to fuse. (h) Female gametophyte development did not initiate beyond the one-
nucleate embryo sac stage (arrows) in frigg (fig-1). (i-l) Anomalies in early endosperm and zygotic development 
in hog1 (homology dependent gene silencing 1) mutants. The zygote did not develop beyond single cell stage, 
and subsequent divisions and cytokinesis did not occur (panel i, j, and k). The arrows in panels i and j identify 
the irregular nature of free nuclear mitotic divisions in hog-1 endosperm. The endosperm nuclei were irregular 
in size and they were often clustered. Compare the large and small irregular endosperm nuclei in hog1-6 (panel l) 
with the regular free nuclear endosperm nuclei in (m) the wild type. Scale bars: 20 µm for panels d to k, and the 
insert of panel e; and 50 µm in panels b, c, l, and m.
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Figure 5. Mutants arrested late in seed development. 
(a) Shown is a scheme of seed development in Arabidopsis. A globular embryo (EM) develops into heart stage 
(1). Note that the peripheral endosperm nuclei surrounding the globular embryo are organized into three distinct 
domains: micropylar endosperm (ME), chalazal endosperm (CE), and free nuclear endosperm (FNE). Following 
rapid cellularization of endosperm, a torpedo stage embryo and then an upturned-U stage embryo is formed (2). 
(b-e) Morphology of wild-type seed development corresponding to representative events described above. (f ) 
In oma-1 the embryo arrested at the mid-globular stage. The size of cells in embryo and endosperm were larger 
than that in (g) the wild type. (h,i) In fey-1 the embryo arrested at around the late globular stage. Note that the 
cells of the embryo and suspensor were large, and the suspensor displays a bend due to the irregularly bulged 
cells (panel i, arrow). (j) The majority of the ila-1 embryos arrested when they were at upturned U stage. (k) A 
small fraction of late-heart ila-1 embryos could also be observed. Scale bars: 10 µm for panels b, f, h, j, and k; 
and 20 µm for panels c, d, e, g, and i.

Transcription Factors, Homeotic Genes, and Signaling 
Proteins are Over-Expressed in the Absence of an Embryo Sac

Even though the two mutants we used in this study exhibit morphological-
ly normal carpels and ovules in the absence of an embryo sac, we considered 
whether the gene expression program within the sporophyte is altered. The genes  
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exhibiting higher levels of expression in the coa and spl mutants could be regarded 
as candidate genes that were deregulated in the maternal sporophyte because of 
the absence of a functional embryo sac in these mutants. Of the 527 genes identi-
fied for their maternal-gain-of-expression in coa and spl, about 9% were predicted 
to be involved in transcriptional regulation and 7% were signaling proteins (Figure 1). 
Among the genes encoding transcription factors, there were eight MYB class pro-
tein genes, seven zinc-finger protein genes including SUPERMAN and NUB-
BIN, five homeo box genes including SHOOT MERISTEMLESS (STM), five 
genes each encoding basic helix-loop-helix (bHLH) and SQUAMOSA-binding 
proteins, three genes encoding basic leucin zipper (bZIP) proteins, and two genes 
each encoding APETALA2-domain and NAC-domain transcription factors. No 
MADS box genes were represented. The genes encoding signaling proteins in-
cluded the auxin-responsive genes AUXIN RESISTANT 2/3 (AXR2 and AXR3), 
three genes encoding DC1-domain-containing proteins, ten genes encoding ki-
nases and related proteins, two genes encoding phosphatases, four LRR-protein 
genes, five auxin response regulator genes, and the two zinc-finger protein genes 
SHORT INTERNODES (SHI) and STYLISH2 (STY2). When we examined 
the whole dataset for genes encoding secreted proteins, 87 predicted proteins ful-
filled the criteria; 24% were below 20 kDa in size, which included a peptidase and 
two lipid transfer proteins (data not shown).

The Carpel is the Major Target Tissue for Over-Expression 
Caused by the Lack of an Embryo Sac

In order to confirm that the genes we identified truly reflect a gain of expression 
in the maternal sporophyte of the mutant, we examined the expression levels and 
patterns of 11 candidate genes in coa and wild-type gynoecium by RT-PCR or 
in situ hybridization. Figure 6a shows an RT-PCR panel confirming that eight 
genes from the coa dataset and three genes from the spl dataset were more highly 
expressed in coa than in wild-type pistils. We present evidence that the genes we 
identified for their gain of expression in spl were indeed over-expressed in coa as 
well, suggesting that the genes are generally over-expressed in the absence of an 
embryo sac, regardless of the mutation (Figure 6a). Figure 6 shows the expres-
sion of the following genes in the coa gynoecium as detected by in situ hybrid-
ization: AT4G12410 (a SAUR [auxin-responsive Small Auxin Up RNA] gene; 
Figure 6b), AT1G75580 (an auxin-responsive gene; Figure 6c), AT5G03200 (en-
coding C3HC4-type RING finger protein; Figure 6d), AT5G15980 (encoding 
PPR repeat-containing protein; Figure 6e), and STM (a homeo box gene; Figure 
6g). Surprisingly, all of the five genes exhibited similar expression patterns: strong 
expression in the carpel wall and septum, and relatively low expression in the  
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sporophytic tissues of the ovules surrounding the embryo sac. In case of 
AT4G12410, we did not detect expression in the wild-type pistils. For the other 
four genes, the spatial expression patterns in the wild-type ovule and carpel tissues 
were comparable to that in coa, but the expression levels were far lower than in 
the mutant (data not shown). In summary, we provide evidence that a significant 
fraction of the sporophytic transcriptome can be modulated by the presence or 
absence of an embryo sac.

Figure 6. Gain of expression in the sporophyte in the absence of a functional embryo sac: expression analysis in 
the coatlique (coa) mutant. 
(a) RT-PCR for 11 genes in coa and wild-type (WT) pistils. Equal loading of both coa and WT cDNA templates 
in PCR was monitored by expression of ACT11. SUP, SUPERMAN. Also shown are in situ expression patterns 
of the following genes in coa pistil tissues: (b) AT4G12410, encoding an auxin-responsive Small Auxin Up RNA 
(SAUR) protein; (c) AT1G75580, encoding an auxin-responsive protein; (d) AT5G03200, encoding a C3HC4-
type RING finger protein; and (e) at5g15980, encoding a PPR repeat containing protein. The corresponding 
sense control probes did not show any expression (data not shown). (f ) AT4G12410 did not show any detectable 
expression pattern in wild-type pistils. The other four genes exhibited spatial expression patterns in the wild-type 
ovule and carpel tissues comparable to that of coa, but their wild-type expression levels were much lower than 
in coa (data not shown). (g) We initially identified the over-expression of STM in the ovule tissues of spl (sensu 
microarray data), and confirmed that this gene is over-expressed in the carpel and ovules of coa as well (panels a 
and g). (h) A comparable but less intense spatial expression pattern of STM was seen in wild-type pistils. Scale 
bars: 100 µm in panels b to h.
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Discussion
A Comparative Genetic Subtraction Approach Identifies 
Embryo Sac Expressed Candidate Genes

The female gametophyte or the embryo sac develops from a single functional me-
gaspore cell through a series of highly choreographed free-nuclear mitotic divisions 
[1,2]. Understanding the molecular pathways that govern embryo sac development 
and function, as well as subsequent seed development, has important implica-
tions for both basic plant developmental biology and plant breeding. Despite the 
possible involvement of a few thousands of genes in this essential developmental 
pathway, only a few more than 100 genes have been identified by loss-of-function 
mutations, and most of them have not been studied in detail [14]. In the present 
study we provide an alternative strategy to identify genes that are expressed in 
the embryo sac of A. thaliana, namely comparative whole-genome transcriptional 
profiling by microarray, which led to a candidate dataset of 1,260 genes.

Our approach, similar to that employed by Yu and coworkers [34], is differ-
ent from that used in previously reported whole-genome transcriptional profiling 
experiments (for example, pollen transcriptome [33] and whole flower and silique 
transcriptome [29]) in that we deduced the transcriptome of the few-celled female 
gametophyte by simple genetic subtraction using a mutant that lacks an embryo 
sac. Putative embryo sac expressed candidates included a significant number of 
genes that are involved in transcriptional regulation, signaling, translational regu-
lation, protein degradation, transport and metabolism, and a majority of genes 
that were not identified in previous studies. Similar to previous transcriptional 
profiling reports, the largest functional category of embryo sac expressed genes was 
plant metabolism [29,52,56]. Percentages of genes classified into transcriptional 
regulation and signaling were comparable across embryo sac and pollen expressed 
transcriptomes (about 6% to 10%) and, interestingly, these categories are larger 
in both gametophytic transcriptomes than the general sporophytic transcriptomes 
such as leaf, stem, and root [28]. In a much larger dataset of pollen samples, Pina 
and colleagues [33] reported a little over 16% of pollen expressed genes as part of 
the signaling category. It is possible that the mature pollen transcriptome is more 
active in terms of signal transduction processes than that of the embryo sac, given 
its role during polarized tip growth through the female reproductive tract, and the 
gametic interaction at fertilization (for review [57]). We could not compare other 
functional categories across other organ-specific transcriptome datasets because 
the methods employed for functional classification were very different. Briefly, 
our work provides novel data for organ specific expression in Arabidopsis and, 
in particular, it illustrates the similarities and dissimilarities between male and 
female gametophytic expression.
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Interesting insights can be gained from the subset of embryo sac expressed 
genes (8.6%) that was subtracted for their enriched expression only in the embryo 
sac. It was recently reported that 10% to 11% of the pollen transcriptome was 
selectively expressed in the pollen, as evident from their absence of expression in 
the sporophytic transcriptomes (n = 1,584 in [30] and n = 6,587 in [33]). In a 
very similar study [32], it was reported that 9.7% of the 13,977 male gameto-
phytically expressed genes were specific for the male gametophyte. Even though 
the complete embryo sac transcriptome is yet to be determined, it appears that the 
enriched transcriptome of the embryo sac we report here is similar in size to that 
of pollen. Male and female gametophyte enriched transcriptomes appear to be 
much larger than the specific transcriptomes of vegetative organs such as leaf and 
entire seedlings, which accounted for 2% to 4% of their corresponding complete 
transcriptomes [33]. When we compared the genes with enriched expression in 
the embryo sac or pollen, the embryo sac appears to harbor more transcriptional 
regulators than pollen (8% versus 3%) [30]. However, the pollen transcriptome 
exhibited a greater abundance of signaling proteins than the embryo sac (23% 
versus 2%). This implies that either the pollen is more active in signaling than 
the female gametophyte at the time around fertilization, or that the sensitivity of 
detecting signaling genes in the embryo sac will have to be improved in the future 
studies. The promise of our approach to deducing genes with enriched expression 
was supported by the presence of essential genes that are female gametophyte spe-
cific, such as MEDEA and MYB98 in our dataset [12,22]. Furthermore, temporal 
and spatial expression of nine transcripts in this study, and 18 other genes from 
previous studies, suggests that the whole dataset of embryo sac expressed genes 
may comprise genes that are expressed either in the entire embryo sac or restricted 
to a few or single cell types.

A significant fraction of genes were probably undetected by this experiment 
for two reasons: relatively similar or higher expression in the maternal sporophytic 
tissues; and low level of expression in the embryo sac, similar to most of the 
known female gametophytic genes. For example, cell cycle genes are barely repre-
sented among our candidate genes. In contrast, the pollen transcriptome has been 
reported to be enriched with several core cell cycle transcripts [33]. Although our 
comparative approach is very different from that reported by Pina and coworkers 
[33], there could be a large number of cell cycle regulators that are expected to be 
expressed during embryo sac development, suggesting a need for improvements 
in embryo sac isolation and subsequent transcriptome analysis. Unlike the relative 
ease in isolating some embryo sac cell types in maize and wheat, large-scale isola-
tion of the embryo sac cells is not possible in Arabidopsis [58,59]. Following the 
work conducted by Yu and coworkers [34], we present here a large-scale study to 
explore embryo sac expressed genes in Arabidopsis. If the scale of gene discovery 
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is to be improved much further, then methods to isolate embryo sac cells using 
methods such as florescence-activated cell sorting, targeted genetic ablation by 
expression of a cell-autonomous cytotoxin, or laser-assisted microdissection must 
be developed [51,60-62].

The Embryo Sac Expressed Candidate Genes May Be Essential 
for Female Gametophyte and Seed Development

Once we had validated the expression of the embryo sac expressed genes, we 
considered whether these genes could play essential roles during embryo sac and 
seed development. It is apparent from our work on five mutants, and mutant 
data from the literature, that the embryo sac expressed genes that we report here 
may play a crucial role during the embryo sac development or later during seed 
formation. HOG1 is of special interest because we have provided evidence for 
allelic phenotypic complementation by two mutant alleles. HOG1 is proposed 
to act upstream of METHYL TRANSFERASE 1 (MET1) and CMT3 among 
other methylases, and mutants for HOG1 have high levels of global hypom-
ethylation [54]. It has become clear that DNA hypomethylation plays a crucial 
role during gametogenesis, and that mutations affecting the genes in this path-
way such as HOG1, MET1, and CMT3 affect embryo and endosperm develop-
ment [55,63,64]. It is interesting to note that we identified CMT3, MEA, and 
FIS2 that are associated with pathways involving DNA and histone methylation 
[63,65-68].

We have shown that our dataset will be a resource for targeted reverse ge-
netic approaches. The extensive reverse genetic tools available for Arabidopsis re-
searchers make such a large-scale functional study possible [69]. While screening 
for female gametophytic mutants through T-DNA mutagenesis, we unexpect-
edly observed a number of female gametophytic mutants that had a very similar 
phenotype: a complete arrest of female gametogenesis at the one-nuclear stage. 
These, however, were not linked to the gene disruption. Agrobacterium-mediated 
Arabidopsis T-DNA mutagenesis has been facilitated by floral dipping, which 
involves integration of the T-DNA through the ovule, and the chromosomes of 
the female gametophyte are the main target for T-DNA insertion [70]. Based on 
our results from this study, and other independent observations (Johnston AJ, 
Grossniklaus U, unpublished data), we believe that these unlinked gametophytic 
lethal events arose because of translocations and other rearrangements of maternal 
chromosomes during the integration of the T-DNA, and we advise due caution 
in mutant screening.
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Communication Between the Embryo Sac and the 
Surrounding Sporophyte May Be Important for Reproductive 
Development

In Arabidopsis, the sporophytic and gametophytic tissues are intimately posi-
tioned next to each other within the ovule. Independent studies on Arabidopsis 
ovule mutants suggest that the development of the female gametophyte might 
require highly synchronized morphogenesis of the maternal sporophyte sur-
rounding the gametophyte [1,35,37]. This notion is exemplified by the fact that 
megagametogenesis is largely perturbed in most of the known sporophytic ovule 
development mutants. For example, in short integument 1 (sin1) the ovules dis-
play uncoordinated growth patterns of integuments and the nucellus, and embryo 
sac development is not initiated [35,71]. In bell1 and aintegumenta mutants, 
in which integument morphogenesis and identity are disrupted, embryo sac de-
velopment is arrested [35,37,72,73]. Therefore, early acting sporophytic genes 
in the ovule also affect female gametophyte development. On the contrary, in 
several mutations where female gametogenesis is completely or partially blocked, 
the ovule sporophyte appears morphologically normal. In coa and spl, or female 
gametophytic mutations such as hadad and nomega, embryo sac development is 
blocked either at the onset or during megagametogenesis, but ovule morphogen-
esis continues normally until anthesis [8,18,38]. It was therefore thought that the 
embryo sac does not influence the development of the sporophytic parts of the 
surrounding ovule and carpel tissues [2].

Our data clearly demonstrate that in the absence of an embryo sac there was a 
predominant transcriptional upregulation of transcription factors, and signaling 
molecules in the carpel and the ovule. It is interesting to note that we identified 
genes that were previously implicated in gynoecium patterning such as NUBBIN, 
SHI and STY2 for their gain of expression in the sporophyte [74-77]. Based on 
the proposed functionalities of these and other genes in our dataset, we suggest 
that signaling pathways involving auxin and gibberellic acid could possibly be 
triggered in the carpel and ovule sporophyte, in the absence of an embryo sac. We 
anticipate that sporophytic patterning genes and signaling molecules are under 
indirect repressive control by the female gametophyte. Impairment of this signal-
ing cascade leads to deregulation of the sporophytic transcriptome.

Conclusion
Understanding gene expression and regulation during embryo sac development 
demands large-scale experimental strategies that subtract the miniature haploid 
embryo sac cells from the thousands of surrounding sporophytic cells. We used 
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a simple genetic subtraction strategy, which successfully identified a large num-
ber of candidate genes that are expressed in the cell types of the embryo sac. 
The wealth of data reported here lays the foundation to elucidate the regulatory 
networks of transcriptional regulation, signaling, transport, and metabolism that 
operate in these unique cell types of the haploid phase of the life cycle. Given that 
many of the genes in our expression dataset are essential to female gametophyte 
and seed development, targeted functional studies with further candidate genes 
promise to yield novel insights into the development and function of the embryo 
sac. Another major finding of this work is the identification of 108 genes that are 
enriched for embryo sac expression and thus probably play important roles for the 
differentiation and function of these specific cell types. The surprising finding that 
many genes are deregulated in sporophytic tissues in the absence of an embryo sac 
suggests a much more complex interplay of the haploid gametophytic with the 
diploid sporophytic tissues than was previously anticipated. Understanding the 
sporophytic regulatory network governed by the embryo sac will be of key interest 
for future studies.

Materials and Methods
Plant Material and Growth Conditions

The coatlique (coa) mutant was identified in Arabidopsis var Landsberg (erecta 
mutant; Ler) background and Ler was used as a wild-type control in the microar-
ray and in situ hybridization experiments. Before transplanting, seeds were sown 
on Murashige and Skoog media (1% sucrose and 0.9% agar; pH 5.7) supple-
mented with appropriate selection markers and stratified for two days at 4°C (see 
Table 1 for description of mutants plants and selection markers). The seeds were 
germinated and grown for up to 15 days under 16-hour light/8-hour dark cycles 
at 22°C. Plants were then transplanted into ED73 soil (Einheitserde, Schopfheim, 
Germany) and grown in greenhouse conditions under a 16-hour photo-period at 
22°C and 60% to 70% relative humidity.

Histological Analysis

For phenotypic characterization, the gynoecia of Arabidopsis wild-type, coa 
and gametophytic mutants, and siliques of the zygotic mutants were cleared 
in accordance with a protocol described in the report by Yadegari and co-
workers [78]. Samples were observed using a Leica DMR microscope (Leica 
Microsystems, Mannheim, Germany) under differential interference contrast 
(DIC) optics.
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Transcriptional Profiling by Oligonucleotide Array

Transcriptional profiling by Affymetrix microarray was done using coa and wild-
type pistils. In particular, emphasis was given to the low-level analysis of the mi-
croarray data, because the low fold change cut-off used for the embryo sac dataset 
could potentially introduce a large number of false positives. We chose to use 
three independent statistical packages (dCHIP, gcRMA and Gene Spring), with 
the most and least stringent being dCHIP and Gene Spring analysis, respectively. 
For dCHIP analysis, only those genes within replicate arrays called ‘present’ with-
in a variation of 0 < median (standard deviation/mean) < 0.5 were retained for 
downstream analysis. By setting P to < 0.1 and differential fold change expression 
cut-off to 1.28-fold, we could predict that the median FDR ranges from 1% (spl 
dataset) to 3% (coa dataset) in the dCHIP analysis. The dilution of gametophytic 
cells in an excess of sporophytic tissues was higher in coa samples than in spl 
samples (discussed in Results, above), which may be the reason for the increase 
in the FDR. In such cases, standard error values of the signal averages provide an 
indication for manual omission of false positives. In the analysis using gcRMA, 
pre-processed signal values were statistically analyzed using an empirical bayesian 
approach and the FDR was calculated for each gene using the options imple-
mented in the Bioconductor software version 2.3.0 [79]. Only those genes with a 
FDR below 0.05 were considered to be differentially expressed. Manual omission 
of false-positive findings is possible in this type of analysis, if the standard error 
estimates of the mean RMA values (signal) and the absolute FDR values are to 
be used as indicators of false discovery. The sporophytic datasets did not impose 
such problems because the fold change cut-off was set to twofold as a stringent 
baseline, in addition to the analysis using three statistical methods.

Bioinformatics Analyses

The candidate genes were functionally classified according to the Gene Ontol-
ogy data from TAIR or published evidence where appropriate. Annotations 
were improved mainly for the transcription factors from the Arabidopsis Gene 
Regulatory Information Server [80]. The secreted proteins were chosen based 
on the protein sequence analysis using TargetP with the top two reliability 
scores out of five [81]. A total of 32,349 maize and wheat EST sequences 
extracted from libraries specific for the embryo sac, egg, central cell, and early 
endosperm were obtained from various sources. The pools of EST sequences 
were converted to local BLASTable databases using NCBI software [82]. A 
PERL script was written to perform the mapping of A. thaliana female gameto-
phyte transcriptome data to the EST datasets. An EST sequence is considered 
similar to an Arabidopsis protein if it matches at an e-value cutoff threshold 
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of 10-8 by TBLASTN [81]. For comparisons with sporophytic transcriptomes, 
the highly standardized experiment conducted by Schmid and coworkers [28] 
was chosen. Presence/absence calls calculated from the microarray analyses 
were downloaded for selected tissues from the TAIR website [83]. A gene was 
declared to be expressed in a tissue when a presence call was assigned to it in 
at least two out of three replicates. 

In Situ Hybridization

Inflorescences and emasculated pistils were paraplast embedded using the pro-
tocol of Kerk and colleagues [84] with minor modifications. Unique gene-
specific probes of about 200 to 300 base pairs were cloned into pDRIVE 
(Qiagen, Basel, Switzerland) and used as templates for generating digoxy-
genin-UTP-labeled riboprobes by run-off transcription using T7 RNA poly-
merase, in accordance with the manufacturer’s protocol (Roche Diagnostics, 
Basel, Switzerland). In situ hybridization was performed on 8 to 10 µm semi-
thin paraffin sections, as described by Vielle-Calzada and coworkers [85] with 
minor modifications.

Histochemical GUS Expression

Embryo sac expression of the GUS reporter gene (β-glucuronidase) in the pro-
moter-GUS lines and transposants was detected as described by Vielle-Calzada 
and coworkers [86].

image processing

All of the images were recorded using a digital Magnafire camera (Optronics, Go-
leta, CA, USA), and they were edited for picture quality using Adobe Photoshop 
version CS (Adobe Systems Inc., San Jose, CA, USA).

Abbreviations
BLAST, basic local alignment search tool; coa, coatlique mutant; dCHIP, DNA-
Chip Analyzer; FDR, false discovery rate; gcRMA, GC robust multi-array average; 
MAS, MicroArray Suite (Affymetrix); RT-PCR, reverse transcription polymerase 
chain reaction; spl, sporocyteless mutant; TAIR, The Arabidopsis Information 
Resource.
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Background

Plant WRKY DNA-binding transcription factors are key regulators in certain 
developmental programs. A number of studies have suggested that WRKY 
genes may mediate seed germination and postgermination growth. However, 
it is unclear whether WRKY genes mediate ABA-dependent seed germination 
and postgermination growth arrest.
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Results

To determine directly the role of Arabidopsis WRKY2 transcription factor 
during ABA-dependent seed germination and postgermination growth arrest, 
we isolated T-DNA insertion mutants. Two independent T-DNA insertion 
mutants for WRKY2 were hypersensitive to ABA responses only during seed 
germination and postgermination early growth. wrky2 mutants displayed de-
layed or decreased expression of ABI5 and ABI3, but increased or prolonged 
expression of Em1 and Em6. wrky2 mutants and wild type showed similar 
levels of expression for miR159 and its target genes MYB33 and MYB101. 
Analysis of WRKY2 expression level in ABA-insensitive and ABA-deficient 
mutants abi5-1, abi3-1, aba2-3 and aba3-1 further indicated that ABA-in-
duced WRKY2 accumulation during germination and postgermination early 
growth requires ABI5, ABI3, ABA2 and ABA3.

Conclusion

ABA hypersensitivity of the wrky2 mutants during seed germination and post-
germination early seedling establishment is attributable to elevated mRNA 
levels of ABI5, ABI3 and ABI5-induced Em1 and Em6 in the mutants. 
WRKY2-mediated ABA responses are independent of miR159 and its target 
genes MYB33 and MYB101. ABI5, ABI3, ABA2 and ABA3 are important 
regulators of the transcripts of WRKY2 by ABA treatment. Our results suggest 
that WRKY2 transcription factor mediates seed germination and postgermi-
nation developmental arrest by ABA.

Background
Abscisic acid (ABA) is a phytohormone regulating plant responses to a variety of 
environmental stress, particularly water deprivation, notably by regulating sto-
matal aperture [1-4]. It also plays an essential role in mediating the initiation and 
maintenance of seed dormancy [5]. Late in seed maturation, the embryo develops 
and enters a dormant state that is triggered by an increase in the ABA concentra-
tion. This leads to the cessation of cell division and activation of genes encod-
ing seed storage proteins and proteins required to establish desiccation tolerance 
[6]. Exposure of seeds to ABA during germination leads to rapid but reversible 
arrest in development. ABA-mediated postgermination arrest allows germinat-
ing seedlings to survive early water stress [5]. Based on ABA inhibition of seed 
germination, mutants with altered ABA sensitivity have been identified. These 
screens have led to the identification of several ABA-insensitive genes [7-13]. The 
transcription factors ABI3 and ABI5 are known to be important regulators of 
ABA-dependent growth arrest during germination [14,15]. ABI5, an ABA-insensitive 
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gene, encodes a basic leucine zipper transcription factor. Expression of ABI5 de-
fines a narrow developmental checkpoint following germination, during which 
Arabidopsis plants sense the water status in the environment. ABI5 is a rate-
limiting factor conferring ABA-mediated postgermination developmental growth 
arrest [5].ABI3 is also reactivated by ABA during a short development window. 
Like ABI5, ABI3 is also required for the ABA-dependent postgermination growth 
arrest [15]. However, ABI3 acts upstream of ABI5 and is essential for ABI5 gene 
expression [15]. In arrested, germinated embryos, ABA can activate de novo late 
embryogenesis programs to confer osmotic tolerance. During a short develop-
ment window, ABI3, ABI5 and late embryogenesis genes are reactivated by ABA. 
ABA can activate ABI5 occupancy on the promoter of several late embryogenesis-
abundant genes, including Em1 and Em6 and induce their expression [15,16]. 
On the other hand, ABA-induced miR159 accumulation requires ABI3 but is 
only partially dependent on ABI5. MYB33 and MYB101, two miR159 targets, 
are positive regulators of ABA responses during germination and are subject to 
ABA-dependent miR159 regulation [17].

The family of plant-specific WRKY transcription factors contains over 70 
members in Arabidopsis thaliana [18-20]. WRKY proteins typically contain one 
or two domains composed of about 60 amino acids with the conserved amino 
acid sequence WRKYGQK, together with a novel zinc-finger motif. WRKY do-
main shows a high binding affinity to the TTGACC/T W-box sequence [21]. 
Based on the number of WRKY domains and the pattern of the zinc-finger motif, 
WRKY proteins can be divided into 3 different groups in Arabidopsis [20].

A growing body of studies has shown that WRKY genes are involved in regu-
lating plant responses to biotic stresses. A majority of reported studies on WRKY 
genes address their involvement in disease responses and salicylic acid (SA)-me-
diated defense [20,22-25]. In addition, WRKY genes are involved in plant re-
sponses to wounding [26]. Although most WRKY proteins studied thus far have 
been implicated in regulating biotic stress responses, some WRKY genes regulate 
plant responses to freezing [27], oxidative stress [28], drought, salinity, cold, and 
heat [29-31].

There is also increasing evidence indicating that WRKY proteins are key regu-
lators in certain developmental programs. Some WRKY genes regulate biosynthe-
sis of anthocyanin [32], starch [33], and sesquiterpene [34]. Other WRKY genes 
may regulate embryogenesis [35], seed size [36], seed coat and trichome develop-
ment [32,37], and senescence [38-40].

A number of studies have suggested that WRKY genes may mediate seed 
germination and postgermination growth. For example, wild oat WRKY pro-
teins (ABF1 and ABF2) bind to the box2/W-box of the GA-regulated α-Amy2 
promoter [41]. A barley WRKY gene, HvWRKY38, and its rice (Oryza sativa) 
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ortholog, OsWRKY71 act as a transcriptional repressor of gibberellin-responsive 
genes in aleurone cells [42]. However, it is unclear whether WRKY genes medi-
ate ABA-dependent seed germination and postgermination growth arrest. In this 
study, we report that wrky2-1 and wrky2-2 mutants are hypersensitive to ABA 
during germination and postgermination early growth. We have analyzed genetic 
interactions between the wrky2 mutant and the abi3-1 and abi5-1 mutants and 
found that ABA hypersensitivity of the wrky2 mutants is attributable to increased 
mRNA levels for ABI5, ABI3 and ABI5-induced Em1 and Em6. Furthermore, 
ABI5, ABI3, ABA2 and ABA3 are important regulators of ABA-induced expres-
sion of WRKY2.

Results
WRKY2 T-DNA Insertion Mutants are Hypersensitive to ABA 
During Seed Germination and Postgermination Early Growth

To analyze the molecular events in ABA-regulated germination and seedling 
growth, we sought to identify WRKY transcription factors associated with these 
growth and developmental stages. For this purpose, we screened T-DNA inser-
tion mutants for a number of Arabidopsis WRKY genes for altered sensitivity to 
ABA based on their germination rates and seedling growth in MS media contain-
ing ABA. As shown in Figure 1, WRKY2 T-DNA insertion mutants wrky2-1 
(Salk_020399) and wrky2-2 (Sail_739_F05) accumulated no WRKY2 transcript 
of expected size and exhibited increased sensitivity to ABA during seed germina-
tion and seedling growth. The two mutants display no other obvious phenotypes 
in morphology, growth, development or seed size (data not shown).

Figure 1. Identification of wrky2 mutants by northern blot analysis. 
RNA was extracted from the seedlings that have grown on MS medium with 1.5 µM ABA 4 days after the end 
of stratification. Each lane contained 20 µg total RNA. Each experiment also was executed three times.
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To determine the role of WRKY2 in seed germination and early seedling 
growth, wild-type and wrky2 mutant seeds were germinated on MS medium 
containing 0 µM, 0.5 µM, 1.0 µM, 1.5 µM, 2.0 µM ABA, and compared for 
differences in germination and postgerminative growth. In the absence of ABA, 
there was no significant difference in germination between wild-type and mutant 
seeds (Figure 2 and Figure 3A). In the presence of ABA, both mutants germinated 
later than wild type. On MS medium with 0.5 µM and 1.0 µM, 40% and 25% 
of wild-type seeds germinated after one day, respectively. At these two concen-
trations, the germination rates of the two mutants were only about half of wild 
type (Figure 2). On MS medium with 1.5 µM, 10% of wild-type seeds still ger-
minated, but no wrky2-1 and wrky2-2 seeds germinated. Likewise, significantly 
more wild-type seeds germinated than the mutant seeds after two days on MS 
medium with 1.5 µM and 2.0 µM ABA (Figure 2). Early seedling growth of both 
mutants was also slower than that of wild type. After 7 d, 46% of wild-type but 
only 4% of wrky2-1 and none of wrky2-2 mutants had green cotyledons on MS 
medium with 1.5 µM ABA (Figure 4, 3B and 3C). These results show that wrky2 
mutants are hypersensitive to ABA responses during germination and postgermi-
nation growth.

Figure 2. ABA dose-response analysis of germination in wrky2-1 and wrky2-2 mutants. 
Seeds were germinated on MS plates containing 0 µM, 0.5 µM, 1.0 µM, 1.5 µM, and 2.0 µM ABA. Plates were 
routinely kept for 3 days in the dark at 4°C and transferred to a tissue culture room under constant light at 22°C. 
Germination efficiencies (radicle emergence) of wild type and wrky2 mutants seeds for 7 d after stratification. 
Three independent experiments are shown, and above 100 seeds were used in each experiment.
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Figure 3. wrky2 mutants are hypersensitive to ABA responses during postgermination growth. 
(A) Photographs of WT, wrky2-1 and wrky2-2 seedlings on MS medium at 7 d after the end of stratification. (B) 
Photographs of WT, wrky2-1 and wrky2-2 seedlings on MS medium with 1.5 µM ABA at 7 d after stratification. 
(C) Photographs of representative examples in A and B. (D) Photographs of representative examples in A and 
B in darkness.
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Figure 4. wrky2 mutants are hypersensitive to ABA responses during postgermination growth Seeds were 
germinated. 
Postgermination growth efficiencies (green cotyledons) were scored for 7 d after stratification. Three independent 
experiments are shown, and above 100 seeds were used in each experiment.

To analyze the role of WRKY2 during the seedling growth stages, we first 
germinated the wild-type and wrky2 mutant seeds on MS medium for 4 d and 
then transferred the seedlings onto MS medium containing 0 µM, 0.5 µM, 1.0 
µM, 1.5 µM, 2.0 µM, 5.0 µM, 10 µM, 20 µM, 40 µM and 80 µM ABA. No 
significant difference was observed between the wild type and wrky2 mutants 10 
days after the transfer (data not shown).

When the germination experiments were carried out in dark, wrky2 mutants 
are again more sensitive to ABA responses than wild type (Figure 3). Taken to-
gether, these observations suggest that wrky2 mutants are hypersensitive to ABA 
responses only during seed germination and early seedling growth.

Response of WRKY2 Mutants to ABA Defines a Limited 
Developmental Window

The transcription factors ABI3 and ABI5 are known to be important regulators 
of ABA-dependent growth arrest during germination [14,15]. ABI3 and ABI5 are 



Arabidops� is�  WRKY2 Trans� cription Factor Mediates�  Seed Germination 139

reactivated by ABA during a short development window. Given the ABA hyper-
sensitivity of wrky2 mutants, we studied the effect of ABA on the early develop-
ment of wrky2 mutants. Application of 5 µM ABA [5] within 48 h post-stratifi-
cation maintained the germinated embryos of wrky2 mutants in an arrested state 
for several days, but did not prevent germination, whereas a significant percentage 
of wild-type germinated embryos escaped growth arrest and turned green (Figure 
5A and 5B). ABA applied outside the 48-h time frame failed to arrest growth and 
prevent greening (Figure 5C). If the seeds were transferred to ABA-containing 
media immediately or one day after stratification, we observed that the wrky2 
mutants were more sensitive to ABA responses than the wild type. However, if the 
seeds were transferred to ABA-containing media 2 days post-stratification, there 
was no significant difference between the wild type and wrky2 mutants. These 
results indicated that wrky2 mutants were hypersensitive to ABA responses for a 
short development window.

Figure 5. wrky2 mutants are hypersensitive to ABA responses in a short development window. 
(A) Seeds were germinated on MS medium 1 d after stratification, all were transferred to MS medium with 5 
µM ABA. Photographs were taken 6 d after transfer. (B) Seeds were germinated on MS medium and 2 d after 
stratification, all were transferred to MS medium with 5 µM ABA. Photographs were taken 5 d after transfer. 
(C) Seeds were germinated on MS medium and 3 d after stratification, all were transferred to MS medium with 
5 µM ABA. Photographs were taken 4 d after transfer.
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WRKY2 Mediates Signal Pathway of ABA-
Dependent Germination and Postgermination 
Early Growth
During germination, ABA can activate de novo late embryogenesis programs to 
confer osmotic tolerance in arrested, germinated embryos [15]. During a short 
development window, ABI3, ABI5 and late embryogenesis genes are reactivated 
by ABA. ABI3 acts upstream of ABI5 and is essential for ABI5 gene expression. 
ABA induces ABI5 occupancy on the promoter of Em1 and Em6, and activates 
these late embryogenesis-abundant genes [15,16]. To analyze the expression of 
these genes in wrky2 mutants, we germinated the wild type and wrky2 mutants 
on MS medium with 0 and 1.5 µM ABA for 4 or 7 days. Total RNA was isolated 
and analyzed using quantitative RT-PCR with gene-specific primers. As shown in 
Figure 6, when these seedlings have grown on MS medium without ABA 4 days 
post-stratification, expression of ABI5, ABI3, Em1 and Em6 was reduced in the 
wrky2 mutants relative to that in the wild type. At 7 days post-stratification, wild 
type and wrky2 mutants accumulated similar levels of transcripts for ABI3, ABI5, 
Em1 and Em6 (Figure 6).

Figure 6. RNA levels of ABI5, ABI3, Em1 and Em6 in wrky2 mutants and wild type. 
RNA was extracted from seedlings on MS medium without ABA or with 1.5 µM ABA 4 d or 7 d after the end 
of stratification. Relative RNA levels of 4 genes were analyzed using gene-specific primers by real-time PCR. 
Three independent experiments are shown by reextracting RNA from other samples. Each experiment also was 
executed three times.
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On the other hand, on medium containing ABA, the expression levels of 
ABI5, ABI3, Em1 and Em6 were similar in the wild type and wrky2 mutants 
at 4 days post-stratification. However, at 7 days post-stratification, there were 
higher expression levels of these genes in wrky2 mutants than in the wild type, 
which was consistent with microarray analysis (Figure 6 and Table 1). By contrast 
at 4 days post-stratification, the expression of ABI3 and Em6 didn't decrease or 
decreased only slightly in wrky2 mutants, but decreased rapidly in the wild type 
within 7 days post-stratification. Within 7 days post-stratification, expression of 
AIB5 decreased faster in wild type than in wrky2 mutants. Expression of Em1 
increased in wrky2 mutants 7 days post-stratification, but was unchanged in wild 
type (Figure 6).

Table 1. Microarray analysis of wrky2 mutants and wild type

These results indicated that wrky2 mutants displayed delayed or decreased 
expression of ABI5 and ABI3, but increased or prolonged expression of Em1 and 
Em6.

The Expression of WRKY2 in ABA-Insensitive Mutants and 
ABA-Deficient Mutants

Because wrky2 mutants are more sensitive to ABA during seed germination and 
postgermination growth arrest than the wild type, and wrky2 mutants also affect 
important genes of the ABA signal pathway in the regulation of germination and 
postgermination growth, we analyze whether abi3-1, abi5-1, aba2-3 and aba3-1 
mutants have an effect on the expression of WRKY2. We germinated all seeds on 
MS medium with 0 or 1.5 µM ABA for 4 days post-stratification. We performed 
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quantitative RT-PCR with gene-specific primers. In the absence of ABA, the ex-
pression level of WRKY2 in the wild type (Ws) was 1.2 times of that in the abi5-1 
mutants. In the presence of ABA, the level of WRKY2 was 2.5-fold. On the other 
hand, ABA treatment led to 13.6-fold increase in accumulation of WRKY2 in the 
wild type and 6.5-fold increase in abi5-1 mutants (Figure 7). These results suggest 
ABI5 is an important regulator of ABA-induced WRKY2 expression.

Figure 7. RNA levels of WRKY2 in abi5-1, abi3-1, aba2-3 and aba3-1 mutants. 
RNA was extracted from seedlings on MS medium without ABA or with 1.5 µM ABA 4 d post-stratification. 
Relative RNA levels of WRKY2 were analyzed using gene-specific primers by real-time PCR. Three independent 
experiments are shown by reextracting RNA from other samples. Each experiment also was executed three 
times.

Without ABA, the level of WRKY2 in the wild type (Ler) was 1.2-fold higher 
than that in abi3-1 mutant. In the presence of ABA, the WRKY2 transcript level 
in wild type was 3.5-fold higher than that in abi3-1 mutant (Figure 7). These 
results indicate ABI3 maybe is a positive regulator of ABA-induced WRKY2. 
We also examined the expression level of WRKY2 in ABA-deficient aba2-3 and 
aba3-1 mutants [43,44]. As shown in Figure 7, with ABA, the expression level of 
WRKY2 in the wild type was 7.5 time higher than that without ABA, but the 
expression levels of WRKY2 in aba2-3 and aba3-1 mutants were only 1.6 and 
0.38 times of those without ABA, respectively. On the other hands, without ABA, 
the expression levels of WRKY2 in aba2-3 and aba3-1 mutants were 1.2 and 2.3 
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times of that in the wild type. These observations show elevated expression of 
WRKY2 by ABA treatment requires ABA2 and ABA3. These results strongly sug-
gest that ABI5, ABI3, ABA2 and ABA3 are important regulators of ABA-induced 
WRKY2 expression.

The Response of WRKY2 to ABA Is Independent of miR159, 
MYB33 and MYB101

It is known that ABA-induced miR159 accumulation requires ABI3 but is only 
partially dependent on ABI5. Furthermore, MYB33 and MYB101, which are 
miR159 targets, are positive regulators of ABA responses during germination and 
are subject to ABA-dependent miR159 regulation [17]. Figure 8A indicates that 
there was no significant difference in the level of mature miR159 between wrky2 
mutants and the wild type. As shown in Figure 8B and Table 1, there was no dif-
ference in levels of transcripts of MYB33 and MYB101 either. These results indi-
cate that WRKY2-mediated ABA signaling pathway is independent of miR159 
and its target genes (MYB33 and MYB101) during seed germination and post-
germination growth arrest.

Figure 8. RNA levels of miR159, MYB33 and MYB101 in wrky2 mutants and wild type. RNA was extracted 
from seedlings on MS medium without ABA or with 1.5 µM ABA 4 d or 7 d post-stratification. 
(A) Each lane contained 20 µg total RNA. Each experiment also was executed three times. (B) Relative RNA 
levels of WRKY2 were analyzed using gene-specific primers by real-time PCR. Three independent experiments 
are shown by reextracting RNA from other samples. Each experiment also was executed three times.
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Discussion
The ability of exogenous ABA to arrest postgermination development has been 
used extensively to identify genes involved in ABA signaling [45]. In the present 
study, we discovered that wrky2-1 and wrky2-2 mutants were more sensitive than 
wild type to ABA responses during seed germination and postgermination early 
growth.

The wrky2 mutants are hypersensitive to ABA responses only within a short 
development window during seed germination and early seedling growth. Dur-
ing seed germination and early growth, the transcription factors ABI3 and ABI5 
are known to be important regulators of ABA-dependent growth arrest, and their 
expression defines a narrow developmental checkpoint following germination 
[14,15]. ABI5 is a key player in ABA-triggered postgermination growth arrest, 
and the abi5 mutant seeds are insensitive to growth arrest by ABA, whereas seeds 
of ABI5-overexpressing lines are hypersensitive to ABA [5]. ABI3 acts upstream of 
ABI5 and is an important regulator of germination and postgermination growth 
by ABA [15]. ABA-induced ABI5 also occupies the promoter of Em1 and Em6 
and activates these two late embryogenesis-abundant genes [15,16]. Lopez-Mo-
lina et al. (2001) have shown that application of 5 µM ABA within 60 h post-
stratification in the wild type [5] (Ws) does not prevent germination, but arrest 
the germinated embryos for several days, during which both ABI5 transcripts and 
ABI5 proteins are detected at high levels. When applied outside the 60-h time 
frame, however, ABA fails to arrest growth and prevent greening and ABI5 tran-
scripts and proteins are present at low levels [5]. Therefore, it is possible that the 
ABA-induced growth-arrest of wrky2 mutants might be associated with the ex-
pression level of ABI5. To test this hypothesis, we compared wild type and wrky2 
mutants for analyzed ABA-regulated expression levels of ABI5 and ABI5-related 
important regulators during seed germination and postgermination development. 
We found that wrky2 mutants had higher mRNA levels of ABI5, ABI3 and ABI5-
induced Em1 and Em6 than the wild type (Figure 6). The higher expression levels 
of these genes in the wrky2 mutants may be partly responsible for the enhanced 
growth arrest relative to that in the wild type in the presence of ABA (Figures 3 
and 4).

With ABA treatment, miR159 accumulation requires ABI3 but is only par-
tially dependent on ABI5 [17]. MYB33 and MYB101, which are miR159 targets, 
are positive regulators of ABA responses during germination [17]. Therefore we 
examined whether WRKY2 affected the mRNA levels of these genes. We found 
that the expression levels of these genes were not significantly different between 
wrky2 mutants and the wild type (Figure 8). These observations indicate that the 
response of WRKY2 to ABA during germination and early growth is independent 
of miR159 and its target genes (MYB33 and MYB101).
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We also show that ABI5, ABI3, ABA2 and ABA3 are important positive regu-
lators of ABA-induced WRKY2 accumulation (Figure 7). The expression levels of 
WRKY2 were elevated more drastically in the wild type than in abi5-1 and abi3-1 
mutants after ABA treatment (Figure 7). This result indicates that these two genes 
are positive regulators of ABA-induced WRKY2 accumulation.

Genes encoding the enzymes for most of the steps of the ABA biosynthesis 
pathway have been cloned and their functions confirmed using ABA-deficient 
mutants for ABA1 [46], ABA2 [47,48], ABA3 [44,49,50] and ABA4 [51,52]. We 
analyzed the effect of ABA biosynthesis genes on WRKY2 transcripts using ABA-
deficient aba2-3 and aba3-1 mutants [43,44]. We shows that elevated expres-
sion of WRKY2 after ABA treatment requires ABA2 and ABA3, indicating that 
these two genes are positive regulators of ABA-induced WRKY2 accumulation  
(Figure 7).

Several studies have shown that ABI5 binds to the ABA-responsive DNA ele-
ments (ABREs) with an ACGT core in the promoter of Em1 and Em6, and acti-
vates their expression [15,16]. On the other hand, other reports have shown that 
wild oat WRKY proteins (ABF1 and ABF2) bind to the box2/W-box of the GA-
regulated α-Amy2 promoter [41], and GaWRKY1 highly activated the CAD1-A 
promoter by binding to W-box [34], and a barley WRKY gene, HvWRKY38, 
and its rice (Oryza sativa) ortholog, OsWRKY71 act as a transcriptional repres-
sor of gibberellin-responsive genes in aleurone cells [42]. The promoter zone of 
WRKY2 has an ABA-responsive DNA element (CACGTGGC) containing an 
ACGT core, and the promoter zone of ABI5 has 6 W-box, whereas the promoter 
of ABI3 has 2 W-box. This raises the possibility that WRKY2, ABI3 and ABI5 are 
mutually regulated.

Conclusion
Transcription factors ABI5 is an important regulator of postgermination develop-
mental arrest mediated by ABA. Postgermination proteolytic degradation of the 
essential ABI5 transcription factor is interrupted by perception of an increase in 
ABA concentration, leading to ABI5 accumulation and reactivation of embryonic 
genes. Here we report that wrky2-1 and wrky2-2 mutants are more sensitive to 
ABA responses than the wild type during seed germination and postgermination 
early seedling establishment. ABA hypersensitivity of the wrky2 mutants is attrib-
utable to elevated mRNA levels of ABI5, ABI3 and ABI5-induced Em1 and Em6 
in the mutants. WRKY2-mediated ABA responses are independent of miR159 
and its target genes MYB33 and MYB101. ABA-induced WRKY2 accumula-
tion during germination and postgermination early growth requires ABI5, ABI3, 
ABA2 and ABA3, suggesting that they are important regulators of the transcripts 
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of WRKY2 by ABA treatment. Our results suggest that WRKY2 transcription 
factor mediates seed germination and postgermination developmental arrest by 
ABA.

Methods
Plant Material and Growth Conditions

The Arabidopsis thaliana ecotypes Columbia, Wassilewskija and Landsberg erecta 
were used throughout this study. Seeds of the different genotypes of Arabidopsis 
thaliana were harvested from plants of the same age and stored for 5 weeks in 
the dark at 4°C. Seeds were surface-sterilized with 10% bleach and washed three 
times with sterile water. Sterile seeds were suspended in 0.1% agarose and plated 
on MS medium plus 1% sucrose. ABA (mixed isomers, Sigma) was added to the 
medium where indicated. Plates were routinely kept for 3 days in the dark at 4°C 
to break dormancy (stratification) and transferred thereafter to a tissue culture 
room under constant light at 22°C. Seeds of abi5-1, abi3-1, aba2-3 and aba3-1 
were obtained from the Arabidopsis Biological Resource Center (ABRC) (Alonso 
et al., 2003).

Identification of the WRKY2 T-DNA Insertion Mutants

The wrky2-1 mutant (Salk_020399), obtained from the Arabidopsis Biological 
Resource Center (ABRC) (Alonso et al., 2003), contains a T-DNA insertion in 
the promoter of the WRKY2 gene, while wrky2-2 mutant (Sail_739_F05) is a 
gift of Dr. Zhixiang Chen (Department of Botany and Plant Pathology, Purdue 
University, West Lafayette, Indiana, USA). Homozygous plants of the wrky2-1 
mutant were identified by two PCRs. In the first PCR, a pair of gene-specific 
primers designed to anneal outside of the T-DNA insertion were used, which 
in case of homozygosity does not produce a band of the predicted size (negative 
selection): forward primer 5’-ATCGTCATCATCTTCACCATTT-3’ and reverse 
primer 5’-AACTGAAATCCTCAGTTCCGT-3’. In the subsequent PCR, the 
T-DNA border primer (5’-AAACGTCCGCAATGTGTTAT-3’) in combination 
with forward primer in the first PCR. To confirm the nature and location of 
the T-DNA insertion, the PCR products were sequenced. To remove addition-
al T-DNA loci or mutations from the mutants, backcrosses to wild-type plants 
were performed and plants homozygous for the T-DNA insertion were again  
identified.
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Quantitative Real-Time PCR

We germinated seeds of the wild type and wrky2 mutants on MS medium with or 
without 1.5 µM ABA for 4 or 7 days, and germinated the seeds of abi5-1, abi3-1, 
aba2-3, aba3-1 mutants and the wild type (Col, Ws and Ler) on MS medium 
with or without 1.5 µM ABA for 4 days. Harvest samples were froze immediately 
in liquid nitrogen, and stored at 80°C. RNA was extracted from these samples 
using An RNeasy Plant Mini kit (QIAgen, Valencia, CA), and DNA was removed 
via an on-column DNase treatment. For real-time PCR, the First Strand cDNA 
Synthesis kit (Roche, Diagnostics, Mannheim, Germany) was used to make 
cDNA from 1 µg of RNA in a 20 µL reaction volume. Each cDNA sample was 
diluted 1:20 in water, and 2 µL of this dilution was used as template for qPCR. 
Half-reactions (10 µL each) were performed with the Lightcycler FastStart DNA 
Master SYBR Green I kit (Roche, Mannheim, Germany) on a Roche LightCy-
cler real-time PCR machine, according to the manufacturer's instructions. ACT2 
(AT3G18780) was used as a control in qPCR. Gene-specific primers for detect-
ing transcripts of ACT2, WRKY2, ABI5, ABI3, Em1 and Em6 are listed in Table 
2. Gene-specific primers of MYB33 and MYB101 are as described by Allen et 
al. (2007) [53]. The qPCR reactions (10 µL each) for these genes contained the 
following: 1 µL SYBR Green I reaction mix, 3 mM MgCl2, 0.5 µM forward and 
reverse primers and 2 µL cDNA. The annealing temperature was 52°C in all cases. 
A no-template control was routinely included to confirm the absence of DNA or 
RNA contamination. The mean value of four replicates was normalized using the 
ACT2 gene as the control. Standard curves were generated using linearized plas-
mid DNA for each gene of interest. A second set of experiments was conducted 
on an independent set of tissue as a control.

Table 2. List of quantitative RT-PCR primer sequences
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Northern Blotting

Total RNA was isolated using the TRIZOL reagent (BRL Life Technologies, 
Rockville, MD). 20 µg RNA was separated by electrophoresis on denaturing 
17% polyacrylamide gels, and electroblotted onto a Hybond-N+ membrane. The 
membrane was UV cross-linked and hybridized with PerfectHyb plus hybrid-
ization buffer (Sigma). DNA oligonucleotides complementary to miR159 were 
end-labeled using T4 polynucleotide kinase (Roche Applied Science, Penzberg, 
Germany). For RNA gel blot analysis of WRKY2, 20 µg total RNA was separated 
on 1.5% agarose-formaldehyde gels and blotted to nylon membranes. Blots were 
hybridized with [α-32P]dATP labeled gene-specific probes. Hybridization was 
performed in PerfectHyb plus hybridization buffer (Sigma) overnight at 68°C. 
The membrane was then washed for 10 minutes twice with 2× SSC (1× SSC is 
0.15 M NaCl and 0.015 M sodium citrate) and 1% SDS and for 10 minutes 
with 0.1× SSC and 1% SDS at 68°C. Transcripts for WRKY2 were detected with 
about 1 kb before stop codon of WRKY2 cDNA as probe.
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DNA Methylation Causes 
Predominant Maternal 

Controls of Plant Embryo 
Growth
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Frédéric Berger

abstRact 
The parental conflict hypothesis predicts that the mother inhibits embryo 
growth counteracting growth enhancement by the father. In plants the DNA 
methyltransferase MET1 is a central regulator of parentally imprinted genes 
that affect seed growth. However the relation between the role of MET1 in 
imprinting and its control of seed size has remained unclear. Here we com-
bine cytological, genetic and statistical analyses to study the effect of MET1 
on seed growth. We show that the loss of MET1 during male gametogen-
esis causes a reduction of seed size, presumably linked to silencing of the  
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paternal allele of growth enhancers in the endosperm, which nurtures the em-
bryo. However, we find no evidence for a similar role of MET1 during female 
gametogenesis. Rather, the reduction of MET1 dosage in the maternal somat-
ic tissues causes seed size increase. MET1 inhibits seed growth by restricting 
cell division and elongation in the maternal integuments that surround the 
seed. Our data demonstrate new controls of seed growth linked to the mode 
of reproduction typical of flowering plants. We conclude that the regulation of 
embryo growth by MET1 results from a combination of predominant mater-
nal controls, and that DNA methylation maintained by MET1 does not or-
chestrate a parental conflict.

Introduction
In flowering plants, meiosis is followed by the production of haploid structures, 
the male pollen and the female embryo sac, each containing two gametes. After 
double-fertilization, the female gametes, the egg cell and central cell, respectively 
give rise to the embryo and its nurturing annex, the endosperm. The embryo and 
the endosperm develop within the maternally derived seed integuments. Seed size 
is controlled primarily by interactions between the endosperm and integuments 
[1], [2] although the embryo also contributes [3].

The parental contributions to seed size were identified in crosses involving 
diploid and tetraploid plants. Tetraploid mothers produced smaller seeds when 
crossed to diploid fathers, however tetraploid fathers crossed to diploid mothers 
produced larger seeds [4], [5]. Hence seed size is enhanced by an excess of pater-
nal genomes and restricted by an excess of maternal genomes. These phenomena 
were linked to the DNA methyltransferase MET1, using a dominant antisense 
construct, MET1a/s 6–9. Maternal inheritance of MET1a/s causes an increase 
of seed size whereas paternal inheritance has an opposite effect. MET1 is a key 
player in the control of parental genomic imprinting, which restricts gene expres-
sion from one of the two parental alleles [10]. In Arabidopsis, it was proposed that 
MET1 controls the expression of two pools of imprinted genes: maternally ex-
pressed inhibitors and paternally expressed enhancers of endosperm growth [11]. 
In Arabidopsis two imprinted genes dependent on MET1 have been identified 
[12]. MET1 silences the genes FWA and FERTILIZATION INDEPENDENT 
SEED 2 (FIS2) in the male gametes [12]. FIS2 and FWA are expressed in the 
female central cell [9], [13]. After fertilization FIS2 and FWA are expressed in the 
endosperm from their maternal allele, while MET1 maintains silencing on the 
paternal allele [12], [13]. The parental imbalance of expression thus defines FIS2 
and FWA as imprinted genes.
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It was expected that the contrasting effects of MET1a/s were mediated by 
removal of silencing of the paternal allele of endosperm growth inhibitors, thus 
causing seed size increase and vice versa [11]. However, MET1a/s has a dominant 
effect, which does not allow distinguishing whether seed size variations in wild 
type (wt)×MET1a/s crosses originated from the loss of MET1 in the previous 
parental generation (sporophyte) or in the haploid generation producing the gam-
etes (gametophyte). In addition, MET1a/s lines accumulate epimutations [6] and 
abnormal methylation profiles [14], which could be partially responsible of the 
phenotypes observed. A study based on a recessive loss-of-function allele, met1-6 
[15] showed clearly that the loss of met1 during male gametogenesis reduces seed 
size. This result was also in agreement with the demonstration of a gametophytic 
effect of met1-3 on the silencing of the paternal alleles of the imprinted genes 
FIS2 and FWA [12]. However the existence of a gametophytic maternal effect of 
met1-6 on seed size remained unclear [15] and a potential effect on met1-6 loss of 
function on the diploid parental sporophytic generation was not tested explicitly. 
To address these concerns, we restricted our analysis to homozygous and heterozy-
gous mutants derived from a self-fertilized heterozygous met1-3/+ mother and 
compared the effects on seed development of met1-3 loss of function during male 
gametogenesis, female gametogenesis and the parental diploid generation.

Results and Discussion
A Distinctive Paternal Effect Is Associated to MET1 Loss-of-
Function During Male Gametogenesis

The null recessive allele met1-3 causes a loss of DNA methylation in first genera-
tion homozygous plants [16]. The loss of met1 function is caused by a T-DNA 
insert linked to a gene conferring resistance to the herbicide BASTA. To confirm 
specific parental contributions of met1-3 to seed size, we analyzed digital images 
of seeds from crosses that varied MET1 genotype and parent of transmission 
(Figure 1, Table 1). Seeds produced by crosses between wild-type ovules and pol-
len from met1-3/met1-3 plants were smaller than seeds produced between wild 
type ovules and wild type pollen (Figure 1A). Quantitative analysis resolved these 
two genotypes into two distinct populations based on seed width and length (n 
= 108; P<.0001 for ANOVA, t-test and Mann Whitney) (Figure 1B, Table 1). 
This verified that met1-3 has a paternal effect on seed size as observed in previous 
studies [7], [9], [15]. We then conducted the same experiment with heterozygous 
met1-3/+ plants. Half of the pollen from met1-3/+ plants carries the met1-3 al-
lele causing re-activation of imprinted genes [12] and other silenced loci [17]. 
It is thus possible to predict a gametophytic paternal effect of met1 with size  
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reduction in only 50% of the seeds produced by wild type ovules crossed to 
met1-3/+ pollen. Accordingly, we observed both large and small seeds by visual 
inspection (Figure 1A; 45.4% small seeds; n = 900) and quantitative analysis 
(wt×met1/+, n = 374; wt×wt, n = 257; P<.0001 for ANOVA, t-test and Mann 
Whitney) (Figure 1C, Table 1). In the small seeds from crosses between wild type 
ovules and pollen from met1-3/+ plants, embryo growth was relatively normal as 
compared to the endosperm, which exhibited reduced growth.

Figure 1. Parental effect of met1-3/+ on seed size. 

(A) Seed populations produced by crosses between wild-type (wt) ovules and pollen from met1-3/+ or met1-3/
met1-3 plants. The scale bar represents 0.5 mm. (B) Morphometric parameters of seeds from crosses between 
wt ovules and pollen from wt or from met1/met1 plants. (C) Morphometric parameters of seeds from crosses 
between ovules from wt plants and met1-3/+ pollen. The green and red ovals represent the extent of the 
populations of seeds shown in B. (D) Morphometric parameters of seeds from crosses between ovules from 
met1/+ plants and wild-type pollen. The green and red ovals represent the extent of the populations of seeds 
shown in B.

Table 1. Morphometric measurements of seeds from various crosses reported in Figure 1.
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To confirm the link between the small seeds and paternal inheritance of 
met1-3, seeds from wt×met1-3/+ crosses were visually sorted according to their 
size relative to a wild type control, and BASTA resistance associated to met1-3 
was tested. Two populations of seeds were distinguished. All smallest seeds were 
resistant to BASTA (n = 323) while all largest seeds were sensitive to BASTA (n = 
336). The 1:1 proportion supported the predicted association of the paternal ef-
fect of met1-3 to gametogenesis (p = 0.6126 χ2). As we did not analyze the entire 
population we may have missed a complex genetic component regulating seed 
size. To ensure that abnormally small seeds or seed lethality were not missing from 
our bulked seed population, we analyzed all seeds from single crosses between 
wild-type mothers and pollen from met1-3/+ plants (Figure 2A, Table 2). In this 
analysis we also ensured that crosses with pollen from wt and met1-3/+ plants 
were performed on the same mother plant to allow an absolute size comparison. 
BASTA resistance correlated with the smallest seeds of the population (p<0.0001 
ANOVA and Mann-Whitney) demonstrating that paternal inheritance of met1-3 
causes seed size reduction as a result of the loss of MET1 activity during male 
gametogenesis. The loss of MET1 during male gametogenesis may allow paternal 
expression of imprinted growth inhibitors and cause a decrease of endosperm and 
seed size. Loss-of-function paternal effects are uncommon and until now have 
only been linked to defects in fertilization in Drosophila [18], [19], C.elegans 
[20] and Arabidopsis [3]. We thus conclude that met1-3 causes a paternal effect 
associated with defects after fertilization and thus representing a distinct class of 
paternal effect mutations.

Figure 2. Correlation between seed size and the inheritance of met1-3 associated to BASTA resistance. 
(A) BASTA resistance (Br) and sensitivity (Bs) are correlated with seed size in seeds from crosses between wild-
type ovules and met1-3/+ pollen. Segregation of the BASTA marker remains 1:1 (p = 0.4795 χ2), so although 
some seed lethality was observed (n = 11) it is not linked to met1-3. (B) Br and Bs are not correlated with seed 
size in seeds from crosses between met1-3/+ ovules and wild-type pollen.
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Table 2. Morphometric measurements of seeds correlated to BASTA R as reported in

Loss of MET1 During Female Gametogenesis does not Impact 
on Seed Size

While crosses between wild type ovules and the MET1a/s pollen caused a de-
crease of seed size, a symmetrical increase of seed size was observed in seeds from 
the reciprocal crosses MET1a/s×wt. [7]–[9]. We tested whether maternal inheri-
tance of met1-3 from met1-3/+ mothers would increase size in 50% of the seeds. 
Crosses between ovules from met1-3/+ plants and wild-type pollen did exhibit 
increased seed size relative to wild type controls (Figure 1A; n = 900) correlated 
with an increased in endosperm size. However, this increase in size affected the 
whole population of seeds (Figure 1D, Table 1, n = 138). Largest seeds selected by 
visual inspection from a population of 900 seeds from wt×met1-3/+ crosses did 
not show a preferential resistance to BASTA (55.1% BASTA Resistant in a popu-
lation of n = 84 largest seeds). This is contrary to the expected consequence of a 
maternal gametophytic effect of met1-3/+, which should produce a greater pro-
portion BASTA resistance among the largest seeds in a population derived from 
met1-3/+×wt crosses. To confirm this finding we compared BASTA resistance and 
seed size in an entire population of seeds from met1-3/+×wt crosses from a single 
plant. We observed that larger seeds did not always inherit the met1-3 allele and 
the means of size measurements did not differ between seed genotypes (Figure 2B, 
Table 2). These results were in clear contrast to the results obtained from crosses 
involving pollen from met1-3/+ plants. The inheritance of met1-3 from met1-3/+ 
plants through the female gametes did not cause the increase of size in 50% of 
the seed population as expected for a gametophytic maternal effect. However we 
observed an overall increase of seed size in the entire population of seeds (Fig. 1D, 
Table 1). Thus, it was possible that either the gametophytic effect was not fully 
penetrant and could not be detected clearly. Alternatively it was possible that the 
maternal effect of met1 was mediated from the maternal tissues surrounding the 
seed.
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Maternal Effects Linked to Loss-of-Function of MET1 in 
Vegetative Tissues

In seeds derived from met1-3/+ fathers we expected that genetically wild-type 
seeds would have a wild-type seed size. In contrast, both the seed area and width 
of the BASTA sensitive wild type seeds derived from met1-3/+ fathers are signifi-
cantly larger than the wild-type controls pollinated after emasculation and grown 
in the same conditions, even though these seeds are genetically identical (Table 2). 
This effect on seed size likely originates from the reduced dosage of active MET1 
in the heterozygous met1-3/+ vegetative tissues. Similarly the average seed size 
of wild type seed produced from crosses between ovules from met1/+ plants and 
wild type pollen were also larger than wild type ovules from controls emasculated 
wild type plants crossed with wild type pollen (Table 2). Since we failed to detect a 
gametophytic component in the genetic maternal control of seed size by met1-3/+ 
plants, we concluded that the size increase observed in met1/+×wt crosses origi-
nated from the effect of met1 in vegetative tissues. Thus, plants heterozygous for 
met1-3 enhanced seed growth both maternally and paternally with no evidence 
for antagonism between the two parents. In addition our results suggest that an 
overall reduction of MET1 levels in met1-3/+ plants could lead to a reduced level 
of DNA methylation activity prior to meiosis and promote seed size increase.

MET1 Controls Embryo Size Through Its Action on the 
Maternal Tissues

The maternal inheritance of the dominant MET1a/s construct caused a dramatic 
increase of seed size [7]. Similarly, seeds from crosses between ovules from met1-6 
[15] or met1-3 homozygous crossed to wild type pollen are much larger than seeds 
produced from met1/+ heterozygous mothers crossed to wild type pollen. The 
range of phenotypes suggested that seed size and development were influenced 
by MET1 dosage in the maternal sporophyte. All seeds were affected, indicating 
that defects could originate from the maternal tissues responsible for supplying 
maternal nutrients to the seed or the maternal seed integuments. Deregulation of 
cell proliferation and cell elongation of integuments influences seed size [1], [21], 
[22]. We thus investigated whether MET1 controls integuments development. 
We observed that met1-3/met1-3 integuments contain 50% more cells than in 
the wild type (Figures 3A and 3B and Table 3). We thus conclude that MET1 
represses cell proliferation in the integuments. In addition, we observed that in 
the absence of fertilization, the fruits of met1-3/met1-3 plants elongated (Figure 
3C and Table 3), resulting in production of seed-like structures devoid of em-
bryo and endosperm (Figure 3, D and E and Table 3). Similar observations were 
made with MET1a/s plants (Table 3). The autonomous seed-like structures are  
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devoid of endosperm or embryo and develop only from ovules that are deficient of 
MET1 in the sporophytic integuments but not from ovules from met1/+ plants, 
50% of which are deficient of MET1 in the female gametophyte. We conclude 
that autonomous growth of seed-like structures did not originate from the loss 
of MET1 activity in the central cell or the egg cell. Rather, MET1 thus controls 
seed size maternally through its action on cell proliferation and elongation in the 
seed integuments. Double fertilization causes enhanced cell division followed by 
elongation in the wild type [1]. Our results thus suggest that double-fertilization 
releases MET1-inhibited controls. Hence we show that mechanisms acting in the 
integuments in addition to the endosperm [23] and the embryo [3], [24] prevent 
seed development in absence of fertilization.

Figure 3. Maternal effects of met1/met1 on ovule integument. 
(A) Wild-type ovule at the mature stage shows four or five cell layers of integuments (int) surrounding the central 
cell (cc). (B) A similar confocal section of a met1/met1 ovule. (C) Fruits from met1-3/met1-3 plants elongate in 
absence of fertilization (10 Days After Emasculation, (DAE)) in comparison to wild-type fruits. (D) Wild-type 
ovule with collapsed central cell at 8 DAE. (E) Seed-like structure in elongated fruits from met1-3/met1-3 plants 
at 8 DAE. Scale bars represent 20 µm (A, B, D and E) and 1.5 mm (C).
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Table 3. Morphometric measurements of autonomous fruits and seeds produced by plants deficient for 
MET1.

Conclusions

MET1 independently controls both endosperm growth and cell division and 
elongation of the integuments. Presumably MET1 silences maternal genes 
in the integuments and restricts seed growth through this maternal sporo-
phytic control. In addition MET1 restricts the expression of imprinted genes 
in endosperm to the maternal alleles, resulting eventually in a different type 
of maternal control of endosperm growth. Our results also suggest that a 
memory of the maternal epigenetic status prior to meiosis is recorded during 
gametogenesis and influences seed size. Overall the epigenetic control of seed 
size by MET1 appears to result primarily from maternal controls. These derive 
directly from the action of MET1 on the sporophytic vegetative tissues and 
indirectly from the restriction of expression of imprinted inhibitors of seed 
size to their maternal allele by MET1 acting during male gametogenesis. This 
conclusion does not support MET1-mediated antagonism between imprinted 
loci expressed from the paternal or maternal genomes as originally predicted 
by the parental conflict hypothesis. It is unlikely that CMT3 and DRM2 
involved in global de novo DNA methylation control seed size since they do 
not appear to impact the expression of imprinted genes [25], [26]. However 
we do not exclude that other epigenetic controls such as histone methylation 
by Polycomb group complexes [26]–[28] are responsible for an opposite ac-
tion of the expression between paternally and maternally expressed imprinted 
genes. In mammals, the function and regulation of some imprinted genes 
support the parental conflict theory [11], [12], [17], [29]. However some 
results also suggest a predominant maternal control of placental and embryo 
growth [30]–[32]. In conclusion, in plants and mammals a complex series of 
maternal controls balance the unequal parental contributions to the offspring 
and may mimic a parental conflict without involving symmetrical antagonis-
tic molecular controls.
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Materials and Methods
Plant Lines and Growth Conditions

The wild-type control lines C24 and Col were supplied by the ABRC stock center. 
The line met1a/s (C24) was supplied by J. Finnegan [6]. The line met1-3 (Col) 
was supplied by J. Paszkowsky and contains a TDNA insert conferring resistance 
to BASTA [17]. The met1-3 line was maintained as heterozygous by repeated 
backcrosses to wild-type plants in order to avoid accumulation of epigenetic de-
fects. Once allowed to self, the resulting segregating homozygous plants were used 
for emasculation for crosses to wild-type plants and for observation of autono-
mous development.

Plants were grown at 22 C and 60% hygrometry in short days (16 h 
night) for three weeks followed by long days (8 h night) in Conviron Growth  
chambers.

Microscopy and Measurements

Developing seeds were cleared with Hoyer’s medium and observed with DIC optics 
with a Leica microscope (DM600). Images were recorded with a Snapshot camera 
and processed with Metamorph for morphometric measurements. For confocal 
microscopy, material was prepared and observed as described previously [1].

Experimental Strategy

In order to evaluate the relationship between seed size and parental inheritance 
of met1 we performed a series of four experiments. We produced crosses between 
wild type and met1-3/+ plants grown in the same conditions and obtained two 
populations of 900 seeds with inheritance of met1 from the mother or from the 
father. We visually separated seeds according to size categories in each population 
and tested BASTA resistance in a subset representing the largest or smallest seeds. 
In a second series of crosses we produced crosses between wild type emasculated 
plants and wild-type or met1-3/+ plants or met1-3/met1-3 plants grown together. 
The seeds obtained were imaged and seed size was measured as detailed below and 
the data are reported in Figure 1 and Table 1. We obtained a third series of crosses 
from single plants in order to have an ideal wild type control to compare seed size 
with and to establish correlation with BASTA resistance. The dataset is reported 
in Figure 2.
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Statistical Analysis

To determine seed area and height, digital images of seeds on a white background 
were thresholded in Adobe Photoshop CS2. These black and white images were 
analyzed by ImageJ. We set a threshold on the grayscale such that the seed ap-
pears uniformly black against a white background. The black areas are detect-
ed automatically and converted as ellipsoids with the measurement of area and 
minor axes. To test the differences between the means of two seed populations, 
both analysis of variation (ANOVA) and the non-parametric Mann-Whitney test 
(M-W) were employed as certain portions of very small seeds in some experiments 
may have violated the normality assumption in ANOVA. 1:1 ratios of small and 
large seeds were tested by the Pearson’s χ2 test (χ2). Finally, we used the Kalmago-
rov-Smirnoff Normality test (K-S) to determine whether seed size phenotypes fit 
a normal distribution based on comparison to a generated ideal normal distribu-
tion of similar mean and standard deviation. Calculations were performed using 
StatView 5.0.1 (SAS Institute, Cary NC), except for χ2, which was calculated on 
Excel×(Microsoft). p-values provided in the text are followed by the abbreviation 
of the test used.
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abstRact
Precise coordination between stamen and pistil development is essential to 
make a fertile flower. Mutations impairing stamen filament elongation, pol-
len maturation, or anther dehiscence will cause male sterility. Deficiency in 
plant hormone gibberellin (GA) causes male sterility due to accumulation of 
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DELLA proteins, and GA triggers DELLA degradation to promote stamen 
development. Deficiency in plant hormone jasmonate (JA) also causes male 
sterility. However, little is known about the relationship between GA and JA 
in controlling stamen development. Here, we show that MYB21, MYB24, 
and MYB57 are GA-dependent stamen-enriched genes. Loss-of-function of 
two DELLAs RGA and RGL2 restores the expression of these three MYB 
genes together with restoration of stamen filament growth in GA-deficient 
plants. Genetic analysis showed that the myb21-t1 myb24-t1 myb57-t1 tri-
ple mutant confers a short stamen phenotype leading to male sterility. Fur-
ther genetic and molecular studies demonstrate that GA suppresses DELLAs 
to mobilize the expression of the key JA biosynthesis gene DAD1, and this is 
consistent with the observation that the JA content in the young flower buds 
of the GA-deficient quadruple mutant ga1-3 gai-t6 rga-t2 rgl1-1 is much 
lower than that in the WT. We conclude that GA promotes JA biosynthesis to 
control the expression of MYB21, MYB24, and MYB57. Therefore, we have 
established a hierarchical relationship between GA and JA in that modula-
tion of JA pathway by GA is one of the prerequisites for GA to regulate the 
normal stamen development in Arabidopsis.

Introduction
Arabidopsis flowers are organized into four concentric whorls of distinct organs 
(sepals, petals, stamens and pistils). Stamens, the male reproductive organs of 
flowering plants, form the third whorl. Processes of stamen filament elongation 
and anthesis are precisely controlled so that they coincide with the pistil develop-
ment to determine the fertility [1]. Mutations that impair stamen development 
such as filament elongation, pollen maturation or anther dehiscence will result 
in male sterility [2],[3]. Many genes have been found to control stamen develop-
ment [4],[5]. Stamen development is also subjected to hormonal control. For ex-
ample, mutations affecting biosynthesis of two plant hormones gibberellin (GA) 
(e.g ga1-3 mutation) and jasmonate (JA) (e.g opr3 mutation) both confer male 
sterile phenotype due to failure of stamen filament elongation and of completion 
of anthesis and anther dehiscence [6],[7].

A severe Arabidopsis GA-deficient mutant, ga1-3 exhibits retarded growth at 
both vegetative and reproductive stages [7]. The development of floral organs, es-
pecially petals and stamens, is impaired in the ga1-3 mutant. Detailed anatomical 
analysis showed that the male sterile phenotype of ga1-3 is due to the arrestment 
of stamen filament cell elongation and failure of completion of anthesis [8]. Ap-
plication of exogenous GA can restore all the floral defects of ga1-3 [7]. Further 
studies revealed that the arrested floral development in ga1-3 is mediated by DELLA 
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proteins [8],[9]. DELLAs are a subfamily of the plant GRAS family of putative 
transcription regulators [10],[11] and have been revealed to function as negative 
regulators of GA response in diverse plant species including Arabidopsis, barley, 
rice and wheat etc [12]–[17]. There are five DELLAs in Arabidopsis, namely GAI, 
RGA, RGL1, RGL2 and RGL3 [18],[19]. Genetic studies have shown that RGA, 
RGL2 and RGL1 act synergistically in repressing petal and stamen development 
and GA triggers the degradation of these DELLAs to promote floral development 
[8], [9], [20]–[22]. Severe JA deficient mutant opr3 and JA-signaling mutant 
coi1 also displayed retarded filament elongation, delayed anther dehiscence, and 
reduced pollen viability. As a consequence, the opr3 and coi1 mutants are male 
sterile [6],[23]. Application of exogenous JA can fully restore the stamen develop-
ment to opr3 [6].

It is intriguing to know whether GA-mediated and JA-mediated stamen devel-
opment are via two parallel pathways or in a hierarchical way to control stamen de-
velopment. In Arabidopsis, the known GA-response genes encoding transcription 
factors involved in stamen development are GAMYBs (MYB33 and MYB65), a 
subset of MYB genes [24]. GAMYB is the best characterized GA-regulated tran-
scription factor and was first identified in barley. GAMYB was found to bind 
to the GA-response elements (GARE) in the promoter of the ?–amylase gene in 
cereals [25],[26]. Genetic studies showed that Arabidopsis GAMYBs (MYB33 
and MYB65) are essential to anther maturation but not for the elongation of sta-
men filament in Arabidopsis [24]. Previous studies have shown that GA regulates 
GAMYB through DELLA protein SLN1 and SLR1 in barley and rice, respectively 
[27],[28]. However, several reports failed to identify MYB33 and MYB65 as GA-
inducible genes in Arabidopsis and these two MYB genes are in fact regulated at 
the post-transcriptional level by miRNA159 [24], [29]–[31]. Two recent reports 
showed that three MYB genes (MYB21, MYB24 and MYB108) are responsive 
to JA treatment in opr3 mutant and loss-of-function of MYB21 and MYB24 re-
sulted in a short stamen phenotype [32] whereas MYB108 is involved in stamen 
and pollen maturation but not stamen filament elongation [33]. Interestingly, 
in an expression profiling study, we identified several MYBs including MYB21, 
MYB24, and MYB57 as DELLA-downregulated genes in ga1-3 flower buds [30]. 
This fact prompted us to investigate if there might be a cross-talk between GA 
signaling and JA signaling during stamen development.

MYB21 and MYB24 have been shown to be expressed in all four whorls of 
the flower [32],[34],[35]. In this report, we showed that MYB21, MYB24, and 
MYB57 are down-regulated in the ga1-3 single mutant and the sterile quadruple 
mutant ga1-3 gai-t6 rga-t2 rgl1-1 (loss-of-function of GAI, RGA, RGL1 three 
DELLA genes but RGL2 is normal) but restored to wild type levels in the fertile 
penta mutant ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 (loss-of-function of GAI, RGA, 
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RGL1 and RGL2 four DELLA genes). We also showed that absence of the four 
DELLAs (GAI, RGA, RGL1 and RGL2) cannot suppress the short stamen phe-
notype conferred by the loss-of-function of MYB21 and MYB24. In addition, 
we observed that application of exogenous JA onto the ga1-3 gai-t6 rgl1-1 rgl2-1 
quadruple mutant flower buds could restore the expression of MYB21, MYB24 
and MYB57 whereas application of exogenous GA onto opr3 mutant flower 
buds failed to increase the expression of these three MYBs. Most importantly, 
we showed that GA upregulates JA-biosynthetic genes DAD1 and LOX1 and 
the JA content in the young flower buds of the GA-deficient quadruple mutant 
ga1-3 gai-t6 rga-t2 rgl1-1 is much lower than that in the WT and penta mutant. 
Therefore, we conclude that GA upregulates the DAD1 and LOX1 expression to 
promote JA production to promote the expression of the three MYBs necessary 
for stamen filament development.

Results
Identification of DELLA-Repressed Stamen-Enriched Genes

The ga1-3 mutant is retarded in floral development, suggesting that the tran-
scriptome for floral development in the ga1-3 mutant must be kept at a re-
pressive state. Conversely, the fact that the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 
mutant (penta mutant) confers GA independent flowering suggests that the 
transcriptome responsible for floral development must have been constitu-
tively activated in the penta mutant. We compared the expression profiles be-
tween ga1-3 and ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 and identified 360 DELLA-
repressed and 273 DELLA-activated genes essential for floral development 
[30]. To identify DELLA-repressed stamen-enriched genes, we examined ex-
pression of 43 DELLA-repressed genes in the sepal, petal, stamen and pistil 
via semi-quantitative RT-PCR. These 43 genes were chosen based on two 
criteria: 1) they are homologous to transcription factors known to regulate 
GA-response (e.g MYB gene family) and 2) genes whose expression showed 
drastic changes between the ga1-3 and penta mutant [30]. Only genes whose 
expression are either enriched in the stamen or highly expressed in the stamen 
and also in some other floral organs but not ubiquitously highly expressed in 
all four floral organs were classified as the stamen-enriched genes. A total of 
34 genes, including two APG-like genes (At1g75880, At1g75900) and three 
genes (IRX1, IRX3, IRX5) encoding the cellulose synthase subunits which 
are known to be enriched in the stamen, were identified as DELLA-repressed 
stamen-enriched genes (Figure 1; Table 1).
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Figure 1. Identification of DELLA-Repressed Stamen-Enriched Genes. 
At least three independent samples were used for RT-PCR analysis for each individual gene and a representative 
gel picture for each gene was shown here. Total 34 genes were identified as DELLA-repressed stamen-enriched 
genes (summarized in Table 1) based on their relative more abundant expression in the stamen than in one or 
more of the rest of the floral organs. 

Table 1. RT-PCR examination of DELLA-down genes in different floral organs.
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DELLAs Repress the Expression of MYB21, MYB24, and 
MYB57

Three MYB genes, namely MYB21, MYB24 and MYB57, were among the identi-
fied DELLA-repressed stamen-enriched genes (Figure 1; Table 1). Based on the 
phylogenetic tree, MYB24 and MYB21 are classified into the subgroup 19 of 
R2R3-MYB family [36]. MYB57 shares high similarity with this subfamily and 
is a close member to this subfamily [37]. Overall, MYB21 shares 61.6% and 
51.0% identity with MYB24 and MYB57 at the amino acid level, respectively. 
The expression of these three MYBs in the young flower buds were reduced to a 
very low level in ga1-3 but restored to the wild type (WT) level in the ga1-3 gai-t6 
rga-t1 rgl1-1 rgl2-1 penta mutant (Figure 2A). In order to find out which DELLA 
(RGL1, RGL2, RGA and GAI) is more effective in repressing the expression of 

Figure 2. MYB21, MYB24I, and MYB57 Are RGA- and RGL2-Repressible Floral Specific Genes. 
(A) RT-PCR analysis shows that the expression of the three MYB genes in the young flower buds are greatly 
reduced in ga1-3 but restored to the WT level in ga1-3 gai-t6 rgat2 rgl1-1 rgl2-1 (penta). (B–C) RT-PCR 
analysis shows that the repressed expression of the three MYB genes in ga1-3 was restored in ga1-3 gai-t6 rga-t2 
rgl2-1 (Q2) and ga1-3 rga-t2 rgl1-1 rgl2-1 (Q4) two quadruple mutants but not in ga1-3 gai-t6 rgl1-1 rgl2-1 
(Q1) and ga1-3 gai-t6 rga-t2 rgl1-1 (Q3) two quadruple mutants (B). This restoration of MYB expression nicely 
correlates with the recovery of fertility in Q2 and Q4 (C). Total RNA used in RT-PCR analysis was extracted 
from the young flower buds. (D) RT-PCR analysis shows that the three MYB genes are floral specific genes. 
IF, inflorescence; CL, cauline leaves; RL, rosette leaves; IT, internodes; RT, roots; SL, siliques. (E) Amino acid 
alignment of MYB21, MYB24 and MYB57 proteins. The conserved R2 and R3 domains and the NYWSV/ME/
DDlWP/S motif are highlighted in red, blue and green, respectively.
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MYB21, MYB24 and MYB57, transcript levels of each individual MYB gene were 
studied in four quadruple mutants in which only one of the four DELLA genes 
remains intact. All three MYB genes were almost undetectable in the Q1 (ga1-3 
gai-t6 rgl1-1 rgl2-1, wild type for RGA) and barely detectable in the Q3 (ga1-3 
gai-t6 rgl1-1 rga-t2, wild type for RGL2) mutants but were detected at high levels 
in the Q2 (ga1-3 rga-t2 rgl1-1 rgl2-1, wild type for GAI) and Q4 (ga1-3 gai-t6 
rga-t2 rgl2-1, wild type for RGL1) mutants (Figure 2B), suggesting that RGA and 
RGL2, but not GAI nor RGL1, were the more effective DELLAs in repressing 
the expression of these three MYB genes. Interestingly, we showed previously that 
while Q1 and Q3 mutants, as the ga1-3 mutant, were retarded in floral develop-
ment both Q2 and Q4 mutants produced normal fertile flowers (Figure 2C) [8]. 
Therefore, it seems there is a nice correlation between normal floral development 
and the expression of MYB21, MYB24 and MYB57, suggesting that these three 
MYBs are probably necessary for normal floral development.

MYB21, MYB24, and MYB57 Function Redundantly in 
Controlling Stamen Filament Elongation

Expression analysis showed that MYB21 and MYB24 [32],[34] as well as MYB57 
are flower-specific genes (Figure 2D). To determine if the spatial and temporal 
expression patterns of MYB21 and MYB24 correlate with their proposed role 
during stamen filament elongation, we examined MYB21 expression via in situ 
hybridization and generated pMYB24:GUS transgenic for examining MYB24 ex-
pression. Our in situ hybridization result showed that, starting from floral stage 
12 [1],[38], MYB21 is expressed in the anther vascular tissue and in cells at the 
junction between anther and stamen filament where rapid filament elongation is 
hypothesized to occur starting from the floral stage 13 after a successful pollina-
tion [1]. MYB21 expression is also detected in the nectaries and ovules. Similarly, 
staining the young inflorescence of the pMYB24::GUS plants revealed that strong 
GUS activity was detected in the vascular tissue of stamen filament and sepals 
whereas only weak GUS activity was detectable in the petals starting from floral 
stage 12. GUS activity was also detected in the upper part of the pistils.

To investigate their roles in GA-mediated floral organ development, we 
identified T-DNA insertional mutant lines corresponding to these three MYB 
genes from the Salk Institute Genomic Arabidopsis Laboratory (SIGnAL) data-
base. Mutant alleles were confirmed (data not shown) and designated as myb21-
t1 (SALK_042711) for MYB21, myb24-t1 (SALK_017221) for MYB24, and 
myb57-t1 (SALK_065776) for MYB57 (Figure 3A). myb24-t1 and myb57-t1 are 
both likely null alleles since MYB24 and MYB57 transcripts were undetectable 
in myb24-t1 and myb57-t1 mutant flower buds, respectively (Figure 3B). On 
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the other hand, MYB21 transcripts were still detectable in myb21-t1 although 
its level was greatly reduced in the mutant, suggesting that myb21-t1 is likely a 
leaky allele (Figure 3B). After two rounds of backcross, we found that myb24-t1 
and myb57-t1 mutant plants were phenotypically indistinguishable from the WT 
control plant (Figure 3C; Table 2). However, in myb21-t1 the early developed 
flowers (~the first 10 flowers) bore short stamens with greatly reduced fertility and 
only the late developed flowers yielded proper seed settings (Figure 3C; Table 2). 
A close look at the matured early flowers in myb21-t1 showed that the stamens 
did produce pollens (Figure 3D, panel d). Cross-pollinating the pollens onto the 
myb21-t1 stigma yielded seeds that were homozygous for myb21-t1 and onto the 
WT stigma yielded myb21-t1 heterozygous seeds (data not shown), demonstrat-
ing that the short stamen is responsible for the partial sterile phenotype. Although 
myb21-t1 is likely a leaky allele, the short stamen phenotype conferred by the 
myb21-t1 mutation is identical to a MYB21 null allele we obtained later from 
Gabi-Kat stock (stock number N311167, data not shown).

Figure 3. MYB21, MYB24, and MYB57 Function Redundantly in Regulating the Stamen Filament 
Development. 
(A) Schematic diagram shows the respective T-DNA insertions in the three MYB genes. Black box: exon; black 
line: intron; triangle: T-DNA insertion site. (B) RT-PCR analysis of MYB24 transcripts in myb24-t1 and 
MYB57 transcripts in myb57-t1 and northern analysis of MYB21 transcripts in myb21-t1. Total RNA for RT-
PCR and northern analysis was extracted from the young flower buds. (C) Comparison of main shoots bearing 
siliques among different mutant lines as indicated. (D) Comparison of the stamen phenotype among different 
mutant lines as indicated. Genotypes for flowers a-h in (D) corresponds to that showed in (C).
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Table 2. Seed settings in different mutants grown under LD condition.

The WT-like phenotype displayed by myb24-t1 and myb57-t1 and mild floral 
phenotype displayed by myb21-t1 suggest that these MYB genes might function 
redundantly during stamen development. To prove this hypothesis, crosses were 
made among homozygous myb24-t1, myb21-t1 and myb57-t1 plants. Three dou-
ble mutants (myb21-t1 myb24-t1, myb21-t1 myb57-t1, and myb24-t1 myb57-
t1) and one triple mutant (myb21-t1 myb24-t1 myb57-t1) were generated and 
used in our phenotypic analysis.

The flower development of myb24-t1 myb57-t1 double mutant at all stages 
was indistinguishable from the WT control (Figure 3D; Table 2) [1]. Stamens 
in mature flowers of the myb21-t1 myb24-t1 double mutant were shorter than 
that of the myb21-t1 single mutant and shorter stamens were also observed in 
majority of the late developed mature flowers in the double mutant. As a result, 
the myb21-t1 myb24-t1 double mutant is more severely sterile than myb21-t1 by 
having fewer siliques with seed settings (Figure 3C and 3D; Table 2), an observa-
tion also reported by Mandaokar et al [32]. The myb21-t1 myb57-t1 double mu-
tant had shorter stamens in early developed mature flowers and some of the later 
flowers (Figure 3D) and its seed settings displayed an intermediate phenotype 
between myb21-t1 single and myb21-t1 myb24-t1 double mutants (Figure 3C 
and 3D; Table 2). Interestingly, cross-pollination showed that the short stamens 
in both myb24-t1 myb21-t1 and myb21-t1 myb57-t1 double mutant plants pro-
duced viable pollens (data not shown), suggesting that the short stamen is respon-
sible for the reduced fertility in these mutants.

The myb21-t1 myb24-t1 myb57-t1 triple mutant, as the myb21-t1 myb24-t1 
double mutant, had short stamens but was even more severely sterile than myb21-
t1 myb24-t1 (Figure 3C and 3D; Table 2). For myb21-t1 myb24-t1 double and 
myb21-t1 myb24-t1 myb57-t1 triple mutant plants, we occasionally observed 
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that while, in the same inflorescence, most of the flowers did not set or set very 
few seeds, some were able to develop normal siliques filled up with seeds (Fig-
ure 3C and 3D). Cross pollination showed the pollens produced by myb21-t1 
myb24-t1 myb57-t1 triple mutant plants were partial viable (data not shown), 
suggesting the short stamens in the triple mutants are the main cause of the steril-
ity. It is possible that environmental factors (e.g. temperature) may influence male 
fertility in these mutants, an observation also reported for MYB33 and MYB65 
[24]. Therefore, MYB21, MYB24 and MYB57 function redundantly to control 
the stamen filament development in the late developed flowers.

Since MYB21 and MYB24 are also expressed in sepals and petals, we exam-
ined the sepal and petal development in the single, double and triple myb mu-
tants. As shown in Figure 3D, sepal development appeared normal in all mutants 
whereas petal development varied in different mutants. Petals in the myb24-t1 
and myb57-t1 two single mutants grew to a final length longer than the pistils, as 
that did the WT petals. Petals in the myb21-t1 single, myb24-t1 myb57-t1 and 
myb21-t1 myb57-t1 two double mutants grew to a final height parallel to the 
pistil (Figure 3D). Petals in the myb21-t1 myb24-t1 double mutant grew just out 
of the sepals but ended at a lower level than the stigma (Figure 3D). The growth 
of petals in the myb21-t1 myb24-t1 myb57-t1 triple mutant was arrested and the 
petals never grew out of the sepals (Figure 3D).

myb21-t1 myb24-t1 Is Epistatic to gai-t6 rga-t2 rgl1-1 rgl2-1 in 
Controlling Stamen Filament Elongation

MYB21 and MYB24 were repressed in ga1-3 but their expressions were restored 
to the WT level in the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 penta mutant, suggest-
ing that GA regulates MYB21 and MYB24 through inactivating DELLA pro-
teins. Application of exogenous GA could not rescue the stamen development in 
myb21 myb24 mutant (data not shown), suggesting that MYB21 and MYB24 are 
needed in GA-mediated stamen development. To further confirm this hypothesis, 
we crossed myb21 myb24 with ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 to generate two 
hexa mutants (hexa1: ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 myb21-t1; hexa2: ga1-3 
gai-t6 rga-t2 rgl1-1 rgl2-1 myb24-t1) and one hepta mutant (ga1-3 gai-t6 rga-t2 
rgl1-1 rgl2-1 myb21-t1 myb24-t1). The two hexa mutants overall appeared simi-
lar to each other and had wildtype-like stamens and were largely fertile (Figure 
4A). The hepta mutant plant displayed no difference from the penta mutant plant 
in its vegetative growth. However, its mature flowers showed a short filament 
phenotype identical to that in the myb21-t1 myb24-t1 double mutant (Figure 
4A). This observation demonstrated that myb21-t1 myb24-t1 double mutations 
are epistatic to DELLA mutations. SEM analysis showed that the short stamen 
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phenotype in the hepta mutant was due to reduced cell length (Figure 4B and 
4C), rather than to a reduction in cell number (Figure 4D). Therefore, MYB21 
and MYB24 act downstream of DELLAs in GA signaling pathway to control the 
stamen filament development.

Figure 4. myb21-t1 myb24-t1 Is Epistatic to ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 in Controlling Stamen Filament 
Elongation. 
(A) Comparison of the stamen phenotype among ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1(penta), ga1-3 gai-t6 rga-t2 
rgl1-1 rgl2-1 myb21-t1 myb24-t1 (hepta), ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 myb21-t1 (hexa1) and ga1-3 gai-t6 
rga-t2 rgl1-1 rgl2-1 myb24-t1 (hexa2). (B) SEM of stamen filament epidermal cells in the penta, hepta, hexa1 
and hexa2 mutants. Segments shown were all from the middle part of the filament. Some individual cells were 
outlined with black lines for easy visualization. (C) Comparison of stamen and pistil lengths among different 
genotypes. Filament and pistil lengths were measured from SEM pictures (n = 30). (D) Average number of 
epidermal cells per stamen filament in penta, hepta, hexa1 and hexa2. n: number of stamens used in counting.
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GA Application Fails to Induce the Expression of MYB21, 
MYB24 and MYB57 in JA-Deficient Mutant

We showed in the above that the expression of MYB21, MYB24 and MYB57 
was repressed in the ga1-3 gai-t6 rga-t2 rgl1-1 quadruple mutant (wild type for 
RGL2) but restored to normal in the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 penta 
mutant (Figure 2A and 2B). Mandaokar et al reported that the expression of 
MYB21 and MYB24 was downregulated in opr3 mutant and application of ex-
ogenous JA could restore their expression [32]. These results suggest that there 
might be a crosstalk between the GA and JA pathways in regulating the expres-
sion of MYB21, MYB24 and MYB57 during stamen development. Genetically, 
there are three possible ways of interaction between GA and JA. Firstly, GA 
might act through the JA pathway to regulate the expression of these MYB genes. 
In this case it is expected that JA application onto ga1-3 gai-t6 rga-t2 rgl1-1 
would induce the expression of MYB21, MYB24 and MYB57 whilst GA ap-
plication onto opr3 would have no effect on their expression. Conversely, JA 
may act upstream of the GA pathway to regulate the expression of these three 
MYB genes. In this case, GA application onto opr3 would induce whilst JA ap-
plication onto ga1-3 gai-t6 rga-t2 rgl1-1 would have no effect on the expression 
of MYB21, MYB24 and MYB57. The third possibility is that GA and JA may 
not act in a hierarchical manner but rather via parallel pathways to regulate the 
expression of the three MYB genes. If this is the case, GA application onto opr3 
and JA application onto ga1-3 gai-t6 rga-t2 rgl1-1 would probably both induce 
the expression of the three MYB genes. To find out which is the likely case, we 
first examined the effect of GA application on JA-deficient mutant opr3 and 
found that GA application failed to rescue the opr3 mutant phenotype and failed 
to induce the expression of MYB21, MYB24 and MYB57 in opr3 even at 96 hrs 
after GA treatment (Figure 5A). Failure in induction of expression of MYB21, 
MYB24 and MYB57 in GA-treated opr3 mutants could be due to inactivation 
of GA signaling in JA-deficient background. GA3ox1 and GA20ox2 are two key 
genes that contribute to the biosynthesis of bioactive GA and these two genes are 
under negative feedback regulation by GA signaling pathway (GA-down) [30]. 
On the other hand, GA2ox1 is a GA-up gene responsible for GA catabolism 
[30]. Examination of the GA3ox1 and GA20ox2 and GA2ox1 expression in GA-
treated opr3 mutants showed expected GA-response (Figure 5B). Meanwhile, 
expression of GA3ox1 and GA2ox1 appeared normal in opr3 (Figure 6A). These 
results suggest that JA-deficiency specifically blocks the GA-signaling leading to 
the induction of MYB21, MYB24 and MYB57 expression but not the negative 
feedback pathway for GA-biosynthesis.
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Figure 5. JA-Deficiency Specifically Blocks GA-Signaling Leading to the Induction of Expression of MYB21, 
MYB24, and MYB57. 
(A–B) Semi-quantitative analysis of MYB21, MYB24, MYB57 (A), GA2ox1, GA3ox1 and GA20ox2 (B) 
expression in the opr3 mutant flowers at 18, 48, 72 and 96 hrs after GA treatment. Data were averaged from 
2–4 batches of independently treated samples and ACTII was used as the normalization control. The graph was 
drawn based on Log10 scale of the ratio of the expression levels of GA treated versus untreated samples. (C–D) 
Semi-quantitative analysis of LOX2 (in red line), GA2ox1, GA3ox1 and GA20ox2 (C), MYB21, MYB24 and 
MYB57 (D) expression in the ga1-3 gai-t6 rga-t2 rgl1-1 (Q3) mutant flowers at 18, 48, 72 and 96 hrs after JA 
treatment. Data were averaged from 2–4 batches of independently treated samples and ACTII was used as the 
normalization control. The graph was drawn based on Log10 scale of the ratio of the expression levels of JA 
treated versus untreated samples.

JA Application Restores the Expression of MYB21, MYB24 
and MYB57 in GA-Deficient Mutant

We then studied the effect of JA application on ga1-3 gai-t6 rga-t2 rgl1-1 (GA-
deficient) by examining the expression of MYB21, MYB24 and MYB57 in the 
young flower buds at 18, 48, 72 and 96 hrs post-treatment. As expected, LOX2, 
a JA-response gene, was strongly upregulated by JA application at 18 hrs post 
treatment (Figure 5C) [39]. Interestingly, we observed that JA-treatment induced 
high expression of MYB21 and MYB24 and weak expression of MYB57 in the 
ga1-3 gai-t6 rga-t2 rgl1-1 quadruple mutant at 18 hrs post treatment (Figure 
5D). However, examination of GA3ox1 and GA20ox2 (two GA-down genes) 
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and GA2ox1 (GA-up gene) showed that JA treatment did not obviously change 
the expression patterns of these three GA-response genes in the ga1-3 gai-t6 rga-
t2 rgl1-1 quadruple mutant (Figure 5C). These data suggested that JA signaling 
might mediate a specific branch of GA signaling to regulate the expression of the 
three MYB genes.

Figure 6. GA Regulates the Expression of JA Biosynthesis Genes DAD1 and LOX1. 
(A) RT-PCR analysis of GA- and JA-biosynthesis genes in the young flower buds of La-er WT control, ga1-3, 
ga1-3 gai-t6 rga-t2 rgl1-1 (Q3), ga1-3 gai-t6 rga-t2 rgl1-1rgl2-1 (penta), opr3 (in WS background) and Ws 
WT control. (B) Northern analysis of MYB21, GA20ox2, LOX1, LOX2 and OPR3 in the young flower buds 
of the La-er WT control, ga1-3, Q3, penta, opr3 and Ws WT control. (C) Semi-quantitative analysis of DAD1 
expression in ga1-3, Q3 and penta relative to that in WT (Laer), respectively. Data were averaged from three 
independent batches of samples and ACTII was used as the normalization control. The expression level of WT 
is set as 1. (D) Comparison of JA contents among WT (La-er), opr3, ga1-3 gai-t6 rga-t2 rgl1-1 (Q3) and ga1-3 
gai-t6 rga-t2 rgl2-1 rgl1-1 (penta). For WT and the penta mutant JA contents were averaged from four repeats. 
For the Q3 mutant, JA was detected in three out of the four repeats. For opr3, JA was detected only in one out 
of the four repeats. FW, fresh weight.
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GA Suppresses DELLA to Upregulate the JA-Biosynthesis 
Gene LOX1 and DAD1

Considering the fact that JA application was able to induce the expression of 
MYBs in the ga1-3 gai-t6 rga-t2 rgl1-1 mutant it is reasonable to argue that JA 
biosynthesis, instead of JA signaling pathway, is likely affected in the ga1-3 gai-
t6 rga-t2 rgl1-1 mutant. To test this hypothesis, we examined the expression of 
known or putative JA biosynthesis genes including DAD1 (Defective in anther 
dehiscence 1), LOX1 (Lipoxygenase 1), LOX2 (Lipoxygenase 2), AOS (Allene ox-
ide synthase), AOC1 (Allene oxide cyclase 1, At3g25760), AOC 2 (At3g25770), 
AOC 3 (At3g25780), AOC 4 (At1g13280) and OPR3 (OPDA reductase 3) in 
La-er WT, Ws WT, ga1-3 single, ga1-3 gai-t6 rga-t2 rgl1-1 quadruple, ga1-3 gai-
t6 rga-t2 rgl1-1 rgl2-1 penta, and opr3 mutants. We found that only MYB21, 
LOX2 and AOC1 showed reduced expression in the opr3 mutant whereas all the 
other genes, including GA-biosynthesis genes, expressed similarly in the opr3 mu-
tant and Ws WT control (Figure 6A and 6B), suggesting that JA-deficiency does 
not affect GA biosynthesis. Expression of these genes in GA-related mutants was 
more complicated. We found that the expression levels of AOS, AOC1, AOC3, 
AOC4, LOX2 and OPR3 did not show significant differences in all GA-related 
mutants when compared to the La-er WT control (Figure 6A and 6B), suggesting 
these genes are probably regulated in a GA-independent fashion. The expression 
of AOC2 was obviously induced in ga1-3 and then reduced to the WT level in 
the quadruple and penta mutants (Figure 6A), suggesting AOC2 is a GA-down 
gene. In contrast, the expression of LOX1 was significantly reduced in ga1-3 but 
was restored both in the ga1-3 gai-t6 rga-t2 rgl1-1 quadruple and penta mutants 
(Figure 6B), suggesting that although LOX1 is a GA-up gene and its expression is 
not repressed by RGL2. Interestingly, DAD1 expression was found to be down-
regulated to approximately 20% of the WT level in both ga1-3 and the ga1-3 gai-
t6 rga-t2 rgl1-1 quadruple mutant whereas was restored to approximately 60% 
of the WT level in the penta mutant (approximately three folds increase in penta 
versus Q3) (Figure 6A and 6C), indicating that GA may regulate DAD1 expres-
sion via suppression of RGL2.

JA Levels Are Greatly Reduced in the Young Flower Buds of 
the ga1-3 gai-t6 rga-t2 rgl1-1 Quadruple Mutant

One expected consequence of downregulation of DAD1 expression by RGL2 
is the reduction of JA levels in the ga1-3 gai-t6 rga-t2 rgl1-1 quadruple mu-
tant (Q3). To text this hypothesis, we measured the JA contents in the young 
flower buds in WT, opr3, the Q3 quadruple mutant and the ga1-3 gai-t6 rga-t2 
rgl1-1 rgl2-1 penta mutant (penta). The data obtained clearly showed that the JA  
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content was greatly reduced in the young flower buds of the quadruple Q3 mu-
tant whereas was restored in the penta mutant when compared to that in the WT 
and opr3 mutant (Figure 6D).

GA Application Induces DAD1 Expression Prior to the 
Induction of MYB21, MYB24, and MYB57

DAD1 is a stamen specific gene encoding chloroplastic phospholipase A1 protein 
that catalyzes the first step of JA biosynthesis. Mutation in DAD1 resulted in a 
typical JA-deficient phenotype in stamen development [40], a phenotype similar 
to that of myb21-t1 myb24-t1 double mutant. As mentioned earlier, JA likely acts 
downstream of GA to regulate the expression of MYB21, MYB24 and MYB57. 
To study whether there is a correlation between GA-regulated DAD1 expression 
and MYB21, MYB24 and MYB57 expression, we treated the ga1-3 gai-t6 rga-t2 
rgl1-1 quadruple mutant with GA. We first confirmed the GA-responsiveness 
in the quadruple mutant plants by examining the expression of known GA-re-
sponse genes GA3ox1, GA20ox2 and GA2ox1 (Figure 7A). Then we examined 
the expression of DAD1 and the three MYB genes MYB21, MYB24 and MYB57.  

Figure 7. GA Induces DAD1 Expression Prior To Induction of Expression of MYB21, MYB24, and MYB 57. 
(A–B) Semi-quantitative analysis of LOX2, GA2ox1, GA3ox1 and GA20ox2 (A), DAD1 (in red line), MYB21, 
MYB24 and MYB57 (B) expression in the ga1-3 gai-t6 rga-t2 rgl1-1 (Q3) mutant flowers at 18, 48, 72 and 96 
hrs after GA treatment. Data were averaged from 2–4 batches of independently treated samples and ACTII was 
used as the normalization control. The graph was drawn based on Log10 scale of the ratio of the expression levels 
of GA treated versus untreated samples.
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Surprisingly, compared to the induction of MYB21 and MYB24 expression by JA 
treatment which is detectable at 18 hrs post treatment (Figure 5D), GA induction 
of the expression of these two MYB genes in ga1-3 gai-t6 rga-t2 rgl1-1 happens 
much later and only became detectable at 72 hrs (Figure 7B). More interestingly, 
GA induction of the expression of DAD1 is obviously detectable at 48 hrs which 
is prior to GA-induced expression of MYB21 and MYB24 in the ga1-3 gai-t6 
rga-t2 rgl1-1 quadruple mutant (Figure 7B). Our data suggest that GA might first 
induce the expression of DAD1 to promoter JA production then via JA signaling 
to regulate the expression of MYB21 and MYB24.

Expression of MYB21, MYB24, and MYB57 Is Necessary But 
Insufficient for Normal Stamen Filament Elongation in ga1-3 
gai-t6 rga-t2 rgl1-1

As shown in the above, MYB21, MYB24 and MYB57 act downstream of DEL-
LAs in controlling stamen filament elongation. Expression of MYB21, MYB24 
and MYB57 was repressed and floral development was arrested in the ga1-3 gai-t6 
rga-t2 rgl1-1 Q3 quadruple mutant (Figure 2B and 2C). Regarding the fact that 
JA content is reduced in the young flower buds of Q3 we questioned whether res-
toration of expression of these MYBs by exogenous application of JA could rescue 
the stamen development to the ga1-3 gai-t6 rga-t2 rgl1-1 Q3 plants. We analyzed 
the flowers of JA-treated ga1-3 gai-t6 rga-t2 rgl1-1 plants and found that repeated 
JA application was unable to rescue the stamen development (Figure 8) though 
JA could restore the expression of the three MYB genes (Figure 5D), indicating 
that expression of MYB21, MYB24 and MYB57 alone was insufficient for normal 
stamen development in the ga1-3 gai-t6 rga-t2 rgl1-1 mutant. Furthermore, we 
found that exogenous application of GA to the ga1-3 gai-t6 rga-t2 rgl1-1 plants 
was able to induce the expression of MYB21, MYB24 and MYB57 (Figure 7B) 
and recover normal floral development (Figure 8). Taken together, our results 
demonstrate that besides these JA-inducible MYBs, other important GA-regulat-
ed JA-independent factors are needed for normal stamen filament development 
in ga1-3 gai-t6 rga-t2 rgl1-1.

Overexpression of MYB21 Restored Stamen Filament 
Elongation and Fertility to opr3 Flowers

To test our hypothesis that GA acts through JA to control expression of the MYB 
genes to promote filament elongation, we fused MYB21 gene with the CaMV35S 
promoter (pCAMBIA1301 vector) and this construct was used to generate trans-
genic plants in the opr3 mutant background. Semi-quantitative RT-PCR showed 
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that MYB21 was overexpressed in the transgenic plants in the opr3 background 
(Figure 9A). We found that overexpression of MYB21 could restore the stamen 
filament growth (Figure 9B) and restore the fertility (Figure 9C and 9D) to the 
opr3 mutant partially. Together with the fact that loss of function of four DELLA 
(GAI, RGA, RGL1 and RGL2) could not restore the fertility and filament elonga-
tion to the coil1 mutant, we have now provided strong evidence to show that GAs 
act through JA to control expression of the MYBs and promote stamen filament 
elongation.

Figure 8. MYB21, MYB24, and MYB57 Are Necessary but Insufficient to Complete the Normal Stamen 
Filament Development. 
Pictures are shown to compare the stamen phenotype in JA or GA repeatedly treated ga1-3 gai-t6 rga-t2 rgl1-1 
(Q3) and opr3 plants with respective untreated controls.

Figure 9. Overexpression of MYB21 Rescues the Stamen Filament Growth and Fertility to the opr3 Mutant. 
(A) RT-PCR analysis of MYB21 and OPR3 gene expression in WT, opr3 and opr3 MYB21OE-1. Total RNA 
was extracted from the young flower buds. ACTIN was used as the normalization control. (B) Comparison of 
the flowers at stage 14 in different genotypes. The flower in opr3 MYB21OE-1 shows elongated filament than 
that in opr3. (C and D) Comparison of seed set in different genotypes as shown (C) and of plant growth of 
WT (Col-0) (50 days old), opr3 (50 days old) and opr3 MYB21OE-1. The third plant from left was an opr3 
MYB21OE-1 plant with primary shoot (50 days old) whereas the last plant was a 60-day-old opr3 MYB21OE-1 
with axillary shoots after its primary influence has been removed earlier. White arrows highlight siliques with 
seed set, red arrows highlight sterile siliques.
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Discussions
In this report, we first identified 34 DELLA-repressed stamen-enriched genes 
by RT-PCR analysis of candidate genes selected from microarray data [30]. We 
then selected MYB21, MYB24 and MYB57 for detailed genetic analysis because 
GAMYBs are the best characterized transcription factors involved in GA-response. 
We showed that Arabidopsis MYB21, MYB24 and MYB57 are highly expressed 
in the stamen. The stamen-enriched expression pattern is consistent with the ob-
servation that the myb21-t1 myb24-t1 myb57-t1 triple mutant is impaired in the 
stamen development, especially in the stamen filament elongation. During the 
course of studying these three MYBs, Mandaokar et al reported that MYB21 and 
MYB24 are also JA-inducible [32] which immediately attracted our attention to 
study the hierarchical relationship between GA and JA in regulating the expres-
sion of these three MYBs.

We first tested the responses of GA- and JA-deficient mutants (i.e. ga1-3 gai-
t6 rga-t2 rgl1-1 Q3 quadruple mutant and opr3 mutant, respectively) to GA and 
JA treatments and found that JA- treatment induced the expression of MYB21, 
MYB24 and MYB57 in the GA-deficient plants whereas GA-treatment failed to 
do so in the JA-deficient plant. This result suggests that JA likely acts downstream 
of GA pathway to control the expression of these three MYBs. It is possible that 
JA acts downstream by modulating the stability or activity of DELLA proteins to 
induce the expression of the three MYBs. If this is the case, we would expect that 
JA-treatment would lead to RGL2 degradation or would change the expression 
patterns of GA-response genes in ga1-3 gai-t6 rga-t2 rgl1-1. However, we found 
that neither the RGL2 protein level (data not shown) nor the expression patterns 
of three GA-response genes GA2ox1, GA3ox1 and GA20ox1 were obviously 
altered in the JA-treated ga1-3 gai-t6 rga-t2 rgl1-1 plants at 18 hrs post treat-
ment although the three MYBs are highly expressed at this time point, suggesting 
that destabilization or inactivation of DELLA proteins is unlikely the cause for 
JA-induced expression of MYBs in ga1-3 gai-t6 rga-t2 rgl1-1. Alternatively, it is 
possible that GA suppresses DELLA to promote JA production or modulate JA-
signaling to induce the expression of the three MYBs. The fact that JA application 
can restore the expression of the three MYBs in the GA-deficient background 
strongly suggests that, at least in part, JA biosynthesis is impaired in the ga1-3 
gai-t6 rga-t2 rgl1-1 mutant.

JA biosynthesis is accomplished by a sequential biochemical reactions medi-
ated by JA-biosynthesis genes including DAD1, LOX1, 2, AOS, AOC1, 2, 3, 4 
and OPR3 and is regulated by OPDA compartmentalization and a JA-mediated 
positive feedback loop [41]. Biotic and abiotic stresses also induce JA forma-
tion [42]–[44]. In our experiment, we found that JA biosynthesis gene DAD1 
was greatly down-regulated in both ga1-3 single and ga1-3 gai-t6 rga-t2 rgl1-1  
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quadruple mutants but partially restored to a relatively high level in the penta 
mutant, suggesting that GA is required for the expression of DAD1 to control 
the production of JA via repression of DELLA proteins. In flowers of dad1 null 
mutant, the JA levels were only 22% of that of WT [40], demonstrating that lim-
ited initial substrate generation by DAD1 reaction acts as a control point for JA 
biosynthesis in flowers. Therefore, it is highly possible that reduced expression of 
DAD1 in ga1-3 gai-t6 rga-t2 rgl1-1 or ga1-3 mutant may result in relative low JA 
production. This hypothesis is strongly supported by the observation that JA con-
tent was greatly reduced in the young flower buds of the GA-deficient quadruple 
mutant ga1-3 gai-t6 rga-t2 rgl1-1 (Q3 mutant). Furthermore, the fact that the 
induction of DAD1 expression happens prior to the expression of MYBs by GA 
in the ga1-3 gai-t6 rga-t2 rgl1-1 mutant strongly support our hypothesis that GA 
may regulate the MYBs’ expression via mobilization of the biosynthesis of JA. A 
recent report showed that DAD1 expression is directly controlled by AGAMOUS 
(AG) [45]. Interestingly, Yu et al reported that AG expression was downregulated 
in the GA-deficient mutant ga1-3 and exogenous GA application promoted the 
AG expression [20]. It will be interesting to study if there is a relationship among 
DELLAs, AG and DAD1 in the future. High level of JA would induce the ex-
pression of the three MYB genes essential for stamen development. In addition to 
DAD1, we also observed that expression of LOX1 was down-regulated in ga1-3 
mutant and restored to the WT level in the penta mutant. On the other hand, 
another JA biosynthesis gene AOC2 was up-regulated in ga1-3 mutant. These 
observations suggested that GA may be one of the endogenous signal involved in 
the regulation of JA biosynthesis genes.

Genetic studies have shown that MYB21, MYB24 and MYB57 are indis-
pensable for stamen development. The stamen phenotype of myb21-t1 myb24-
t1 myb57-t1 triple mutant is similar to that of JA-deficient mutants including 
opr3 and dad1 mutants. Overexpression of MYB21 restored the stamen filament 
elongation and fertility to the opr3 flowers, strongly suggesting that JA-mediated 
stamen filament growth is mainly through the MYB pathway. Both ga1-3 single 
and ga1-3 gai-t6 rga-t2 rgl1-1 quadruple mutants showed a more severe flower 
phenotype than myb21-t1 myb24-t1 myb57-t1 triple mutant. The fact that ex-
pression of these MYBs in ga1-3 gai-t6 rga-t2 rgl1-1 plants was not enough to 
rescue the mutant flower phenotype indicates that these MYBs are necessary but 
not sufficient for GA-mediated floral development. These data also indicate that 
modulation of JA pathway may be only one of the branches of GA function in 
regulating stamen development.

Active cross-talk between different hormone signaling pathways have been 
revealed in many developmental processes [46]. For example, it was reported that 
auxin was necessary for GA-mediated Arabidopsis root growth by promoting GA-
dependent degradation of DELLA proteins [47]. In contrast, ethylene inhibits 
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Arabidopsis root growth by delaying the GA-induced destabilization of DELLA 
[48]. Recently, the complexity of interactions between ethylene and GA signal 
transduction pathways were analyzed by using combinations of different ethyl-
ene and GA related mutants [49]. Hormone-hormone interaction also plays an 
important role in controlling flowering. For example, it was found that stress in-
duced hormone ethylene control floral transition via DELLA-dependent regula-
tion of floral meristem-identity genes LEAFY and SUPPRESSOR OF OVEREX-
PRESSION OF CONSTANS 1 (SOC1) [50]. We have here established a linear 
relationship between GA and JA in that GA modulates the expression of DAD1 
that in a likely scenario to promote JA biosynthesis and in return JA induces the 
expression of MYB21, MYB24 and MYB57 to control the normal stamen devel-
opment in Arabidopsis.

Materials and Methods
Plant Materials

Plants were grown as described previously [19]. Mutant lines (La-er background) 
ga1-3, Q3 (ga1-3 gai-t6 rga-t2 rgl1-1) and penta (ga1-3 gai-t6 rga-t2 rgl1-1 
rgl2-1) were described previously [8]. Mutant lines (Col-0 background) myb21-
t1 (SALK_042711), myb24-t1 (SALK_017221) and myb57-t1 (SALK_065776) 
were obtained from Arabidopsis Biological Resource Centre at the Ohio State 
University [51] and verified using primer pairs listed in Table 3. These lines were 
backcrossed twice to purify the genetic background and were then used for all 
experiments described in this paper. Double mutants were generated from crosses 
between the relevant single mutants. Triple mutant myb21-t1 myb24-t1 myb57-
t1 was obtained from cross between myb21-t1 myb24-t1 and myb24-t1 myb57-
t1. Hexa1 (ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 myb21-t1), hexa2 (ga1-3 gai-t6 rga-
t2 rgl1-1 rgl2-1 myb24-t1) and hepta (ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 myb21-t1 
myb24-t1) mutants were in Laer background via cross-pollination of myb21-t1 
myb24-t1 to the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 penta mutant four times. SEM 
of the penta, hexa1, hexa2 and hepta mutants was performed as described previ-
ously [8]. The opr3 mutant is in the Ws background [6].

Table 3. Primer pairs used for genotyping MYB mutants.
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hormone treatment
Both the ga1-3 gai-t6 rga-t2 rgl1-1 (Q3) and opr3 mutant plants (~27 days old) 
were sprayed with mock (0.1% ethanol v/v), GA3 (10?4 M) (Sigma) or MeJA 
(0.015% v/v) (Sigma). After treatment, young inflorescences were collected at dif-
ferent time point (18 hrs, 48 hrs, 72 hrs and 96 hrs) for total RNA extraction. For 
observing rescue of stamen development, mutant plants were repeatedly treated 
(once a week) with GA or JA.

RT-PCR and Northern Analysis
Different organs (sepal, petal, stamen, pistil and peduncle) of stage 11–12 flow-
ers were dissected under microscope and pooled for RNA extraction. Flowers 
younger than stage 11 were pooled as young flower buds for RNA extraction. To-
tal RNA was extracted from the young flower buds of respective genotypes treated 
with or without GA and JA using Tri Reagent (Molecular Research Center, Cin-
cinnati, OH). The residue genomic DNA in the total RNA was removed via 
treatment with RNase-free DNase I (Roche, Germany) and the total RNA further 
purified with the RNeasy Mini kit (QIAgen, Valencia, CA, USA). First strand 
cDNA was synthesized using SuperScript™II RNase H? Reverse Transcriptase 
(Invitrogen, USA). First strand cDNA was used as the template in PCR using 
gene specific primers. Primer pairs used in identification of DELLA-repressed 
stamen-enriched genes were listed in Table S1. Primer pairs for RT-PCR analysis 
of GA2ox1, GA3ox1, GA20ox2, DAD1, AOS, OPR3, LOX1, 2 and AOC1, 2, 
3, 4 were listed in Table 4. For quantifying the gene expression levels, PCR prod-
ucts were stained with ethidium bromide and the intensity was quantified using 
software Molecular Analyst (Bio-Rad). The gene expression level was normalized 
to the expression level of ACTII and then displayed as a ratio of expression levels 
of GA (or JA) treated samples versus untreated control.

Table 4. Gene specific primer pairs used in RT-PCR analysis.
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Northern blot hybridization was performed as described [19]. Fragments of 
MYB21 (+294 to +801 nt, the A of the start codon ATG = 1), GA20ox2 (+28 to 
+627 nt), LOX1 (+1903 to +2408 nt), LOX2 (+1278 to +1714 nt), and OPR3 
(+4 to +439 nt) were labeled using PCR DIG probe synthesis kit (Roche, Ger-
many) and used as probes in Northern blot hybridization.

Quantification of JA

500 mg young flower buds harvested from different genotypes were frozen in liq-
uid N2 and ground to a fine powder with a mortar and pestle. Following addition 
of 600 µL methanol, homogenates were mixed and kept at 4°C overnight, then 
centrifuged at 4,800 g for 10 min. The supernatant was transferred to a new 5 mL 
glass tube and the residue was re-extracted with 200 µL of methanol. 3000 µL 
ddH2O was added to the combined extracts and this solution was applied onto 
the Sep-pak C18 cartridge. The cartridge was washed with 200 µL 20% methanol 
and 250 µL 30% methanol 300 µL, respectively. Finally, the cartridge was eluted 
with 300 µL 100% methanol and the eluted solution was collected and used as 
the samples. Pre-prepared JA solutions (three concentrations were used: 10 ng/
mL; 100 ng/mL; 1000 ng/mL) were used as the internal normalization standard. 
Samples were analyzed by a Thermo TSQ Quantum Ultra LC-MS-MS system. 
10 µL of sample was injected onto a Hypersil Gold column (150?2.1, 3 µm). The 
mobile phase comprised solvent A (0.1% formic acid) and solvent B (methanol) 
used in a gradient mode [time/concentration of A/concentration of B(min/%/%) 
for 0/90/10; 1/90/10; 10/10/90; 15/10/90; 16/90/10; 28/90/10]. The machine 
was run with a spray voltage 4800 v, atomization flow 30 mL/min, auxiliary flow: 
2 mL/min, capillary transfer temperature 380°C, lens compensation voltage 77 v, 
molecular ions m/z 133 (JA), collision energy 15 eV and signal collection interval 
15–19 min.

CaMV35S::MYB21 Transgenic Plants

For MYB21 overexpression construct, the Arabidopsis MYB21 was cloned into 
an overexpression vector using a primerF: (5¢-agctctagaAtggagaaaag aggag-
gaggaag-3¢) and a primerR: (5¢-atcgagctctcaattaccattcaataaatgca-3¢) through 
XbaI and SacI sites. The overexpression vector, which was derived from pCAM-
BIA1301, contains the CaMV35S promotor to drive the expression of MYB21. 
The plasmids was confirmed by sequencing and introduced into Agrobacte-
rium tumefaciens by electroporation and then introduced into heterzygous 
OPR3/opr3 plant by flower dip method [19]. More than 20 transformed 
lines were obtained based on PCR analysis. Homozygous opr3 mutants were 
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identified using Opr3-RP (5¢-ctcaaatattggcgagacctg-3¢) and Opr3-LP (5¢-
GGCAGAGTATTATGCTCAACG-3¢).

pMYB24::GUS Transgenic Plants

To make the pMYB24::GUS construct, a 3098 bp (68 bp upstream of MYB24 
start codon ATG) genomic DNA fragment was PCR amplified from Col-0 ge-
nomic DNA using primers 18F (PstI, 5¢ TTCTAGGCTGCAGCTAAAC-
GACTTC 3¢) and 2934R (5¢ GTAATAGAAAGGGAGAGTTGTGAAAG 
3¢). PCR amplifications of promoter regions were performed using PfuTurbo 
DNA polymerase (Stratagene). The amplified DNA fragment was digested with 
PstI and then cloned into PstI/NcoI-cleaved pCambia 1301 vector and their se-
quences were confirmed by sequencing. The pMYB24::GUS fusion construct was 
then introduced into Arabidopsis thaliana ecotype Col-0 plants using flower dip 
method [19]. More than three independent lines were examined at various stages 
of floral development in this study.

In Situ Hybridization

Whole inflorescences which included unopened flower buds were fixed and in situ 
hybridization was carried out as described before [8]. Antisense and sense probes 
of MYB21 (+294 to +801 nt, nt stands for nucleotides, the A of the start codon 
ATG = 1) for in situ hybridization were DIG-labeled by in vitro transcription.
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abstRact
Background

ECE-CYC2 clade genes known in patterning floral dorsoventral asymme-
try (zygomorphy) in Antirrhinum majus are conserved in the dorsal identity 
function including arresting the dorsal stamen. However, it remains uncer-
tain whether the same mechanism underlies abortion of the ventral stamens, 
an important morphological trait related to evolution and diversification of 
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zygomorphy in Lamiales sensu lato, a major clade of predominantly zygomor-
phically flowered angiosperms. Opithandra (Gesneriaceae) is of particular in-
terests in addressing this question as it is in the base of Lamiales s.l., an early 
representative of this type zygomorphy.

Results

We investigated the expression patterns of four ECE-CYC2 clade genes and 
two putative target cyclinD3 genes in Opithandra using RNA in situ hybrid-
ization and RT-PCR. OpdCYC gene expressions were correlated with abor-
tion of both dorsal and ventral stamens in Opithandra, strengthened by the 
negatively correlated expression of their putative target OpdcyclinD3 genes. 
The complement of OpdcyclinD3 to OpdCYC expressions further indicated 
that OpdCYC expressions were related to the dorsal and ventral stamen abor-
tion through negative effects on OpdcyclinD3 genes.

Conclusion

These results suggest that ECE-CYC2 clade TCP genes are not only function-
ally conserved in the dorsal stamen repression, but also involved in arresting 
ventral stamens, a genetic mechanism underlying the establishment of zygo-
morphy with abortion of both the dorsal and ventral stamens evolved in an-
giosperms, especially within Lamiales s.l.

Background
One important event during the evolution of angiosperms is the emergence of 
flower bilateral symmetry, i.e. zygomorphy, a key innovation associated with im-
portant adaptive radiations [1]. Several zygomorphic clades have independently 
evolved successfully from actinomorphic ancestors in angiosperms, including La-
miales sensu lato that includes a major genetic model organism snapdragon (An-
tirrhinum majus) [2,3].

In A.majus, CYCLOIDEA (CYC) and DICHOTOMA (DICH) are essential 
for the development of dorsoventral asymmetry in flowers due to their dorsal 
identity function, i.e. controlling the fate of the dorsal floral organs in the second 
and third whorls [4,5]. CYC promotes cell expansion in the dorsal petals, while 
it arrests the growth of the dorsal stamen to become a staminode [4,5]. Mean-
while, DICH activity affects the internal asymmetry of the dorsal petals [4,5]. 
The ability of CYC to arrest the dorsal stamen depends on its negative effect on 
expression of cell-cycle genes, such as cyclin D3b [3,6]. CYC and DICH encode 
proteins within the ECE-CYC2 clade (ECE lineage, CYC/TB1 subfamily) in the 
TCP family of transcription factors with TCP domain related to cell proliferation 
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[3,7-12]. In legumes, distantly related to A. majus, several CYC homologues, 
such as LjCYC2 in Lotus and PsCYC2 in pea, also have the function in establish-
ing dorsal identity in legume flowers [13,14]. In Arabidopsis thaliana, a model 
eudicot species with ancestrally actinomorphic flowers, and its close relative Iberis 
amara, CYC homologues, TCP1 and IaTCP1 genes are characteristic of dorsal 
identity function, in which IaTCP1 dorsal-specific expression represses the two 
dorsal petal development in Iberis amara [15,16]. Recent studies in the sunflower 
family (Asteraceae) show that CYC-like genes, i.e. RAY1, RAY2 in Senecio and 
GhCYC2 in Gerbera, have played a key role in the establishment and evolution 
of the capitulate inflorescence [17,18]. Therefore, it is suggested that CYC-like 
TCP genes have been recruited multiple times for a role of dorsal identity and its 
modifications in establishing zygomorphy in core eudicots [3,19]. Even though 
the genetic control for the floral dorsoventral asymmetry has been intensively 
studied in model systems, it is still a great challenge to explain how modifications 
of development led to the transformation among different types of zygomorphy 
and the morphological diversification of zygomorphy in angiosperms, especially 
in Lamiales s.l., a major clade of predominantly zygomorphically flowered angio-
sperms.

Zygomorphy is believed to be ancestral in Lamiales s.l. [2,19,20]. Most zygo-
morphic groups in Lamiales s.l. have a pentamerous perianth with four stamens 
plus a dorsal staminode and two carpels as in A.majus. However, there is a great 
variation in morphology and number of corolla lobes and stamens [1]. The dorsal 
staminode can be completely lost as in Rehmannia and Veronica (Scrophulari-
aceae sensu lato) [2,21,22] and the two lateral stamens may become aborted in-
stead of one dorsal staminode as in Mohavea (Scrophulariaceae s.l.) and Chirita 
(Gesneriaceae) [23-25]. In some cases, the two ventral stamens may become sta-
minodes rather than the lateral stamens and the dorsal one, such as in Opithandra 
and Epithema (Gesneriaceae) [24]. In extreme cases, each flower may have only 
a single stamen as in Hippuris (Scrophulariaceae s.l.) [20]. In Mohavea, a close 
relative of A. majus, there is a derived floral morphology with abortion of both 
the dorsal and lateral stamens unlike the flowers of A.majus with abortion of only 
the dorsal stamen [23]. The derived floral morphology of Mohavea is correlated 
with the expression changes of McCYC/McDICH via CYC/DICH, i.e. expan-
sion from the dorsal to both the dorsal and lateral stamens [23]. A similar correla-
tion of expanded expression of CYC-like genes with abortion of both the dorsal 
and lateral stamens is also observed in Chirita (Gesneriaceae) [25]. However, we 
are still not clear about the abortion of the ventral stamens that has been involved 
in the evolutionary shifts of stamen number during the morphological diversifica-
tion of zygomorphy in Lamiales s.l. [1].
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In addition, in the backpetals mutant in A.majus, the ectopic expression of 
CYC in the lateral and ventral positions results in a dorsalized corolla. However, it 
seems likely that the androecial development is not affected by the ectopic expres-
sion of CYC because the two lateral and two ventral stamens are still fertile [5,26]. 
In the actinomorphic flower of legume Cadia, no LegCYC1B mRNA is detected 
in stamens [27]. It is hard to determine whether LegCYC1B or other CYC homo-
logues in legumes have a role in controlling androecial development from data to 
date [13,14,21]. RAY2 in Senecio and GhCYC2 in Gerbera (Asteraceae) mainly 
promote the growth of the ligule (the ventral petals) in ray florets and are excluded 
from the dorsal rudimentary petals [17,18]. In Veronica and Gratiola (Scrophula-
riaceae s.l.), some of CYC-like genes have dorsal-specific expressions while some 
have lost this feature, but their expressions do not correlate with ventral stamen 
arrest [21]. Therefore, expression data correlated with the ventral stamen abortion 
have not been reported yet for members of the ECE-CYC2 clade. It is uncertain 
whether abortion of the ventral stamens is related to CYC-like gene activities or 
to the effect of an unknown analogous counterpart of CYC-like genes, such as 
members of ECE-CYC3 clade or other factors [3,12,20].

The family Gesneriaceae is sister to the remainder of Lamiales s.l. [28] and 
has diverse forms of zygomorphy relating to the floral organ differentiation early 
in the order [1,2,24]. In Gesneriaceae, Opithandra exhibits a peculiar floral mor-
phology, where only the two lateral stamens are fertile and both the dorsal and 
ventral stamens are aborted in the third whorl (Figure 1). Phylogenetic analyses 
suggest that the floral morphology of Opithandra is likely derived from a weakly 

Figure 1. Flower morphology of Opithandra dinghushanensis. 
A) Inflorescence with flowers near or at anthesis, showing strongly zygomorphic corolla; B) An opened corolla 
at anthesis showing two dorsal petals smaller than two lateral and one ventral petals, and androecium with two 
fertile lateral stamens and two ventral and one dorsal staminodes; C) Magnification of the framed part in (B), 
showing two infertile lateral stamens with short filaments and small sterile anthers, and a tiny dorsal staminode 
that is barely visible; D) Floral diagram; Scale bars, 10 mm (A), 7 mm (B) and 3 mm (C). dp, dorsal petal (in 
blue); dt, dorsal staminode; lp, lateral petal (in yellow); lt, lateral stamen (in yellow); s, sepal; vp, ventral petal (in 
pink); vt, ventral staminode (in pink).
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zygomorphic flower with four fertile stamens and a dorsal staminode [24]. There-
fore, Opithandra represents an ideal candidate for exploring a potentially novel 
genetic mechanism underlying the establishment of zygomorphy with ventral sta-
men arrest in angiosperms, especially in Lamiales s.l.

Here we report that there is a correlation between OpdCYC gene expressions 
and abortion of both the dorsal and ventral stamens in Opithandra, strengthened 
by the negatively correlated expression of their putative direct target OpdcyclinD3 
genes. The novel patterns of CYC-like gene expressions in Opithandra indicate 
that ECE-CYC2 clade TCP genes are involved in the ventral stamen repression 
evolved within Lamiales s. l.

Results
Sequence and Phylogenetic Analyses of OpdCYC and 
OpdcyclinD3

We isolated four CYC-like genes from Opithandra dinghushanensis, named Opd-
CYC1C, OpdCYC1D, OpdCYC2A and OpdCYC2B. The full length open read-
ing frames (ORFs) of OpdCYC1C, OpdCYC1D, OpdCYC2A and OpdCYC2B 
are 1017 base pair (bp), 1038 bp, 1044 bp and 993 bp, respectively. Sequence 
analyses show that they share 43-48% and 45-51% identity with AmCYC at 
nucleotide and amino acid levels, respectively. When comparing the TCP and R 
domains, they share 90-95% identity with AmCYC at the amino acid level, sug-
gesting they are functionally related. Phylogenetic analyses show that OpdCYC 
genes have a close relationship with AmCYC and AmDICH, and, along with 
AmCYC and TCP1, belong to the ECE-CYC2 clade in the ECE lineage (CYC/
TB1 subfamily) of TCP gene family [12] (Figure 2A) (We have not found a mem-
ber of the ECE-CYC3 clade yet in Gesneriaceae, probably failed to amplify them 
because of difficulty in designing specific primers for this clade). OpdCYC genes 
are closely related to GCYC from Oreocharis among GCYC genes in Gesneri-
aceae (Figure 2B).

Two D3-type cyclin genes, designated as OpdcyclinD3a and OpdcyclinD3b, 
were isolated from O. dinghushanensis with full length ORFs of 1563 bp and 
1200 bp, respectively. The two D3-type cyclin genes contain a cyclin box [29] and 
the putative (Rb)-binding motif (LxCxE, where x is any amino acid) which are 
found both in animals [30,31] and plants [6,32,33]. Phylogenetic analyses show 
that OpdcyclinD3 genes belong to cyclinD3a and cyclinD3b clade, respectively, 
in the cyclinD3 lineages, in which they have close relations with AmcyclinD3a 
and AmcyclinD3b from A.majus, respectively (Figure 2C).
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Figure 2. Neighbor-joining trees of proteins encoded by CYC-like and D-type cyclin genes. 
A) Neighbor-joining tree of proteins encoded by the ECE lineage genes in CYC/TB1 subfamily, showing that 
OpdCYC1C/1D and OpdCYC2A/2B form a branch that is sister to AmCYC/AmDICH from Antirrhinum 
majus, which belong to the CYC2 clade in the ECE lineage. B) Phylogram of GCYC, showing the phylogenetic 
relations of OpdCYC genes with other GCYC in Gesneriaceae. C) Neighbor-joining tree of proteins encoded 
by D-type cyclin genes, showing that OpdcyclinD3a and OpdcyclinD3b are clustered with cyclinD3a and 
cyclinD3b clades, respectively, in the cyclinD3 lineage. For sequence information see Methods. Phylogenetic 
analyses were conducted using PAUP*4.0b4a, and bootsrap values over 50% (1,000 replicates) are indicated for 
each branch.

Gene mRNA Expression Patterns

To assess the potential role of CYC-like genes in floral development, we conducted 
in situ hybridization complemented by gene-specific RT-PCR on O. dinghushan-
ensis. As petal and stamen primordia began to emerge, OpdCYC1C mRNA was 
detected in all five petal and stamen primordia (Figure 3A). Weak mRNA signals 
were also detectable in the lateral edges and vascular tissue of sepals (Figure 3A). 
After primordial initiation of petals and stamens, OpdCYC1C expression signals 
were gradually weakened in the two lateral stamens (Figure 3B-D) with weak 
mRNA detected in the ring meristem of the corolla-tube outside the stamen pri-
mordia (Figure 3B-C). Figures 3C and 3D were the successive sections from the 
same individual flower across the base of stamen primordia (3C) and over their 
upper parts (3D), respectively, which showed a size reduction from the base to the 
upper part of the dorsal and ventral stamens. The mRNA signal of OpdCYC1C 
was weak in lateral stamens while strong in both dorsal and ventral staminodes 
in which its mRNA signal was stronger in the upper part than at the base (Figure 
3C-D). OpdCYC1C mRNA also accumulated less in lateral petals than in dorsal 
and ventral petals (Figure 3D). As the lateral stamens enlarged laterally, weak  
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OpdCYC1C mRNA shifted to peripheries and gradually became undetectable in 
the two lateral stamens, while OpdCYC1C transcripts continued to accumulate 
to a high level in the dorsal and ventral staminodes (Figure 3E-F). Meanwhile, 
OpdCYC1C mRNA became weak and not easily detectable in petals (Figure 
3E-F). Weak mRNA signals of OpdCYC1C were also detected in the gynoecial 
primordium (Figure 3E). In the middle developmental stages with flower buds 
about 8 mm long, as stamens began filament elongation and anther differentia-
tion, OpdCYC1C was strongly expressed in the dorsal region (the dorsal petals 
and staminode) and ventral staminode shown in RT-PCR while its weak mRNA 
signal was detected in sepals, lateral and ventral petals, and lateral stamens, in 
which the signal was much weaker in sepals and lateral stamens (Figure 4A, C). In 
the late stages, OpdCYC1C transcripts declined in the dorsal region and ventral 
staminodes, and were undetectable in other regions (Figure 4B-C). The Opd-
CYC1C mRNA was undetectable in stamens as pollen sacs began development in 
the two lateral anthers while the two ventral anthers became sterile (Figure 3G).

Figure 3. Tissue-specific expression of OpdCYC1 and OpdCYC2 during floral development in Opithandra 
dinghushanensis. 
A-G) RNA in situ hybridizations with antisense probe of OpdCYC1C. A) Its mRNA is first detected in all five 
petal and stamen primordia with weak signals in lateral edges and vascular tissue of sepals. B-D) Its mRNA then 
weakened in two lateral stamens but strong in both dorsal and ventral staminodes with weak mRNA in the ring 
meristem of corolla-tube. C-D) Successive sections from the same individual flower across base (C) and upper 
parts (D) of stamens. E-F) Its expression shifts to peripheries and becomes undetectable in two enlarged lateral 
stamens while remains strong in dorsal and ventral staminodes. G) Its mRNA is undetectable in stamens as pollen 
sacs begin development. H-L) RNA in situ hybridizations with antisense probe of OpdCYC2A. H) Its dense 
transcript accumulation first restricted to the dorsal side of the floral apex (arrow). I-K) Its strong expression 
then restricted to two dorsal petals and the dorsal staminode as they are initiated. Note its mRNA later becomes 
restricted to the dorsal-most parts in two dorsal petals (K). L) Its mRNA is undetectable in stamens as pollen 
sacs begin development. OpdCYC1D (M) and OpdCYC2B (N) mRNA is not detected in floral tissues. As a 
negative control, RNA in situ hybridizations with sense probes of OpdCYC1C (O) and OpdCYC2A (P) detect 
no signal in floral tissues. dp, dorsal petal; ds, dorsal sepal; dt, dorsal staminode; g, gynoecium; lp, lateral petal; 
ls, lateral sepal; lt, lateral stamen; vp, ventral petal; vs, ventral sepal; vt, ventral staminode. Scale bars, 150 µm.



Expres� s� ions�  of ECE-CYC2 Clade Genes�  Relating 203

Figure 4. Gene-specific semiquantitative RT-PCR on RNA prepared from dissected Opithandra dinghushanensis 
flowers. 
A) sepal (S), dorsal petal+staminode (Dp+s), lateral/ventral petals (Lp/Vp), lateral stamens (Ls) and ventral 
staminode (Vs) were dissected from flower buds of middle-stage (less than 1 cm long). B) sepal (S), dorsal 
petal+staminode (Dp+s), lateral/ventral petals (Lp/Vp), lateral stamens (Ls) and ventral staminode (Vs) were 
dissected from flowers of late-stage (3-4 cm long). C) Relative level of OpdCYC1C mRNA expression in middle-
stage (black) vs. late-stage (grey) compared with ACTIN. D) Relative level of OpdCYC2A mRNA expression 
in middle-stage (black) vs. late-stage (grey) compared with ACTIN. E) Relative level of Opdcyclin D3a mRNA 
expression in middle-stage (black) vs. late-stage (grey) compared with ACTIN. F) Relative level of Opdcyclin 
D3b mRNA expression in middle-stage (black) vs. late-stage (grey) compared with ACTIN. ACTIN was used 
for RT template control. The values (means ± SD) shown are determined from five independent experiments.

In contrast to OpdCYC1C, OpdCYC2A mRNA densely accumulated in the 
dorsal region of the floral apex as petals and stamens became visible (Figure 3H). 
Then, the OpdCYC2A expression signal was specifically concentrated in the dor-
sal petals and the dorsal staminode (Figure 3I-J). As floral organs developed, Op-
dCYC2A transcripts continued to be highly concentrated at the dorsal staminode 
and the dorsal-most parts of the two dorsal petals (Figure 3J-K). In the middle 
stages, the strong mRNA signal of OpdCYC2A was detected in the dorsal region 
(the dorsal petals and staminode) shown in RT-PCR that declined in late stages 
with no signal in other regions (Figure 4A-B, D). Its mRNA was undetectable in 
stamens as pollen sacs began development in the two lateral anthers while the two 
ventral anthers became sterile (Figure 3L). Even though OpdCYC1D expression 
was undetectable in floral tissues using in situ hybridization (Figure 3M), its very 
weak mRNA signals were detected in the dorsal region (the dorsal petals and sta-
minode) from middle to late stages using RT-PCR (Figure 4A-B). OpdCYC2B 
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mRNA was not detectable in floral tissues both using in situ hybridization and 
RT-PCR (Figure 3N, Figure 4A-B). No signal was detected in floral tissues with 
sense probes of OpdCYC1C (Figure 3O) and OpdCYC2A (Figure 3P).

To further elucidate the role of OpdCYC genes in floral development of 
Opithandra dinghushanensis, we carried out semiquantitative RT-PCR studies 
of two OpdcyclinD3 genes because cyclinD3 genes were previously revealed to 
be negatively controlled by CYC as shown in the mid-to-late stage flowers in the 
model organism snapdragon [6]. RT-PCR results showed that OpdcyclinD3a was 
strongly expressed in lateral stamens from middle to late stages while its weak 
mRNA signal was also detected in lateral and ventral petals (Figure 4A-B, E). 
OpdcyclinD3a mRNA was not detected either in the dorsal region (the dorsal 
petals and staminode) and ventral staminodes (Figure 4A-B, E). OpdcyclinD3b 
transcripts were widely distributed in floral tissues except ventral staminodes, in 
which its mRNA signal was strong in lateral stamens from middle to late stages 
(Figure 4A-B, F). Transcripts of OpdcyclinD3b detected in the dorsal region were 
likely mainly distributed in the dorsal petals (OpdcyclinD3b mRNA was uneasily 
detectable in the dorsal staminode using in situ hybridization (data not shown)).

Discussion
The androecium of Opithandra only has two fertile stamens at the lateral positions 
with three sterile stamens (staminodes) at the dorsal and ventral sides (Figure 1) 
(also see [24]). The dorsal aborted stamen is tiny and barely detectable at anthesis 
while the two infertile ventral stamens have short filaments with very small and 
sterile anthers (Figure 1B-C). Correlative with the differentiation along the dors-
oventral axis of the morphologically peculiar androecium, the OpdCYC2A strong 
expression is restricted to the dorsal staminode while OpdCYC1C transcripts are 
initially distributed in all five stamen primordia but later are concentrated in the 
dorsal and ventral staminodes to late stages. In the ECE lineage of CYC/TB1 
subfamily, the TCP proteins in ECE-CYC2 clade studied to date function as 
negative regulators in stamen development, whereas they appear to vary in petal 
development according to the trait concerned [3-5,9,10,12,17,23,25,34,35]. The 
abortion of the dorsal stamen in Antirrhinum comes from CYC and DICH ac-
tivities [4,5]. The CYC-like gene expression expansion from the dorsal to both the 
dorsal and lateral stamens is correlated with abortion of both the dorsal and lat-
eral stamens in Mohavea and Chirita [23,25]. TB1 gene exhibits a mix feature of 
ECE-CYC1 and ECE-CYC2 clades and functions to suppress axillary meristem 
(CYC1) while retard stamen growth (CYC2) in maize [3,12,34]. In Asteraceae, a 
CYC homologue GhCYC2 from Gerbera functions by disrupting stamen devel-
opment [17]. Given that CYC-like gene (ECE-CYC2 clade) function is conserved in 
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repressing stamen development, OpdCYC2A expression restricted to the dorsal 
stamen and OpdCYC1C expression later concentrated in the dorsal and ventral 
stamens in the third whorl might be related to abortion of the dorsal and ventral 
stamens in Opithandra. In fact, the successive sections from the same individual 
flower indicate that correlative with OpdCYC gene strong expression, the early 
primordial growth have already been retarded in the dorsal and ventral stamin-
odes in comparison with that in the lateral stamens.

Evidence shows that CYC functions to repress stamen development in the 
third whorl through its negative effect on expression of D3-type cyclin genes, in-
cluding cyclinD3b, which usually play an important role in locally regulating cell 
proliferation in floral development [3,6,36]. The negative effects on cell cycle pro-
gression have been reported from other TCP genes, such as IaTCP1 from Iberis 
(Brassicaceae), TCP2 and TCP4 from Arabidopsis, and CIN from Antirrhinum 
[16,37,38]. We, therefore, investigated the expression pattern of OpdcyclinD3a 
and D3b to test for further correlation between CYC expression and stamen abor-
tion through cell-cycle regulation, especially the ventral stamens. In strengthening 
the above suggestion, OpdcyclinD3 genes have expression patterns in floral tis-
sues negatively correlated with those of OpdCYC genes and stamen abortion in 
Opithandra. Both Opdcyclin D3a and D3b transcripts are not detected, or weak-
ly detected (i.e. dorsal), in the dorsal and ventral staminodes where both OpdCY-
C2A and OpdCYC1C or OpdCYC1C are strongly and continuously expressed 
throughout floral development, while their transcripts are much more concen-
trated in the lateral stamens where there is only a weak expression of OpdCYC1C 
in early stages. These factors indicate that OpdCYC gene activities may suppress 
the development of the dorsal and ventral stamens through negatively regulating 
OpdcyclinD3 genes (Figure 5). Our recent findings of consensus-binding sites of 
the TCP transcription factor in the 5’ upstream regions of OpdcyclinD3 homo-
logues, i.e. ChcyclinD3a and D3b in Chirita heterotricha, further support the 
direct regulatory relation between CYC-like and cyclinD3 genes in Gesneriaceae 
(Yang, Xia and Wang, Yin-Zheng, unpublished).

It seemingly remains a question whether OpdCYC activity is related to the lat-
eral stamen development or not because OpdCYC1C has a weak expression in the 
early developing lateral stamens but has no obvious effect on their growth. The 
evidence that CYC-like genes regulate lateral stamen development comes from 
both functional analyses in Antirrhinum and expression data in Mohavea and 
Chirita [3,4,21,23,25]. A gradient of CYC effect along the dorsoventral axis re-
sults in abortion of the dorsal stamen and reduced size of lateral stamens in com-
parison with ventral ones in A. majus, while CYC-like gene strong and continuous 
expressions in both the dorsal and lateral stamens is correlated with abortion of 
both of them in Mohavea and Chirita [4,23,25,26]. The TCP1 gene is expressed 
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early in floral buds of Arabidopsis, but the mature flowers of Arabidopsis are acti-
nomorphic because they lack later effects of TCP1 [12,15]. In Iberis amara closely 
related to Arabidopsis, the IaTCP1 strong dorsal-specific expression represses the 
two dorsal petal growths to become much smaller than the ventral ones in size, 
while IaTCP1 has only a weak expressional signal in the natural actinomorphic 
variants [16]. In the tetrandrous flowers of Oreocharis that is closely related to 
Opithandra in both morphology and GCYC phylogeny [24] (Figure 2B), there is 
also a weak expression of CYC homologue ObCYC in the early developing lateral 
stamens that are reduced in size compared with ventral ones at anthesis as in A. 
majus [39]. In Bournea, another Opithandra’s close relative with actinomorphic 
flowers in Gesneriaceae, the CYC homologue BlCYC1 is strongly expressed in the 
dorsal petal and stamen in early development and is downregulated later, which 
is correlated with the floral development undergoing a morphological transition 
from initial zygomorphy to actinomorphy at anthesis with five fertile stamens in 
Bournea [35]. According to Cubas [1], the maintenance of CYC expression after 
early floral development should be important for generating the morphological 
asymmetries in the flowers. Preston and Hileman [3] also suggest that early ex-
pression of CYC-like genes may be unimportant for establishing mature flower 
symmetry. The high concentration of OpdcyclinD3a and D3b transcripts in the 
lateral stamens also indicates that OpdCYC1C has lost negative effects on their 
expression after early floral development; therefore, the two lateral stamens are 
fertile at anthesis in Opithandra (Figure 5).

Figure 5. Diagram showing OpdCYC gene expressions correlated with the floral morphology, especially the 
infertility of the two ventral stamens in Opithandra, complemented by the expression of their putative negative 
target OpdcyclinD3 genes.
Notes: dorsal staminode is in blue, lateral stamens in green and ventral staminodes in pink; the gene that is not 
boxed indicates this gene is expressed in a pattern as shown by the shaded parts within the circle (shaded degrees 
indicate relative levels of gene expression); the gene boxed indicates this gene is not expressed or has very little 
expression signals in the floral tissues.
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Zygomorphic flowers with three staminodes at the dorsal and lateral positions 
or at the dorsal and ventral sides have been considered to be derived in the family 
Gesneriaceae [24,40-42]. In the primitive zygomorphic taxa, such as Haberlea 
and Oreocharis characteristic of tetrandrous flowers with four didynamous sta-
mens plus a dorsal staminode, and the derived actinomorphic groups (definition 
see note in [35]), such as Ramonda and Bournea, there is only one single copy 
of GCYC1 and GCYC2, respectively, found to date (Figure 2B) [35,39,43,44]. 
However, two copies of GCYC1 are frequently found in the advanced zygo-
morphic taxa, especially in the zygomorphic genera characterized by diandrous 
flowers with three staminodes, such as two African genera Streptocarpus and 
Saintpaulia with GCYC1A and GCYC1B [44,45] and Asian genera Didymo-
carpus, Chirita and Loxostigma with GCYC1C and GCYC1D [25,46] as well as 
Opithandra herein (Figure 2B). Recent studies show that two copies of GCYC2 
(GCYC2A/2B) are also found in the Asian genera with three staminodes, such as 
Chirita [25] and Opithandra in this study (Figure 2B). The derived morphology 
of diandrous flowers might have resulted from subsequent expression differen-
tiation after gene duplication events. In the diandrous flowers of Chirita (also 
Gesneriaceae) that differs from Opithandra in abortion of both the dorsal and 
lateral stamens rather than ventral stamens, ChCYC1C is strongly expressed both 
in the dorsal and lateral stamens while ChCYC1D maintains strong expressions 
in the dorsal floral regions, and ChCYC2A/2B have no expression signals in floral 
tissues [25]. No expression of GCYC2 detected in floral tissue is frequently found 
in Gesneriaceae while GCYC1 is usually conserved in dorsal-specific expression 
in this family, such as Oreocharis and Bournea [35,39]. Therefore, the peculiar di-
androus flowers established in Opithandra might involved not only gained or en-
hanced expression of OpdCYC1C in ventral staminodes but also the reactivated 
expression of OpdCYC2A specific to the dorsal staminode accompanied with the 
downregulation of OpdCYC1D in the dorsal region in the third whorl, a more 
complicated mechanism than that in another diandrous flowers of Chirita.

Phylogenetic analyses show that the CYC-like genes isolated from Opithandra 
and other Gesneriaceae belong to ECE-CYC2 clade as CYC and TCP1 from An-
tirrhinum and Arabidopsis (Figure 2B) [25,35,39,45]. As outlined above, ECE-
CYC2 clade genes are characteristic of dorsal identity function which some-
times expands to lateral stamens [4,5,21,23,25,35,39]. It would be especially 
interesting to know whether or how CYC-like gene activities are related to abor-
tion of the ventral stamens [3,12,20]. Even though not tested functionally, this  
positive correlation between CYC-like gene expression and ventral stamen 
abortion and the complement of cyclinD3 to CYC-like gene expressions sug-
gests a genetic mechanism underlying the establishment of zygomorphy with 
abortion of both the dorsal and ventral stamen evolved within Lamiales s.l. 
However, it has been shown for Veronica and Gratiola (also Lamiales s.l.) that 
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the CYC-like gene expression does not positively correlate with the ventral sta-
men abortion (Preston et al., 2009). These facts inconsonant in the expression 
data of ECE-CYC2 clade TCP genes imply that the ventral stamen abortion 
might have evolved by convergent genetic mechanisms in different lineages of 
Lamiales s.l. It merits further research in function and upstream regulatory 
pathway to determine how the expression divergence is caused among paral-
ogues of OpdCYC in Opithandra. In addition, since the diverse variations 
of zygomorphy in Lamiales s.l. might have involved independent shifts in 
stamen number [3,21], further investigation of expression pattern and func-
tional analyses of CYC-like genes with identification of their upstream cis- or 
trans-regulators as well as research in finding other factors possibly coopted to 
this regulatory pathway in more zygomorphic groups would shed new lights 
on the mechanisms that underlie the vast morphological diversity of zygomor-
phy in Lamiales s.l.

Conclusion
As the first to document the expression domain of ECE-CYC clade genes in 
the ventral stamens, we here report that the expressions of OpdCYC genes are 
correlated with abortion of both dorsal and ventral stamens in Opithandra, 
strengthened by the negatively correlated expression of their putative direct 
target OpdcyclinD3 genes. The complement of OpdcyclinD3 to OpdCYC 
gene expressions further indicates that OpdCYC expressions are related to 
the dorsal and ventral stamen abortion through the negative effect on Opdcy-
clinD3 genes. The novel patterns of CYC-like gene expressions in Opithandra, 
along with previous reports, suggest that ECE-CYC2 clade TCP genes are not 
only functionally conserved in the dorsal stamen repression, but also involved 
in arresting ventral stamens, a genetic mechanism underlying the establish-
ment of zygomorphy with abortion of both the dorsal and ventral stamens 
evolved within Lamiales s.l.. It would be important to further find whether 
ECE-CYC2 clade TCP genes are recruited repeatedly for arresting ventral 
stamens and (or) whether there is any other genetic pathways underlying the 
ventral stamen abortion, independently or interacting with ECE-CYC2 clade 
TCP genes, in different lineages of Lamiales s.l.

Methods
Plant Materials
All materials used in this study, including gene cloning, in situ hybridization and 
RT-PCR, were collected from the wild fields, i.e. Dinghu Mountains, Guangdong 
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province, China, where plants of Opithandra dinghushanensis W. T. Wang are 
mainly distributed.

Gene Cloning and Sequence Analyses

CYC-like genes were isolated from O.dinghushanensis using degenerate oligonu-
cleotide primers in 3’ and 5’-RACE according to described methods [47] and the 
manufacture’s protocol (INVITROGEN), respectively. Two D3-type cyclin genes 
were also isolated from O. dinghushanensis using the above methods. Total RNA 
was extracted from the floral buds of O. dinghushanensis using the Plant RNA 
Purification Reagent (INVITROGEN) according to the manufacture’s protocol. 
First-strand cDNAs were synthesized from total RNA with the Supertranscript™ 
III RNase H- Reverse Transcriptase (INVITROGEN). To examine the intron/
exon structures we isolated and sequenced the corresponding genomic DNA of 
OpdCYC and OpdcyclinD3 genes from leaves. 

According to the known sequence information, phylogenetic analy-
ses of CYC-like and D-type cyclin genes were conducted to identify the po-
sition of CYC-like and D3-type cyclin genes isolated herein in their gene 
families, respectively. AmCYC and AmDICH are from A. majus [4,5], and 
LjCYC1/2/3, TCP1/12/18 and TB1 are from Lotus japonicus [13], Arabi-
dopsis [12] and maize [34]. GCYC1A/1B are from Saintpaulia ionantha and 
Streptocarpus primulifolius [43-45]. GCYC1C/1D (designated as GCYC1 
respectively in some taxa) are from Chirita heterotricha [25], Jankaea helde-
ichii [43], Conandron ramondioides, Haberlea ferdinandi-coburgii, Primulina 
tabacum, Ramonda myconi [44], Cyrtandra apiculata, Didymocarpus citri-
nus and Loxostigma sp. [46]. GCYC2 (2A/2B) are from Chirita heterotricha 
[25], Conandron ramondioides, Haberlea ferdinandi-coburgii, Ramonda my-
coni [44], Cyrtandra apiculata [46] and Didymocarpus citrinus (Yin-Zheng 
Wang, unpublished). Amino acid sequences of D-type cyclin genes are from 
A. majus (Amcyclin D1/D3a/D3b) [6], Populus trichocarpa (Ptcyclin D1/
D2/D3) [48], Nicotiana tabacum (Ntcyclin D/D3) [49], Solanum tuberosum 
(Stcyclin D) (accession nos.EU325650), Lycopersicon esculentum (Lecyclin 
D3-1) [50] and Arabidopsis (Atcyclin D1/D2/D3) [32]. Phylogenetic analy-
ses with the neighbor joining method and p-distance were carried out using 
PAUP*4.0b4a [51] and bootstrap was estimated with 1,000 resampling rep-
licates. The DNA sequences of genes reported in this paper, i.e. OpdCYC1C,  
OpdCYC1D, OpdCYC2A, OpdCYC2B, OpdcyclinD3a and OpdcyclinD3b 
have been deposited in the GenBank database (accession nos. FJ710518, 
FJ710519, FJ710520, FJ710521, FJ710522 and FJ644637).
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RNA In Situ Hybridization

Floral tissue for in situ hybridization was fixed, sectioned and hybridized to digox-
ygenin-labeled probes of OpdCYC1C, OpdCYC1D, OpdCYC2A and OpdCY-
C2B with reference to described methods [52]. Four gene-specific fragments of 
OpdCYC1C, OpdCYC1D, OpdCYC2A and OpdCYC2B in the coding region 
were amplified, respectively, and then were purified and cloned into pGEM®-T 
Easy vectors. Digoxygenin-labeled probes of OpdCYC1C, OpdCYC1D, Opd-
CYC2A and OpdCYC2B were prepared from linearized templates amplified us-
ing primer Yt7 and Ysp6 from pGEM®-T plasmids [53]. 

Gene-Specific Semiquantitative RT-PCR

Flowers of different stages were collected as follows: Flower buds of middle-stage 
(less than 1 cm long) and flowers of late-stage (3-4 cm long) were collected sepa-
rately. Sepals were removed from the outer whorl. The petals with corresponding 
corolla-tube were dissected into dorsal (including the attached dorsal staminode), 
lateral, and ventral regions. Lateral stamens and ventral staminodes were dissected 
from the corolla-tube and collected each for RT-PCR. All materials were frozen in 
liquid nitrogen immediately after collection for ribonucleic acid (RNA) isolation. 
The extraction of total RNAs, purification of poly (A) mRNAs, and synthesis 
of the first-strand cDNAs were performed according to the methods described 
above. The template quantity was regulated to be uniform using the ACTIN gene 
[54]. PCR was performed by using gene-specific primers of OpdCYC1C, Op-
dCYC1D, OpdCYC2A, OpdCYC2B, OpdcyclinD3a and OpdcyclinD3b. To 
make sure that each pair of primers was suitable, we first used them to amplify 
genomic DNA of O. dinghushanensis. The PCR products were then cloned. At 
least 20 clones of each PCR product were sequenced, and all the primers used 
could amplify the specific copies of OpdCYC and OpdcyclinD3 genes. The fol-
lowing thermocycling conditions were employed: initial denaturation at 96°C 
for 3 min, 30 cycles of 96°C for 30 s, 55-60°C (depending on the Tm value of 
primer pairs) for 30s, and 72°C for 1 min, and a final extension at 72°C for 10 
min. The amplified products were separated on a 1.5% agarose gel, and the den-
sity of ethidium bromide-stained bands was determined using a Bioimaging Sys-
tem (Gene Tools Program, Syngene, UK). We repeated the RT-PCR experiments 
five times independently with a new RNA extraction each time. In addition, all  
RT-PCR products were cloned into pGEM-T Easy-vector, and at least 20 clones 
from each product were sequenced to test the gene specificity of RT-PCR. The 
OpdCYC/ACTIN and Opdcyclin/ACTIN ratios represented the relative level of 
OpdCYC and OpdcyclinD3 mRNA expression. Data are presented as the mean 
± SD of independent RT-PCR experiments, and one-way analysis of variance was 
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used to analyze the expression difference of these transcripts in floral tissue from 
O. dinghushanensis. A P value less than 0.05 was taken to indicate statistical 
significance.
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Background

The high diversity of ornamentation type in pollen grains of angiosperms has 
often been suggested to be linked to diversity in pollination systems. It is com-
monly stated that smooth pollen grains are associated with wind or water  
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pollination while sculptured pollen grains are associated with biotic polli-
nation. We tested the statistical significance of an association between pollen  
ornamentation and pollination system in two families of the monocotyledons, 
the Araceae and the Arecaceae, taking into account the phylogenetic frame-
work.

Findings

Character optimization was carried out with the Maximum Parsimony 
method and two different methods of comparative analysis were used: the 
Concentrated-Change test and the Discrete method. The ancestral ornamen-
tation in Araceae is foveolate/reticulate. It is probably the same in Arecaceae. 
The ancestral flowers of Araceae were pollinated by beetles while ancestral pol-
lination in Arecaceae is equivocal. A correlation between ornamentation type 
and pollination was highlighted in Araceae although the results slightly differ 
depending on the method and the options chosen for performing the analyses. 
No correlation was found in palms.

Conclusion

In this study, we show that the relationships between the ornamentation type 
and the pollination system depend on the family and hence vary among tax-
onomic groups. We also show that the method chosen may strongly influence 
the results.

Findings
The exine wall of the pollen grains of flowering plants displays patterns of orna-
mentation (the external aspect of pollen grains, also called sculpturing) that are 
highly diversified. The reasons accounting for such variation in the ornamenta-
tion of pollen grains in flowering plants still remain unclear. Among the different 
types of relationship implying pollen ornamentation that have been suggested, 
the existence of a link between exine sculpturing and pollinator type has often 
been proposed and was even evidenced in certain situations. It is often considered 
that smooth pollen grains are associated with abiotic pollination (wind or water) 
while echinulate or reticulate pollen grains are associated with biotic pollination, 
particularly entomophily [1,2]. These results show that the adaptiveness of this 
character still remains largely debated.

The study presented here aims to test the hypothesis suggested by Grayum [3] 
concerning a relationship between pollen ornamentation and pollinator type in 
the Araceae, using Phylogenetic Comparative Methods. He established a correla-
tion between (a) psilate and verrucate pollen and pollination by beetles and (b) 
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echinulate pollen and pollination by flies. We think that the flaw of this study is 
inherent to the fact that correlations were established without statistical analysis 
and without taking into account the phylogenetic background of the family, mak-
ing it impossible to know whether the correlations observed between the pollen 
and pollinator types result from adaptation or from common ancestry.

The processes underlying a relationship between two characters remain gener-
ally extremely difficult to determine [4,5]. A correlation may be the result of ad-
aptation, but also of developmental constraints. It may also be simply the result of 
phylogenetic inertia i.e., that related species resemble each other more than they 
resemble species drawn at random [6]. Various mathematical approaches, called 
Phylogenetic Comparative Methods or PCM [4,7], have been proposed over the 
last twenty years [8-10] and take into account the phylogenetic background of the 
organisms studied.

Here we re-examine the correlation between pollen sculpturing and pollinator 
type proposed by Grayum [3], in light of the phylogenetic framework available 
for the Araceae family [11] using two PCM applied to discrete characters. In the 
conclusion of his paper, Grayum suggested to investigate other groups of mono-
cotyledons, palms in particular. In this family a large amount of pollen data has 
been recorded but rarely studied from an evolutionary point of view, except for 
the number of apertures [12]. Moreover data on pollinators are available and a 
detailed and well resolved phylogeny including almost all of the genera [13] now 
exists. Consequently we also examine the correlation between pollen and pollina-
tor types in the palm family (Arecaceae).

Methods

Character optimization was carried out with the Maximum Parsimony method 
implemented in the Mesquite software [14].

Two PCMs were used: the Concentrated Changes Test or CCT [9] and Dis-
crete [10].

Results and Discussion
Character Evolution in the Araceae

To our knowledge, there is little data in the literature concerning the evolution of 
ornamentation of pollen grains in monocots [15]. Concerning the angiosperms, 
a recent study showed that the ancestral exine structure had a continuous or mi-
croperforate surface [16]. However, foveolate-reticulate tectum would have arisen 
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soon after [16]. The work of Grayum [17] that is re-examined here, provides hy-
potheses about the ancestral and derived states of pollen wall sculpturing within 
the Araceae (monocots). His proposition that the most primitive aroid pollen had 
foveolate to reticulate exine is not in contradiction with our phylogenetic analysis 
of the character. Indeed, our results suggested that the hypothetical aroid pol-
len was either ‘Foveolate/Reticulate’ or ‘Psilate’ for pollen ornamentation (Figure 
1A). The equivocal ancestral state is probably due to the polytomies, coded as soft 
(uncertainty in resolution), that are present in the tree. From this equivocal type, 
different types of sculpturing evolved [17]. However, no type of ornamentation 
is restricted to one clade and no particular trend in the evolution of the character 
emerged clearly from our analysis. It can be noted that several ornamentations 
originated several times independently and most of all, from different character 
states. This indicates that some transitions may occur indifferently among the 
different states.

Figure 1. Optimization of the evolution of ornamentation and of pollination in the Araceae. 
Composite phylogenetic tree of the family where each mirror tree presents the optimization of one character.  
A. Optimization of ornamentation type (five character states: Psilate, Verrucate, Striate, Echinulate and Foveolate/
Reticulate). Pictures are given as illustration for each of these types, they do not correspond to a particular 
species of the family. They were obtained from http://www.paldat.org. B. Optimization of pollination type (four 
character states: Beetle, Fly, Thrip and Bee pollination). Species names are coloured according to the subfamilies 
(Orontioideae in pink, Monsteroideae in blue, Lasioideae in orange, Calloideae in green and Aroideae in red). 
The last common ancestor of the group Areae+Arisaemateae is indicated by a red arrow.
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Concerning the pollination type, optimization of character evolution suggest-
ed that the last common ancestor of the family was pollinated by ‘Beetle’ (Figure 
1B), according to outgroup comparison with other Alismatales [17]. From this 
condition, the other types of pollination each evolved several times within the 
family. In particular, fly pollination is clearly derived from beetle pollination in 
Aroideae, where it evolved in several unrelated genera and is synapomorphic for 
the Arisaemateae+Areae clade (indicated by a red arrow in Figure 1).

After the transformation of the coding from multistate to binary characters 
(Figure 2), we sought to test a correlation between pollen ornamentation and 
pollinators using the concentrated-change test [9] and the discrete method [10]. 
When polymorphic species were removed, both methods found a correlation be-
tween the ornamentation and the pollination (Tables 1 and 2). The Echinulate 
type was found as contingent upon Fly pollination (changes towards Echinulate 
pollen happened more often in Fly pollinated taxa; Table 1) with the CCT only. 
However, with the Discrete method, the flow diagram showed that transitions 
towards Fly pollination were probably followed by transitions towards Echinulate 
ornamentation (Figure 3).

When polymorphic species were duplicated, a correlation was found between 
ornamentation and pollination only using the CCT. With the coding ‘Echinulate’ 
ornamentation and ‘Fly’ pollination, the correlation was significant when the or-
namentation was considered as dependent of the pollinator (Table 2).

Figure 2. Evolution of ornamentation and pollination in Araceae with polymorphic species removed. 
A. Optimization of ornamentation type coded as ‘Other-O’ (white) and ‘Psilate/Verrucate’ (black). B. 
Optimization of pollination type coded as ‘Other-P’ (white) and ‘Beetle’ (black). The bicoloured branches 
indicate an equivocal inference of the ancestral character state. The transitions towards ‘Beetle’ pollination and 
‘Psilate/Verrucate’ ornamentation are indicated by full crossbars and the reversals towards ‘Other-P’ pollination 
and ‘Other-O’ ornamentation are indicated by open crossbars (red and blue crossbars correspond respectively 
to ACCTRAN and DELTRAN optimizations). Species names are coloured according to the subfamilies 
(Orontioideae in pink, Monsteroideae in blue, Lasioideae in orange, Calloideae in green and Aroideae in red).
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Figure 3. Flow diagrams of correlated evolution between ornamentation and pollination in Araceae and 
Arecaceae. 
Flow diagrams of correlated evolution between ‘Psilate/Verrucate’ ornamentation and ‘Beetle’ pollination (A-B) 
and between ‘Echinulate’ ornamentation and ‘Fly’ pollination (C-D) in the Araceae. Solid arrows indicate 
significant transitions; dotted arrows indicate non-significant transitions. The larger the arrow, the greater the 
level of significance. The numbers correspond to the different situations. The situations in gray correspond to 
transitional intermediate states. A-C: polymorphic species duplicated. B-D: polymorphic species removed.

Table 1. Comparative analyses conducted with the Concentrated-Changes Test [9] in Araceae.

Table 2. Comparative analyses performed using Discrete.
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These results indicate that the impact of adding/removing information on the 
detection of a correlation varies according to the method used (CCT or Discrete). 
The interpretation of the results may then be strongly influenced by the method 
chosen, as already shown [18]. In our case, duplicating polymorphic species leads 
to increase the number of opposing associations (associations for which we do not 
seek correlation). However, treat polymorphic species as pairs of species (dupli-
cate) with contrasting character states [19] is the most conservative option and 
avoids loss of information. In conclusion, it is important to be aware of this prob-
lematic when a choice has to be made.

Character Evolution in the Arecaceae

In spite of the important literature on pollen ornamentation available for the 
Arecaceae [20], no steady hypotheses have been proposed about the ancestral or-
namentation, apart from a suggestion that psilate exine could be the primitive 
condition [21]. The present study is the first that makes hypotheses about the 
ancestral features of pollen grain in palms using a phylogenetic approach. In our 
analysis, the ancestral character state for the family was inferred as ‘Echinulate’ 
(Figure 4A). However, the reconstruction of the ornamentation character on a 
phylogeny of the family including all of the genera inferred a ‘Foveolate/Reticu-
late’ ancestral character state (personal information). This conflict is explained by 
the presence of only polymorphic genera in Calamoideae in our study.

Figure 4. Optimization of the evolution of ornamentation and pollination in Arecaceae. Supertree of Arecaceae 
where each mirror tree presents the optimization of one character. 
A. Optimization of ornamentation type (five character states: Psilate, Verrucate, Striate, Echinulate and 
Foveolate/Reticulate). Pictures are given as illustration for each of these types, they do not correspond to a 
particular species of the family. They were obtained from http://www.paldat.org. B. Optimization of pollination 
type (five character states: Beetle, Fly, Bee, Bat and Wind pollination). Species names are coloured according to 
the subfamilies (Calamoideae in blue, Nypoideae in orange, Coryphoideae in green, Ceroxyloideae in pink and 
Arecoideae in red).
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The Pollination type appeared as a very variable character and consequently, 
no clear evolutionary trend emerged from the character optimisation (Figure 4B). 
The ancestral pollinators either were bees, beetles or flies, and the pollination type 
for each subfamily (except Nypoideae) was ambiguous. In this family, even with 
the binary coding (Figure 5), polymorphic species were so numerous that when 
they were removed, according to one of the option chose, there were not enough 
data left to perform any test. When polymorphic species were duplicated, as a 
result of the high variability in characters, the comparative analyses failed to de-
tect a correlation between ornamentation type and pollination type in Arecaceae, 
whatever the method used (Tables 2 and 3).

Figure 5. Evolution of ornamentation and pollination in Arecaceae with polymorphic species duplicated. 
A. Optimization of ornamentation type coded as ‘Other-O’ (white) and ‘Psilate/Verrucate’ (black). B. 
Optimization of pollination type coded as ‘Other-P’ (white) and ‘Beetle’ (black). The bicoloured branches 
indicate an equivocal inference of the ancestral character state. The transitions towards ‘Beetle’ pollination and 
‘Psilate/Verrucate’ ornamentation are indicated by full crossbars and the reversals towards ‘Other-P’ pollination 
and ‘Other-O’ ornamentation are indicated by open crossbars (red and blue crossbars correspond respectively 
to the ACCTRAN and DELTRAN optimizations). Species names are coloured according to the subfamilies 
(Calamoideae in blue, Nypoideae in orange, Coryphoideae in green, Ceroxyloideae in pink and Arecoideae in red).

Table 3. Comparative analyses conducted with the Concentrated-Changes Test [9] in Arecaceae.
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Relationships between Ornamentation Type and Pollination

The reason why Angiosperms display such a large diversity of pollen ornamenta-
tion remains to date rather unclear. Several studies addressing this question have 
been produced, often leading to conflicting, or at least different, conclusions. 
Most studies however examine the hypothesis of a link between pollen ornamen-
tation and the pollination system. The underlying idea is that since pollen grains 
need a vector (biotic or abiotic) to reach the female parts, the pollen surface may 
play a role in the efficiency of the interaction either with the pollination agent or 
with the receptive area of the female organs. A relationship between abiotic pol-
lination (wind and water) and smooth (or nearly) pollen grains has been proposed 
in many studies [1,22] but concerning biotic pollination, the results are more con-
troversial. [2,3,23,24]. According to previously published studies [3,20,24], our 
results suggest that the relationship between pollen ornamentation and pollina-
tors may actually depend on the taxon. The association between psilate (=smooth) 
pollen and beetles seems to be rather specific to the Araceae, since entomogamous 
species are generally thought to produce pollen grains with a deeply sculptured 
exine [1,23]. The idea is that the sculptures would enhance the adherence of the 
pollen grains to the insect body by allowing a better storage of the pollenkitt. This 
sticky substance, of which functions are not yet quite understood, is produced 
by entomogamous species and stored on the surface of the pollen wall [25]. The 
pollenkitt would enable pollen grains to adhere on the hairs of insects or on the 
feathers of birds in case of ornithophily [23,24]. In the Araceae however, pollen 
grains were depicted as poor in pollenkitt [26] and it was suggested that sticky 
secretions on the stigma and/or the inner spathe surface may play the same role 
as the pollenkitt [27], accounting for the lack of pollen ornamentation in beetle 
pollinated species of Araceae.

The fact that no correlations could be detected in the palm family may be due 
to various reasons. First, it has to be stressed that the sampling was sparser for 
palms than for the Araceae. In particular, there was a poor overlap at the species 
level between the pollen and the pollinator datasets. This led us to combine in-
formation from different species for the ornamentation type, which we are aware 
may be questionable considering the high lability of the character even at the 
intraspecific level. We tried to overcome this problem by attributing polymorphic 
character states whenever intrageneric diversity was recorded, and by applying 
two different treatments to polymorphic species in the comparative analyses but 
we cannot exclude that the choices made here (due to the scarcity of data concern-
ing pollination systems in palms) may have biased the results. However, there is 
a possibility that our results indeed reflect the reality and that pollen ornamen-
tation is not involved in the pollination syndrome in palms. In this family, the 
traits linked to pollinator identity still remain almost unknown. Palm flowers are 
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relatively poorly diversified in morphology when compared to the spectacular 
flowers of other groups [20]. In many species, flowers are visited by many insect 
families and species (often more than 50 species), although maybe among these 
insects only a single or a small number of species effectively act as pollinators [28]. 
The lack of correlation between pollen ornamentation and pollinators may be ac-
counted for by a weak degree of specialization in the pollination system, or it may 
be that some other factors (like pollenkitt or scents for example) may be dominant 
in the pollen-pollinator interaction.

In conclusion, it is our feeling that there is little to be gained from seeking 
a general tendency concerning the relationship between the type of pollen or-
namentation and the pollination system across the angiosperms. The ornamen-
tation of the pollen wall is only one of the numerous elements that constitute 
the pollination syndrome and certainly not the most important [29]. Like the 
other factors [30], the relative importance of its role in the plant-pollinator in-
teraction may indeed vary among plant taxa or according to geography, and it 
may have an adaptive value in some groups but evolve in a neutral way in other 
groups.
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Background

Most self-pollinating plants are annuals. According to the ‘time-limitation’ 
hypothesis, this association between selfing and the annual life cycle has 
evolved as a consequence of strong r-selection, involving severe time-limita-
tion for completing the life cycle. Under this model, selection from frequent 
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density-independent mortality in ephemeral habitats minimizes time to flow-
er maturation, with selfing as a trade-off, and / or selection minimizes the 
time between flower maturation and ovule fertilization, in which case self-
ing has a direct fitness benefit. Predictions arising from this hypothesis were 
evaluated using phylogenetically-independent contrasts of several life history 
traits in predominantly selfing versus outcrossing annuals from a data base of 
118 species distributed across 14 families. Data for life history traits specifi-
cally related to maturation and pollination times were obtained by monitor-
ing the start and completion of different stages of reproductive development in 
a greenhouse study of selfing and outcrossing annuals from an unbiased sam-
ple of 25 species involving five pair-wise family comparisons and four pair-
wise genus comparisons.

Results

Selfing annuals in general had significantly shorter plant heights, smaller 
flowers, shorter bud development times, shorter flower longevity and smaller 
seed sizes compared with their outcrossing annual relatives. Age at first flower 
did not differ significantly between selfing and outcrossing annuals.

Conclusions

This is the first multi-species study to report these general life-history differenc-
es between selfers and outcrossers among annuals exclusively. The results are 
all explained more parsimoniously by selection associated with time-limita-
tion than by selection associated with pollinator/mate limitation. The shorter 
bud development time reported here for selfing annuals is predicted explicitly 
by the time-limitation hypothesis for the fitness benefit of selfing (and not by 
the alternative ‘reproductive assurance’ hypothesis associated with pollinator/
mate limitation). Support for the time-limitation hypothesis is also evident 
from published surveys: whereas selfers and outcrossers are about equally rep-
resented among annual species as a whole, selfers occur in much higher fre-
quencies among the annual species found in two of the most severely time-lim-
ited habitats where flowering plants grow – deserts and cultivated habitats.

Background
Most flowering plants that are predominantly self-pollinating have an annual life 
history [1-3]. Interpretations of this association usually involve one of two main 
hypotheses. (i) Compared with perennials, annuals may generally accrue greater 
fitness benefits from selfing through ‘reproductive assurance’, i.e., because ovules 
may be generally more outcross-pollen-limited and/or pollen grains may be more 
outcross-ovule-limited [2,4-8]. (ii) Perennials may incur a higher fitness cost of 
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selfing through seed discounting and inbreeding depression; hence, possibly most 
selfers are annuals simply because relatively few perennials can be selfers [9,10].

A recent third hypothesis, the ‘time-limitation’ hypothesis, predicts that both 
selfing and the annual life cycle are concurrent products of strong ‘r-selection’ as-
sociated with high density-independent mortality risk in ephemeral habitats with 
a severely limited period of time available to complete the life cycle [11]. Both the 
traditional reproductive assurance hypothesis and the time-limitation hypothesis 
involve a fitness advantage for selfing through ensuring that at least some repro-
duction occurs, but they involve very different selection mechanisms – pollina-
tor/mate-limitation (where outcross pollen is not available at all due to a lack of 
pollinators or mates), versus time-limitation (where outcross pollen is available 
but arrives too late to allow sufficient time for development of viable seeds). Ac-
cordingly, these two hypotheses for selfing involve very different assumptions and 
predictions.

The time-limitation hypothesis has direct and indirect components. The indi-
rect component predicts higher selfing rates in annuals as a trade-off of selection 
for earlier reproductive maturity in annuals [12,13] (Figure 1a). More rapid floral 
maturation is expected to result in smaller flowers with increased overlap of anther 
dehiscence and stigma receptivity in both space (reduced herkogamy) and time 
(reduced dichogamy) thus, increasing the frequency of selfing as an incidental 
consequence [12] (Figure 1a). If selfing also shortens the time between flower 
maturation and ovule fertilization, then higher selfing rates for annuals in time-
limited habitats may also be predicted as a direct fitness benefit; abbreviating the 
time between anthesis and ovule fertilization may ensure that there is enough 
remaining time in the growing season (after ovule fertilization) to allow complete 
seed and fruit maturation [11] (Fig 1b). Selection favors selfing here by favoring 
increased overlap in anther dehiscence and stigma receptivity in both space and 
time, which are in turn facilitated by smaller flower size and shorter flower devel-
opment time, respectively (Figure 1b).

However, the two components of time-limitation cannot be separated clearly, 
as they operate simultaneously; i.e., earlier onset of flowering, shorter flower de-
velopment time, smaller flowers and selfing can all be interpreted to have direct 
fitness benefits because they may all contribute directly to accelerating the life 
cycle [11]. Indeed, time-limitation associated with strong r-selection would be 
expected also to favor an acceleration of the final stage in the life cycle – seed/
fruit development time (Figure 1) – resulting, as a trade-off, in smaller seeds and/
or fruits [11].

The time-limitation hypothesis remains untested. Some recent studies have 
explored the rapid growth and maturation time of annuals in terms of bud de-
velopment rates and ontogeny [13-15]. However, these studies have compared 
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growth and development rates between selfing and outcrossing populations of 
only a single species. Since their effective sample size is only one, this makes it dif-
ficult to extrapolate the predominant selection pressures that may have promoted 
the general association of selfing with the annual life cycle.

Figure 1. Two components of the ‘time-limitation’ hypothesis for the evolution selfing in annuals. 
In (a), selfing is a trade-off of selection favoring a shorter time to reproductive maturity (fully developed flowers) 
under strong r-selection. As a tradeoff (dashed arrows), flowers become smaller with greater overlap in location 
and timing of anther dehiscence and stigma receptivity, thus increasing the rate of selfing as an incidental 
consequence. In (b) strong r-selection favors a shorter pollination time directly; i.e., selfing is selected for directly 
because it shortens the amount of time between flower maturation and ovule fertilization, thus leaving sufficient 
remaining time for seed and fruit maturation before the inevitable early mortality of the maternal plant under 
strong r-selection. In this case, smaller flower size and shorter flower development time are favored by selection 
because they facilitate selfing (see text).

The objective of the present study was to compare, for annuals exclusively, life 
history traits associated with selfing versus outcrossing using several species from 
a wide range of plant families. Phylogenetically-independent contrasts (PIC) were 
used to control for confounding effects due to common ancestry among species 
[16]. Using a database of 118 species involving 14 families, plant size, flower 
size, and seed size were compared between selfing and outcrossing annuals. The 
time-limitation hypothesis predicts that all of these traits should be smaller in 
selfing annuals because the severely time-limited growing season that promotes 
selfing also imposes an upper limit on the maximum sizes that can be attained for 
plant traits [11] (Figure 1). The trend for outcrossers to be taller, and have larger 
flowers and larger seeds has often been noted [1,17-19]. We used a multi-species, 
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across-family comparison, however, to investigate whether this trend also holds 
true within annuals exclusively.

Data on the timing of life history stages (i.e. age at first flower, bud develop-
ment time, and flower longevity) were also obtained from a greenhouse study of 
25 annual species involving 5 families. The time-limitation hypothesis predicts 
that selfers should produce mature flowers more quickly and should have shorter 
flowering times.

Results
Data Base Analyses
Based on phylogenetically-independent contrasts, selfing annuals had signifi-
cantly shorter plant heights (Wilcoxon test for matched pairs, n = 12, T = 15.5, 
one-tailed P = 0.032, Figure 2a), significantly smaller flowers (Wilcoxon test for 
matched pairs, n = 14, T = 13, one-tailed P = 0.0054, Figure 2b), and significantly 
smaller seeds (Wilcoxon test for matched pairs, n = 13, T = 13, one-tailed P < 
0.01, Figure 2c).

Figure 2. (a) Plant height contrasts for 13 selfing and outcrossing pairs (some points overlap), where each pair 
consists of the median value of the selfing and outcrossing species within one family. (b) Flower size contrasts for 
14 selfing and outcrossing pairs. (c) Seed size constrasts between 14 selfing and outcrossing pairs.
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Greenhouse Study

Bud development time (Figure 3) and flower longevity (Figure 4) were sig-
nificantly (P < 0.05) shorter in selfing annuals in all of the families except 
the Fabaceae (P = 0.123 and P = 0.056 respectively). Selfing annuals also had 
significantly shorter bud development times (Figure 5), and floral longevities 
(Figure 6) in three of the four genus pairs. Selfing and outcrossing annuals of 
the genus Ipomoea did not differ significantly in either bud development time 
(P = 0.402) or flower longevity (P = 0.328). Age at first flower was not signifi-
cantly related to mating system for any of the family or genus comparisons  
(P > 0.05; data not shown).

Figure 3. Mean (SE) bud development time for selfing and outcrossing species within each of 5 families. For 
each species, n = 4 or 5. P – values are from ANOVA.
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Figure 4. Mean (SE) flower longevity for selfing and outcrossing species within each of 5 families. For each 
species, n = 4 or 5. P – values are from ANOVA.

Figure 5. Mean (SE) bud development time for selfing and outcrossing species within each of 4 genus pairs. For 
each species, n = 4 or 5. P – values are from ANOVA.
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Figure 6. Mean (SE) flower longevity for selfing and outcrossing species within each of 4 genus pairs. For each 
species, n = 4 or 5. P – values are from ANOVA.

Discussion
There is a rich body of theory and empirical work on the evolution of selfing 
in flowering plants [e.g. [1,2,4-7,9,10]], but practically none of it involves an 
explicit role of selection involving time-limitation. The present paper is only the 
second to explore the implications of the time-limitation hypothesis and contrib-
ute to the maturation of this idea. According to the time-limitation hypothesis, 
selfing in annuals has evolved as a consequence of strong r-selection in ephemeral 
habitats, resulting either as an indirect consequence (trade-off) of selection for 
shorter time to reproductive maturity (Figure 1a), or as a direct consequence of 
selection for shorter pollination time, i.e., the time between flower maturation 
and ovule fertilization (Figure 1b), or both [11]. Consistent with the predictions 
of this hypothesis, we found, using phylogenetically-independent contrasts, that 
(compared with outcrossing annuals) selfing annuals in general had significantly 
shorter plant heights, smaller flowers, shorter bud development time, shorter 
flower longevity and smaller seed sizes.
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At the same time, these results are not inconsistent with the predictions of 
selection resulting from pollinator/mate-limitation associated with the traditional 
reproductive assurance hypothesis. Just as with many situations where two differ-
ent mechanisms can potentially produce the same outcome/pattern, it is not easy 
here to clearly distinguish between the roles of “pollinator/mate-limitation” and 
“time-limitation”. Nevertheless there are two important contributions from our 
study: First, in reporting significant life history differences between selfers and 
outcrossers, our multi-species study is unique in its comparison of monocarpic 
annual species exclusively. All previous multi-species studies of trait comparisons 
between selfers and outcrossers have involved variable mixes of monocarpic and 
longer-lived polycarpic species. Second, by comparing annuals exclusively, our 
results provide indirect support for the time-limitation hypothesis, not by reject-
ing the role of pollinator/mate-limitation, but rather by representing a system in 
which it is more plausible to argue for the role of time-limitation; i.e., compared 
with pollinator/mate-limitation, time-limitation as a selection factor favoring self-
ing is likely to have been much stronger, more persistent and more widespread. 
The strength of this argument lies in the fact that the annual life history is un-
equivocally a product of some type of time-limitation favoring an abbreviated life 
cycle, which is promoted by (among other things) selfing (as opposed to outcross-
ing) (Fig. 1). It is much less plausible to suspect that selection associated with 
pollinator/mate-limitation has been sufficiently strong and persistent to favor 
selfing in such a wide range of annual taxa across the many genera and families 
considered here. We emphasize, therefore, that for annuals the time-limitation 
hypothesis provides a more parsimonious explanation for the differences in traits 
between selfers and outcrossers. We consider each of these traits in turn below.

Plant Height and Time to Anthesis

Taller plants may attract more pollinators and, hence, experience greater out-
crossing rates [20,21]. The pollination benefit of being relatively tall, therefore, 
is presumably experienced only by outcrossers. If, however, selfers have evolved 
from outcrossers [3], then why should selfers be shorter than their outcrossing 
ancestors? The relatively small size, including short height of selfers can be pre-
dicted as an indirect consequence of selection, from time-limitation, favoring 
precocious maturation time [22,23] (Figure 1a). In the present study, however, 
selfers and outcrossers did not differ significantly in age at first flower. Andersson 
[18] found similar results between selfing and outcrossing populations of Crepis 
tectorum. Arroyo [24], however, reported that selfing individuals of Limnanthes 
floccosa flowered earlier than the outcrossing L. alba, as predicted by the time-
limitation hypothesis. The results for flowering times in the present study may be 
confounded by the controlled greenhouse environment of constant day-length, 
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temperature and moisture regime. In the field, flowering times may be triggered 
by environmental cues. L. floccosa, for example, uses soil moisture to trigger the 
early onset of flowering, thus escaping the detrimental effects of soil desiccation 
during seed development [24]. Note also that age at first flower is only a crude es-
timate of time to reproductive maturity. Future studies may employ more detailed 
measures such as rate of mature flower production.

Flower Size

One of the most well established trends of predominantly self-fertilizing species is 
their reduced flower sizes compared with outcrossing species [1,17]. The present 
results indicate that this trend is also evident even within annuals exclusively. In 
all but three of the 14 PICs, selfing annuals had smaller flowers than the outcross-
ing annuals (Figure 2b). Outcrossers and selfers had similar flower sizes in the 
Fabaceae and Plantaginaceae. In the Poaceae, outcrossing annuals had smaller 
flowers than selfers.

Under the time-limitation hypothesis, smaller flowers and selfing may be 
tradeoffs of selection for precocity (Figure 1a), or smaller flowers may be favored 
by selection because they promote selfing and hence, direct fitness benefits by ab-
breviating pollination time (Figure 1b). Also, if selfing evolves from outcrossing 
(by whatever mechanism), then selection may subsequently favour a reduction in 
flower size since relatively large flowers are no longer needed to attract pollina-
tors. Hence, higher fitness may result if the resources required to construct and 
support these larger flowers are invested instead in other functions (e.g. seed and 
fruit development) [17].

Bud Development Time

Selfers had significantly shorter bud development times in all but one of the in-
dependent family contrasts (Figure 3) and all but one of the genus comparisons 
(Figure 5). Results from previous studies, however, are inconsistent. Shorter bud 
development times were found in selfing populations of Mimulus guttatus [25] 
and in Clarkia xantiana [14]. However, no significant differences in bud growth 
rates were found between the selfing and outcrossing populations of C. tem-
bloriensis [15]. Hill, Lord and Shaw [13] reported that flowers from selfing popu-
lations of Arenaria uniflora develop over a longer period of time than observed in 
outcrossing populations. In the field, selfing populations of A. uniflora were also 
observed to flower at the same time or even later than outcrossing populations 
[13], suggesting that time-limitation is not currently a strong selection pressure. 
Self-fertilization in A. uniflora may have arisen through reproductive assurance in 
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response to competition for pollinators [7]. The evolution of self-fertilizing spe-
cies from outcrossing progenitors has occurred repeatedly and independently in 
several lineages [1,3,14], each of which may have been associated with different 
contexts of natural selection vis-à-vis the fitness benefits of selfing.

Flower Longevity

The families and genera in which selfers had shorter bud development times also 
had significantly shorter flower longevities (Figure 4). In fact, all of the selfers had 
flowers that remained open for less than four days (except in Trifolium hirtum; 
Fabaceae), with a large proportion of flowers open for only one day, which is com-
mon amongst self-fertilizing species [17]. The present data again indicate that this 
generalization apparently holds true even within annuals exclusively. By having 
flowers that remain open longer, outcrossers increase the probability of visitation 
by pollinators and successful cross-pollination [17]. This fitness benefit is real-
ized, however, only if there is sufficient time remaining after cross-pollination 
to complete seed and fruit development before the maternal plant succumbs to 
density-independent mortality in strongly r-selecting habitats [11]. If time is lim-
iting in this context, selection should favor selfing (Figure 1b) with no advantage 
in having long-lived flowers.

It is important to note that our data measure maximum flower longevity, since 
there were no pollinators in the greenhouse, nor was hand pollination conduct-
ed. Pollination has been shown to induce floral senescence in numerous species 
[26]. This effect was not tested on any of the study species, which means that 
our observed flower longevities in outcrossing species may be longer than would 
normally be seen in the wild. Nevertheless, since selfing may have evolved as a 
method of shortening pollination time, and flower longevity was used as a mea-
sure of pollination time, the maximum floral longevity gives an indication of 
how long outcrossers can delay flower abscission or self-pollination (i.e. through 
delayed selfing).

Seed Size

Strong r-selection associated with the annual life form presumably favors wide 
dispersal mechanisms (for colonizing new and distant sites) which may be con-
ferred by small seed sizes [19]. The reproductive assurance hypothesis would pre-
dict, therefore, that most selfers are annuals because annuals are more likely than 
perennials to disperse further, or colonize new habitats where conditions are un-
suitable for successful outcrossing (because of a shortage of mates or pollinators) 
and where selfing, therefore, provides reproductive assurance. The present study 
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indicates that even among annuals only, selfers have smaller seeds than outcrossers 
(Figure 2c). Future studies are required to test whether smaller-seeded selfing an-
nuals are more likely than their outcrossing annual relatives to disperse further or 
colonize new habitats and thereby incur potential reproductive assurance benefits 
of selfing.

An alternative explanation, however, is offered by an extension of the time-
limitation hypothesis: strong r-selection favors an acceleration of all stages of the 
life cycle (Figure 1), including not only earlier reproductive maturity (Figure 1a) 
and a shorter pollination time (facilitated through selfing) (Figure 1b), but also a 
shorter seed and fruit maturation time, which, on a per-seed basis, is facilitated 
in turn through the production of smaller seeds. Andersson [18] found that self-
fertilizing individuals of Crepis tectorum took an average of 16 days for fruit 
maturation, whereas outcrossing individuals of the same species required 43.3 
days. Small seed size may also be simply a trade-off of selection for high fecundity, 
also favored by strong r-selection [11].

Habitat Selection and Time-Limitation

While most selfers are annuals, it is not the case that most annuals are selfers. An 
unbiased literature survey [27] suggests that roughly half of all annual species are 
selfers and half are outcrossers. If, however, selfing annuals evolved in habitats 
with a short window of time for completing the life cycle (Figure 1), then self-
ing annuals should be significantly more common than expected (i.e. comprising 
greater than 50% of resident annuals) within habitats associated with historically 
regular, early-season disturbances (e.g. cultivated fields, gardens), or in habitats 
where severe droughts follow quickly after a wet season (i.e. deserts, Mediterra-
nean climates, vernal pools). Hence, we should expect to find more selfers than 
outcrossers among annual weeds of cultivated habitats and among desert annuals 
in particular. Similarly, for annuals with both selfing and outcrossing ecotypes or 
races, we should expect selfers (or a higher selfing rate) to be more commonly as-
sociated with these severely time-limited habitats [11].

While rigorous tests of these predictions have yet to be explored, some prelim-
inary support is available from published surveys. From a representative sample of 
Mediterranean annuals [28], we find a much greater representation of selfers: i.e. 
34 selfers versus 11 outcrossers. Selfing and outcrossing desert annuals have been 
shown to be distributed along a moisture gradient. Outcrossing annuals are found 
generally in the wetter areas and selfers in the more arid zones, as seen in Clarkia 
xantiana [29] and between outcrossing populations of Limnanthes alba and its 
selfing relative L. floccosa [24]. Since the length of the growing season is limited 
by the amount of moisture in the soil, selfers have a much narrower window of 
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time to complete their life cycle before desiccation. During a severe drought, seed 
production in L. alba was reduced by one sixth, whereas the seed set of L. floccosa 
found in the same area was virtually unaffected by the identical drought [24].

The association between ‘weediness’ and self-fertilization has also been noted 
[2,30]. An extensive survey of colonizing herbaceous plants of Canada showed 
that agricultural weeds of row crops and grain fields are almost exclusively an-
nuals, and most of these are self-compatible [31]. A published list of the world’s 
worst weeds of agricultural crops [32] includes 76 species, 41 of which are annu-
als. Based on previous literature, we were able to identify the breeding system for 
24 of these annuals, and, as predicted, the majority (20 out of 24) are selfers.

Conclusions
Botanists have long known that selfing is particularly associated with the annual 
life cycle in flowering plants [2]. The present study shows further that, among 
annuals exclusively, selfing is particularly associated with shorter plant heights, 
smaller flowers, shorter bud development time, shorter flower longevity and 
smaller seed sizes compared with annuals that are outcrossing. Also, in spite of the 
null prediction that selfing and outcrossing annuals should be equally represented 
if there is no bias associated with time-limitation, we found instead that two of 
the most time-limited habitats on earth that support flowering plants have a sig-
nificantly higher percentage of selfers among the resident species that are annuals. 
Because we focused on annual species only, all of these results are explained more 
parsimoniously by selection associated with time-limitation than by selection as-
sociated with pollinator/mate limitation. The role of pollinator/mate-limitation 
(as traditionally associated with the reproductive assurance hypothesis for the evo-
lution of selfing) is likely to be of greater importance in longer-lived polycarpic 
species (not considered here), simply because by comparison, there is no convinc-
ing basis to argue that selection associated with time-limitation is likely to have 
been important in species with longer life cycles. We suggest therefore, that most 
selfers, because most of them are annuals, are likely to have evolved not because 
of fitness benefits through reproductive assurance associated with selection from 
pollinator/mate limitation, but rather because of fitness benefits associated with 
selection from time limitation.

The effect of time-limitation under strong r-selection is to minimize the dura-
tion of the life cycle, with selfing favored directly (Figure 1b) and/or indirectly 
(Figure 1a). There is no basis for predicting that either mechanism is more prob-
able than the other; both are likely to operate simultaneously and perhaps in-
distinguishably. Indeed, the predicted effects under direct and indirect selection 
involve the same phenotypic outcome for the same suite of traits (Figure 1). It 
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is particularly significant that the shorter bud development time reported here 
for selfing annuals is predicted explicitly by the time-limitation hypothesis but 
not by selection associated with pollinator/mate limitation. Although, we can-
not of course rule out the possibility that shorter bud development time may be 
a pleiotropic consequence of the evolution of autonomous selfing through other 
mechanisms.

Designing empirical studies that clearly distinguish between mechanisms in-
volving time-limitation versus pollinator/mate limitation remain a challenge but 
we anticipate that our results and our discussion of these issues may help to in-
spire further research along these lines. Future studies may be designed to test 
more directly the role of limited pollination time (vis-à-vis Figure 1b) by compar-
ing the time required for effective pollination under selfing versus outcrossing for 
closely related species or ecotypes within natural habitats, taking care of course to 
control for other aspects of the pollination environment (such as mate and pol-
linator availability) that might affect time-to-effective pollination.

Methods
Data Base Analyses

The literature was surveyed to obtain breeding information (i.e. selfing versus 
outcrossing) for as many annuals species as possible. For each species, data on 
plant height, flower size, and seed size were obtained where possible from stan-
dard floras and other published literature. A complete database was assembled for 
118 species from both Europe and North America, involving 14 families (Table 
1). For each species, the maximum published value for each trait was used. Plant 
height was the maximum recorded vertical extent of the plant. The measure used 
for flower size depended on the usual convention specific for each family, e.g. 
maximum petal length, corolla width, lemma length (in the Poaceae). Seed size 
was measured as the length of the longest axis. Within each family, for each trait, 
the median value across selfing species and the median value across outcrossing 
species was calculated and used in the phylogenetically-independent contrasts.

The contrasts were based on 14 phylogenetically-independent pairs, where 
each pair consisted of median values of the selfing and outcrossing species within 
one family, which by definition are species that are more closely related to each 
other than to any other species in the data set [19]. For plant height, only 13 pairs 
were used due to missing information. The data were analyzed using a Wilcoxon 
matched pairs test.
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Table 1. Species list, with breeding system (O – outcrosser; S – selfer), for database from published literature.
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Table 1. (Continued)

Greenhouse Study

The species included in this study were chosen if there was a known breeding 
system, if germinable seeds were available, and if a complementary species (i.e. in 
the same family with the opposite breeding system) was known and could also be 
obtained as germinable seeds. Seeds were obtained from a variety of sources; Her-
biseed, Rancho Santa Ana Botanic Gardens, Chiltern Seeds, S&S Seeds, and the 
National Plant Germplasm System. Our search lead to an unbiased sample of 25 
candidate species, allowing five pair-wise family comparisons and four pair-wise 
genus comparisons (Table 2).

Table 2. List of species, with breeding system (O – outcrosser; S – selfer), used in the greenhouse study.

Most species were germinated in 15 cm pots filled to 3 cm below the top with 
standard potting soil (Promix BX©). Pots were placed in a greenhouse and wa-
tered daily until the appearance of their first true leaves. Subsequently, they were 
watered uniformly every second day to ensure that the soil was kept moist. Some 
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species were germinated in a petri-dish in a growth chamber (23°C, 12 hour cycles 
of light and dark), after which they were transplanted into pots and placed in the 
greenhouse. Each species was replicated five times, with one plant per pot. Pots 
were arranged randomly on benches at a density of 1 pot per 0.093 m2.

The plants were exposed to 16 hours of daylight each day, with maximal nat-
ural light levels at ca 1200 µE. Before sunrise and after sunset, artificial lights 
(250–300 µE) were used to supplement the light exposure to 16 hours of light per 
day. The greenhouse was kept at an average temperature of 23.1°C during the day 
and dropped to 20.0°C at night. The plants were fertilized every 2 weeks with 200 
ml per pot of a 2g/L concentration of 20–20–20 N-P-K fertilizer.

For each plant, age at first flower, bud development time, and flower longevity 
were measured. Emergence of the first pair of true leaves, after the cotyledons, was 
considered day 1 of the plant's life. Age at first flower was measured in days from 
day 1 to when the first flower opened on each plant. Bud development time (n = 
3 buds per plant) was calculated as the number of days from the first appearance 
of a new bud until the flower opened. The same three buds on each plant were 
then monitored every day after opening, and the number of days until the flower 
senesced (flower longevity) was recorded for each. A flower was considered to be 
senesced when the corolla wilted, fell apart, or became discolored, as designated 
by Primack [17]. Any flower that was open for only one day was considered a 
one-day flower, regardless of whether it was open for the whole day or only part. 
Flowers in the Asteraceae were considered withered when the whole inflorescence 
had senesced, rather than the individual florets [17].

For bud development time and flower longevity, the three replicate measure-
ments for each plant were averaged, and then these values for the five replicate 
plants were averaged to obtain a mean value for the species. The data were ana-
lyzed with a standard least squares one-way analysis of variance (ANOVA) model, 
with a post-hoc contrast between selfers and outcrossers. These analyses were done 
for each family and genus separately in order to control for phylogeny at these 
levels. In cases where the data were non-normal, a log-transformation was applied 
which corrected the distribution.
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Functional Diversity of Plant–
Pollinator Interaction Webs 
Enhances the Persistence of 

Plant Communities

Colin Fontaine, Isabelle Dajoz, Jacques Meriguet and  
Michel Loreau

abstRact
Pollination is exclusively or mainly animal mediated for 70% to 90% of 
angiosperm species. Thus, pollinators provide an essential ecosystem service 
to humankind. However, the impact of human-induced biodiversity loss on 
the functioning of plant–pollinator interactions has not been tested experi-
mentally. To understand how plant communities respond to diversity changes 
in their pollinating fauna, we manipulated the functional diversity of both 
plants and pollinators under natural conditions. Increasing the functional di-
versity of both plants and pollinators led to the recruitment of more diverse 
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plant communities. After two years the plant communities pollinated by the 
most functionally diverse pollinator assemblage contained about 50% more 
plant species than did plant communities pollinated by less-diverse pollina-
tor assemblages. Moreover, the positive effect of functional diversity was ex-
plained by a complementarity between functional groups of pollinators and 
plants. Thus, the functional diversity of pollination networks may be critical 
to ecosystem sustainability.

Introduction 
Understanding the consequences of biodiversity loss for ecosystem function-
ing and services is currently a major aim of ecology [1,2]. Animal-mediated 
pollination is one of the essential ecosystem services provided to humankind 
[3,4]. The negative impact of pollinator decline on the reproductive success 
of flowering plants has been documented at the species level [5–7], but little 
information is available at the community level [8]. Increasing the scale of 
study to the community level is essential to account for potential competi-
tive or facilitative effects among species that belong to the plant–pollinator 
network. Such effects, which are often linked to diversity [9,10], are known to 
have large influences on ecological processes such as community productivity 
and stability [11,12].

Experimental evidence for diversity effects on the functioning of terres-
trial ecosystems is mainly available for plants. As primary producers, plants 
play a central role in the flow of energy within ecosystems [13,14]. Animal-
pollinated angiosperms represent up to 70% of plant species in numerous 
communities and ecosystems [15]. Mutualistic interactions between animals 
and plants form several intricate interaction webs [16]. Recent analysis of 
plant–pollinator and plant–frugivore interaction webs demonstrates that these 
contain a continuum from fully specialist to fully generalist species [17,18]. 
However, these networks are structured in a nested way [19,20], with special-
ists mainly interacting with generalists. Such a pattern might have important 
consequences for ecosystem functioning, because it might confer resilience to 
perturbations such as the extinction of species [21] if, for example, generalist 
pollinators buffer the loss of specialist pollinators [18,22–24]. Furthermore, 
this hypothesis does not take into account the dynamical properties of these 
networks. In a plant–pollinator community, variations in species diversity at 
different trophic levels may lead to an adaptation of interaction strengths 
[25], which may in turn affect the total effectiveness of pollination. We con-
clude that more information is urgently needed concerning the impacts of 
biodiversity loss on multispecies and multitrophic interactions.
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To experimentally test the effect of functional diversity on the functioning 
and persistence of plant–pollinator communities, we defined functional groups of 
plants and pollinators based on morphological traits. For plants, two functional 
groups with three species each were defined according to accessibility of floral 
rewards (pollen and nectar; see Figure 1). The first group (group 1) included 
Matricaria officinalis, Erodium cicutarium, and Raphanus raphanistrum, which 
have easily accessible floral rewards and will be called “open flowers.” The second 
group (group 2), called “tubular flowers,” included Mimulus guttatus, Medicago 
sativa, and Lotus corniculatus, all of which present floral rewards hidden at the 
bottom of a tubular corolla. For pollinators, two functional groups were defined 
according to mouthparts length (Figure 1). The first group (group A) included 
three species of syrphid flies (Diptera) with short mouthparts: Saephoria sp., Epi-
syrphus balteatus, and Eristalis tenax. The second group (group B) included three 
species of bumble bees with longer mouthparts: Bombus terrestris, B, pascuo-
rum, and B, lapidarius. Note that in this case a functional trait (long mouthparts) 
and a phylogenetic group are confounded. Preliminary observations showed that 
these six insect species contribute up to 70% of all pollinating visits to flowers 
in our study area in France. Constructing a plant–pollinator network with these 
four functional groups leads to a nested structure with specialists interacting with 
generalists (Figure 1, third column). In principle, syrphid flies cannot efficiently 
pollinate tubular flowers because their mouthparts are too short.

Figure 1. Experimental Pollination Web. 
Summary of the characteristics upon which functional groups of pollinators (left) and plants (right) were based. 
In the middle, the arrows linking insect heads to flower types show the theoretical pollination network when all 
functional groups are present.

At the beginning of spring 2003, we set up 36 4-m2 caged experimental plant 
communities. There were three plant treatments following a “substitutive” design 
[26]. Two of them contained one of the two plant functional groups alone (group 
1 or 2), whereas the third contained both plant functional groups in combina-
tion (group 3). We applied three different pollination treatments to each plant 
treatment, by introducing each pollinator functional group alone (group A or B), 
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or both groups together (group C). This full factorial design led to nine experi-
mental treatments, which were replicated four times each, making a total of 36 
experimental units. The pollination treatments were applied in two consecutive 
years (June–July 2003 and 2004). We controlled for the total number of pollina-
tor visits received by each plot during the two pollination seasons (1,000 visits in 
2003 and 1,200 visits in 2004) to allow an unbiased comparison of pollination 
efficiency among the various experimental treatments.

In August and September 2003, we counted the number of fruits on each 
plant in every plot. We also counted the number of seeds per fruit on five col-
lected fruits per plant. Lastly, in April 2004 and 2005, we measured both the 
number of plant species present at the seedling stage (recruitment richness) 
and the total number of seedlings (recruitment density) to determine the ef-
fects of the experimental treatments on the natural recruitment of the next 
plant generation.

Results
Effects on Plant Reproductive Success

The reproductive success of the two plant functional groups after the first 
season is analysed in Table 1. There was a significant effect of pollination treat-
ment on the number of fruits per plant (Table 1, left; standardized means ± 
standard error [SE]: syrphid -0.278 ± 0.061, bumble bee 0.221 ± 0.065, and 
both 0.063 ± 0.068). Orthogonal contrasts on pollination treatment indicate 
that the identity of the pollinator guild (syrphid [A] versus bumble bee [B]) 
had a significant effect. There was a higher fruit production in bumble bee–
pollinated communities than in those pollinated by syrphids. Moreover, the 
breakdown of the interaction of pollination and plant treatments into the 
orthogonal contrasts A1 versus B1 and A2 versus B2 indicates that the two 
plant functional groups responded differently to the identity of the pollinator 
functional group. Tubular 3 flowers (group 2) produced significantly fewer 
fruits in the syrphid treatment, whereas open flowers (group 1) produced 
the same amount of fruits whatever the identity of the pollinator functional 
group (Figure 2A). This supports our hypothesis that bumble bees were able 
to pollinate both plant functional groups whereas syrphids could only ef-
ficiently pollinate open flowers. Although the functional diversity of plant or 
pollinator treatment alone had no significant effect, fruit production tended 
to increase with both plant and pollinator functional diversity (contrast [A1 + 
A2 + B1 + B2] versus C3; Figure 2B).
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Figure 2. Effects of Pollinator Identity and Diversity on Plant Reproductive Success
The left panels show the effects of pollinator guild identity (S indicates syrphid flies, B indicates bumble bees) 
on the reproductive success of the two plant guilds (open circle indicates open-flowers [group 1], closed circle 
indicates tubular-flowers [group 2]). Reproductive success was measured by (A) the standardized number of 
fruits per plant and (B) the standardized number of seeds per fruit. The right panels show the effects of the 
functional diversity of pollination treatments (triangle), plant treatment (inverted triangle) and both (diamond) 
on the standardized numbers of fruits per plant (C) and seeds per fruit (D). Lines connecting symbols indicate 
significant effects (solid indicates p < 0.001, dashed indicates p < 0.08). Error bars represent one standard error. 
See Table 1 for statistical analysis.

Table 1. Analysis of Plant Reproductive Success.

With respect to seed set per fruit, the interaction between plant and pollina-
tion treatment was marginally significant (Table 1, right). As with fruit produc-
tion, the contrasts A1 versus B1 and A2 versus B2 indicate that the two plant 
functional groups responded differently to pollinator functional group identity. 
The pattern, however, was different: Open flowers produced significantly fewer 
seeds per fruit in the bumble bee treatment than in the syrphid treatment (Figure 
2C). This means that bumblebees were less-efficient pollinators than syrphids 
for open flowers. This could be due to the higher rate of geitonogamous visits 
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(i.e., consecutive visits to different flowers of the same plant, resulting in self-
fertilization) by bumblebees. Indeed, preliminary observations using a similar 
experimental design showed that bumble bees perform a higher percentage of 
geitonogamous visits than do syrphids (I. Dajoz, unpublished data). Finally, the 
mean number of seeds per fruit in the plant communities tended to increase with 
functional diversity of pollination treatments (contrast [A + B] versus C; Figure 
2D).

Effects on Natural Recruitment

We analysed the long-term effects of our pollination treatments on the natural 
recruitment of our experimental plant treatments after the first and second 
pollination seasons. The results are presented in Table 2. There was a signifi-
cant effect of year on recruitment richness with a higher richness after the 
second pollination season (mean ± SE: 1.916 ± 0.075 in 2004, and 2.291 ± 
0.0856 in 2005). Among the possible causes was a severe drought in 2003 
[27], which likely affected both plant and insect populations. Such a drought 
did not occur in 2004. This difference in climate between years may account 
for a large part of the year effect.

Table 2. Analysis of Plant Recruitment Richness and Density.

Recruitment richness was significantly different among plant treatments, with 
fewer species recruiting in tubular communities (Figure 3). This is very likely due 
to two perennial species (whereas all species are annuals in the other group) which 
may have different reproductive traits and create differences in competitive inten-
sity among the plant treatments. There was a significant effect of pollination treat-
ment, with a higher recruitment richness when both groups of pollinators were 
present (means ± SE: syrphid 1.854 ± 0.973, bumble bee 2.052 ± 0.826, and both 
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2.406 ± 1.062). However, as suggested by the significant interaction between 
plant and pollination treatments, the pattern was more complex (Figure 3A). In 
fact, pollination treatments had no effect on recruitment richness in open-flower 
plant treatment (Figure 3A, left). In the tubular-flower plant treatment, recruit-
ment in the syrphid fly treatment tended to be lower than in the other pollination 
treatments (Figure 3A, centre). But the positive effect of pollinator functional 
diversity was obvious in the plant treatment that contained both plant functional 
groups (Figure 3A, right). In the mixed plant treatment, recruitment richness 
under the most functionally diverse pollination treatment was substantially above 
that in the two other treatments.

Figure 3. Effects of Pollination Treatments on Plant Recruitment. 
Effects of pollination by syrphid flies (S), bumble bees (B), or both (S + B) on (A) recruitment richness (mean 
number of plant species present as seedlings in a quadrat) and (B) recruitment density (mean number of plant 
individuals present as seedlings in a quadrat) in the various plant treatments. Error bars represent one standard 
error. Lower-case letters indicate statistically significant differences among pollination treatments within a plant 
treatment (Bonferroni-adjusted t-test, p < 0.05).
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Considering recruitment density, there was also a significant effect of year, 
with a higher density after the second pollination season (mean ± SE: 26.784 
± 2.324 in 2004 and 31.319 ± 1.937 in 2005), and a significant effect of plant 
treatment, with fewer individuals recruiting in tubular communities (Figure 3B, 
centre). These year and plant-treatment effects can be explained in the same way 
as for recruitment richness (see above). There was also a significant effect of polli-
nation treatment, with a lower recruitment density when plant communities were 
pollinated by syrphid flies alone (means ± SE: syrphids: 24.104 ± 20.464, bumble 
bees: 34.364 ± 32.781, and both 28.688 ± 21.459). This is congruent with our 
results on the number of fruits produced per plant (see Table 1, contrast A versus 
B). As for recruitment richness, there was a significant interaction between plant 
and pollination treatments (Figure 3B). In the open-flower plant treatment, re-
cruitment density was not significantly different among pollination treatments 
(Figure 3B, left). But in the tubular-flower plant treatment, recruitment density 
was significantly higher in the bumble bee treatment than in the other pollination 
treatments (Figure 3B, centre). Finally, in the mixed plant treatment, the same 
pattern as for recruitment richness was observed: There was a higher density in the 
mixed pollination treatment than in single-guild pollination treatments (Figure 
3B, right).

Note that these results on natural recruitment are not an artefact caused by 
sampling small quadrats in heterogeneous experimental plots since the same pat-
terns were observed when data from all quadrats in a plot were pooled.

Pollination Visitation Web in the Mixed Plant Treatment

To explain the strong effect of pollinator functional diversity on the persistence 
of mixed plant communities, we carried out a log-linear analysis on the visita-
tion rate of each insect species in a given pollination treatment, for the six plant 
species of the mixed plant treatment. Data from the year 2003 are illustrated in 
Figure 4, and the results of the analysis on both years are presented in Table 3. In 
the second year, there was a significant effect of plant functional group identity: 
Tubular flowers received a higher number of visits than did open flowers (mean 
visitation frequency ± SE: for open flowers 0.236 ± 0.097 and for tubular flow-
ers 0.763 ± 0.097). This is very likely due to the two well-established perennial 
species, which produced a more attractive floral display during the second year 
of the experiment. For the two years of the experiment, there was a significant 
interaction between plant functional group and pollinator functional group. This 
indicates that the two pollinator functional groups were specialised on different 
plant functional groups (mean visitation frequency ± SE on open flowers and 
tubular flowers, respectively: in 2003, for bumble bees 0.128 ± 0.058 and 0.433 
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± 0.075; for syrphids 0.327 ± 0.043 and 0.113 ± 0.052; in 2004, for bumble bees 
0.01 ± 0.005 and 0.58 ± 0.075; for syrphids 0.23 ± 0.055 and 0.18 ± 0.087). 
Syrphids mainly visited open flowers whereas bumble bees preferentially visited 
tubular flowers (Figure 4). Even though bumble bees can pollinate open flowers 
quite efficiently when this is the only plant functional group present (as shown 
by the reproductive success, recruitment diversity, and recruitment density of the 
open-flower plant treatment in the bumble bee treatment, Figures 2 and 3), they 
focus on the tubular-flower group in the mixed plant treatment. In the mixed 
pollination treatment, the match between plant and pollinator functional groups 
leads to a more homogenous distribution of pollinator visits among plant groups 
than in the other pollination treatments. Ultimately, this significantly increases 
the reproductive success of plants, most likely through the homogenisation of 
pollinator visits and the minimization of inefficient pollinator visits.

Figure 4. Visitation Web in the Communities with Both Plant Types. 
Distribution of pollinator visits for the year 2003, among the six plant species in the plant treatment containing 
the two plant functional groups, (A) for the mixed pollination treatment (S + B) and (B) for the single functional 
group pollination treatments (S or B). The length of the side of the black squares shows the proportion of visits 
by a given pollinator species on each plant species. Lower-case letters represent plant species: a, Ma. officinalis; b, 
E. cicutarium; c, R. raphanistrum; d, Mi.guttatus; e, Me. sativa; f, L. corniculatus. Numbers represent pollinator 
species: 1, Saephoria sp.; 2, Ep. balteatus; 3, Er. tenax; 4, B. terrestris; 5, B. pascuorum; 6, B. lapidarius.
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Table 3. Analysis of Visitation Rates.

Discussion
Previous studies on the diversity of plant–pollinator interaction webs were either 
descriptive [16], carried out on a single plant species [6,7,28–30], or based on 
simulation [21] and theoretical approaches [22,31]. To our knowledge, this is 
the first experimental evidence that the persistence of a plant community can be 
affected by a loss of diversity of its pollinating fauna. Of course, our experimental 
communities differed from natural ones in several respects. Among other things, 
the interaction networks we studied were much simpler than those occurring in 
nature; in particular, they contained fewer species in each trophic level. But such 
simplifications from natural situations are often necessary to carry out controlled 
experiments.

In plant communities that contained only open flowers, plants produced fewer 
seeds per fruit in the bumblebee treatment than in the syrphid treatment (Figure 
2C), but this was compensated by a sufficiently high fruit production, leading to 
a richness and density of natural recruitment that was similar to the other pollina-
tion treatments (Figure 3A and 3B left). Thus, in these communities, all pollina-
tion treatments were equally effective in the long term.

In plant communities that contained only tubular flowers, syrphids were in-
efficient pollinators; fruit production was very low (Figure 2A) and insufficient 
to allow a good natural recruitment. Bumble bees were the most effective pol-
linators (Figure 3A and 3C, centre). Note that in the bumble bee treatment, the 
very high value of average recruitment density was due to three measurements in 
two replicates, in which only M. guttatus seedlings were recorded at a very high 
density (more than 150 seedlings per quadrat). To test the effect of these outliers, 
we removed them and repeated our analysis. The same significant effects were 
observed, except for the effect of pollination treatment, which became margin-
ally significant (p = 0.0645). The new mean number of seedlings per quadrat for 
this experimental treatment was 32.17 ± 4.55 (SE), which is still slightly above 
the value for the pollination treatment with both pollinator groups. For plant 
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communities that contained only tubular flowers, recruitment richness in the two 
pollination treatments that contained bumblebees was similar.

These results are in agreement with our theoretical pollination network pre-
sented in Figure 1. In our experimental system, syrphids can be considered as 
specialist pollinators since they efficiently pollinate only open flowers. Bumble 
bees were potentially generalists as they induced an important fruit production of 
the two plant types and a good recruitment in the open- and tubular-flower plant 
treatments. Our results on the reproductive success and recruitment of single-
guild plant treatments indicate that there are strong functional group identity 
effects since our plant functional groups responded differently to our pollinator 
functional groups.

However, the functional diversity of both the plant and pollination treatments 
was also important. Plant reproductive success tended to increase with pollinator 
functional diversity when the number of seeds per fruit was considered, and with 
both plant and pollinator functional diversity when the number of fruits per plant 
was considered (Figures 2B and 2D). Although recruitment in single-guild plant 
treatments was mainly affected by the identity of functional groups, the effect of 
functional diversity was dramatic in the mixed plant treatment. Natural recruit-
ment of plant communities visited by mixed pollinator guilds was largely above 
that in other pollination treatments.

Pollination by syrphids alone allowed the reproduction of open flowers but 
not tubular flowers, as expected from the specialisation of syrphids. More surpris-
ingly, however, bumble bees failed to be efficient generalist pollinators. Most of 
their visits occurred on tubular flowers (Figure 4), resulting in a relatively poor 
recruitment of open flowers. The only pollination treatment that achieved a high 
recruitment of both open and tubular flowers when they were mixed, was the 
one containing the two insect functional groups (Figure 3, right). When syrphids 
and bumble bees simultaneously pollinated mixed plant communities, they each 
focused on their target plant functional group, leading to more efficient visits and 
a better distribution of visits among plant functional groups (Figure 4). Ultimate-
ly, it was the pollination treatment with both pollinator functional groups that 
produced the highest richness and density of natural recruitment. Consequently, 
since most natural plant communities contain both open and tubular flowers, 
pollinator functional diversity should strongly enhance the persistence of these 
communities.

Although our experimental system differed from natural communities, and 
information about the reciprocal effects of the functional diversity of plant 
communities on the diversity of pollinator communities would be useful, our 
study indicates that the functional diversity of plant–pollinator interaction webs 
may be critical for the persistence and functioning of ecosystems and should be  
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carefully monitored and protected. The loss of pollinator functional diversity is 
likely to trigger plant population decline or extinctions [4], which in turn are 
likely to affect the structure and composition of natural plant communities and 
the productivity of many agroecosytems that rely on insect pollination [8]. Ul-
timately, higher trophic levels may be affected since the diversity and biomass of 
consumers depend on primary production. Our results strongly suggest that the 
functional diversity of complex interaction webs plays a crucial role in the sustain-
ability of ecosystems.

Materials and Methods
Experimental Plant Communities
At the beginning of spring 2003, plant communities were set up in a meadow that 
remained almost undisturbed for 10 years at the Station Biologique de Foljuif, 
France, 80 km southwest of Paris. Prior to the establishment of the communities, 
soil was sterilized by injecting 120 °C steam (30 min) to destroy the seed bank 
and soil pathogens. In each of the 36 4-m2 plots, a total of 30 adult plants were 
planted on a grid, spaced 25 cm from each other, to minimize competition and 
homogenise spatial distribution. Thus, plant density was the same in all experi-
mental plots. We selected a moderate density to maintain within- and among-spe-
cies competition to a low level, and to allow enough space for future recruitment 
in the plots. Each of these plant communities was enclosed in a 2-m–high nylon 
mesh cage in order to eliminate natural pollinator visitation.

Pollination Rounds
During the flowering seasons (June–July 2003 and 2004), pollinators were cap-
tured around the study area and introduced into the cages. The relative abundance 
of pollinator species in the various pollination treatments reflects their natural 
abundances. From preliminary observations, we had noticed that, in order to 
have no more than three insects active at the same moment in a 4-m2 plot, it was 
necessary to put about eight syrphid flies, or six bumble bees, or a mixture of six 
syrphids and four bumble bees in each pollination cage. Each pollination round 
in a given plot included 200 visits in the year 2003 and 300 in the year 2004. In 
total, each plot received either four (in 2004) or five (in 2003) pollination rounds, 
leading to a total of 1,000 visits per plot in 2003 and 1,200 in 2004.

Pollination Activity
Bumble bees needed approximately 30 min after introduction in the cages 
to calm down and start to pollinate. In the pollination treatment with both  
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pollinator guilds, we then introduced syrphids, which started to pollinate im-
mediately. Mean visitation time was not significantly different between insects in 
the cages and in nature. This was true both for bumble bees (mean visitation time 
in cages: 3.25 ± 0.92 s, mean visitation time in nature: 2.91 ± 1.33 s, t = 1.51, df 
= 96, p = 0.133) and for syrphids (mean visitation time in cages: 40.21 ± 8.89 s, 
mean visitation time in nature: 35.38 ± 14.75 s, t = 0.77, df = 12, p = 0.45).

Measurement of Reproductive Success

One month after the first pollination treatments, we counted the total number of 
fruits on each plant, except for M. guttatus and M. officinalis in which fruits can-
not be counted without collecting them. We randomly took five fruits per plant 
of each species to estimate the number of seeds per fruit.

Measurement of Recruitment Richness and Density

Recruitment richness and density were estimated during the second (April 2004) 
and third (April 2005) year of the experiment by counting the number of seed-
lings of each species in four 1,600-cm2 quadrats in each plot.

Statistical Analysis

Statistical analyses were performed using SAS 8.2 software.
For the analysis of plant reproductive success, we log-transformed the data to 

ensure normality. We standardized the data by species using the formula: x – µ/σ  
(where µ = the mean and σ = the standard deviation of number of fruits or num-
ber of seeds per fruit for a given plant species) in order to make the data compara-
ble among the various species and functional groups. We used a mixed analysis of 
variance (ANOVA) model (SAS proc mixed), in which the fixed effects were plant 
treatment, pollination treatment, and their interaction term. To investigate the 
effects of the various plant and pollination treatments, we subdivided a priori each 
main effect into two components using orthogonal contrasts. The first contrast 
tested the effect of the identity of the plant or pollinator functional group, i.e. 
one group versus the other. The second tested the effect of the functional diversity 
of the plant or pollination treatment, i.e. single-guild versus mixed-guild plant 
or pollination treatments. Similarly, we subdivided the interaction into three or-
thogonal contrasts testing the effects of pollinator functional group identity on 
each plant guild, and the effect of the functional diversity of both plant and pol-
lination treatments. See Table 1 for the construction of the contrasts.
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For the analysis of plant recruitment, we used a repeated measure ANOVA 
model (SAS proc mixed). The fixed effects were pollination treatment, plant treat-
ment, year, and all the interaction terms. The repeated effect was year, and the 
subject effect was replicate. For recruitment density, data were log transformed.

For each year of the experiment, the visitation rate of pollinators on each plant 
species in the communities with both plant functional groups was analysed using 
a mixed log-linear model (glimix macro, SAS). We subdivided the pollination 
treatment into two effects: pollinator functional diversity (one or two pollina-
tor functional groups) and identity of the pollinator functional group (bumble 
bees or syrphids). The model included pollinator species nested within identity of 
pollinator functional groups, plant species nested within identity of plant func-
tional group, identity of pollinator functional groups, identity of plant functional 
groups, pollinator functional diversity, and all interaction terms. The replicate was 
a random effect.
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Background

Sexual selection theory predicts that males are limited in their reproductive 
success by access to mates, whereas females are more limited by resources. In 
animal-pollinated plants, attraction of pollinators and successful pollination 
is crucial for reproductive success. In dioecious plant species, males should 
thus be selected to increase their attractiveness to pollinators by investing more 
than females in floral traits that enhance pollinator visitation. We tested the 
prediction of higher attractiveness of male flowers in the dioecious, moth-pol-
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linated herb Silene latifolia, by investigating floral signals (floral display and 
fragrance) and conducting behavioral experiments with the pollinator-moth, 
Hadena bicruris.

Results

As found in previous studies, male plants produced more but smaller flowers. 
Male flowers, however, emitted significantly larger amounts of scent than fe-
male flowers, especially of the pollinator-attracting compounds. In behavioral 
tests we showed that naïve pollinator-moths preferred male over female flow-
ers, but this preference was only significant for male moths.

Conclusion

Our data suggest the evolution of dimorphic floral signals is shaped by sexu-
al selection and pollinator preferences, causing sexual conflict in both plants 
and pollinators.

Background
According to sexual selection theory, males compete with each other over access 
to females since the reproductive success of a male is limited by the number of fe-
males he can fertilize, whereas female reproductive success is limited by resources 
available for producing offspring [1,2]. In plants, access to pollinators should 
therefore limit the reproductive success of males to a greater extent than it restricts 
the reproductive success of females [3-5]. Consequently, different selection pres-
sures are expected to act on males and females, resulting in male-male competi-
tion over mates [1].

The majority of plants rely on pollinators for successful pollen transfer [6]. 
Prefertilization-competition among male gametophytes has been described 
as pollen competition within the female organs [7], which can be influenced 
through physiological interactions with the pistils [8]. However, pollinator at-
traction is the first step in the reproductive cycle of animal-pollinated plants 
and in dioecious species, sexual reproduction is impossible without the trans-
fer of pollen from male to female flowers. In contrast to most other plants 
that have hermaphroditic flowers, males and females can respond differently 
to pollinator-mediated selection. In this situation, selection may hence favor 
traits that improve pollination and fertilization success, which may lead to 
sexual dimorphisms in pollinator attracting traits rendering male flowers more 
attractive than females since access to mates is a function of access to pollina-
tors [4,9,10]. In addition, natural selection on females should reduce attrac-
tiveness, since besides pollinators, floral signals also attract granivores that can 
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drastically reduce fitness [11,12]. Even for male flowers, however, pollinator 
attraction is risky, as it may lead to infection by anther smut fungus that steril-
izes the flowers [13].

It has been known for a long time that floral traits like color, shape, size and 
odor influence the behavior of flower visitors, but less is known about the relative 
importance of these traits in different pollination systems [14,15]. Colorful floral 
displays are often accompanied by fragrance, and both visual and olfactory signals 
attract pollinators and serve as learning cues [16]. In many nocturnal pollination 
systems, however, scent is thought to be of primary importance for pollinator at-
traction [16-18]. Floral signals in plants have a similar role in sexual reproduction 
as mating signals in animals, although they act indirectly, through the behavior of 
their pollinators. Thus, sexual dimorphisms in floral signals should evolve as a re-
sult of sexual selection, acting in concert with the neuronal and behavioral purge 
of the pollinators. Therefore, the signature of sexual selection should be especially 
pronounced in the signals that play a particular role in attraction of a given (guild 
of ) pollinator(s).

We tested the prediction of higher attractiveness in male flowers by investigat-
ing floral signals and pollinator behavior in the perennial dioecious herb Silene 
latifolia that is primarily pollinated by nocturnal moths [11,19-21]. This species 
is an example of nursery pollination, as one of the main pollinators, the noctuid 
moth Hadena bicruris, oviposits in female flowers where larvae feed on develop-
ing seeds. We investigated flower size, flower number and floral odor emission 
in male and female S. latifolia plants. Further, we assessed the attractiveness of 
individual flowers of both sexes using male and female Hadena bicruris moths in 
a wind tunnel bioassay.

Results
Floral Odor

In both populations investigated, male flowers produced significantly more 
odor than female flowers (Figure 1; Mean ± SE: Switzerland: males: 422.05 
± 47.34 ng h-1, females: 202.56 ± 25.57 ng h-1; Spain: males: 134.19 ± 16.88 
ng h-1, females: 81.56 ± 7.90 ng h-1). In the GLM, both sex and population 
showed a significant effect and there was a significant interaction between sex 
and population (Table 1; GLM: sex*population: F1,555 = 11.252, P = 0.001), 
indicating that the Swiss population differed more strongly among sexes than 
did the Spanish population. The covariate flower diameter was not significant 
(Table 1).
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Table 1. GLM of the effects of sex and population of Silene latifolia plants on log transformed total amount of 
odor per flower.

Figure 1. Absolute amounts of odor emitted by female (grey bars) and male (black bars) flowers of two S. 
latifolia populations. In both populations, male flowers emit significantly more odor than female flowers (GLM, 
P < 0.001).

In the analysis of individual compounds, more active compounds (com-
pounds triggering electrophysiological responses or affecting behavioral responses 
in pollinators) [17] were significantly different between the sexes than non-active 
compounds (Switzerland: active 93%, non-active: 50%; Spain active: 86%, non-
active 62%). The emission of most compounds behaviorally active in Hadena 
bicruris [17] were found to be significantly higher in male flowers than in female 
flowers in both populations (Figure 2a, b, Table 2). In Switzerland, 2-methoxy 
phenol, the lilac aldehydes A, B and C, and veratrole were found in significantly 
higher amounts in male flowers. The amounts of phenylacetaldehyde and linalool 
were not significantly different between the sexes. In Spain, phenylacetaldehyde, 
lilac aldehyde A, and veratrole were found in significantly higher amounts in male 
flowers. 2-methoxy phenol, and the lilac aldehydes B and C were not significantly 
different in males and females, but showed a trend to higher emission in males. 
Only linalool was found in significantly higher amounts in females.
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Table 2. Mean absolute amounts of odor compounds (± SEM; ng h-1) in headspace samples of Silene latifolia 
flowers (asterisks (*) indicate significant differences between female and male amounts within populations).

Figure 2. Mean emission of behaviorally active odor compounds by female (grey bars) and male (black bars) S. 
latifolia flowers in the Swiss (a) and the Spanish (b) population (Mann-Whitney U-test, * = p < 0.05). Note the 
difference in scale in the y-axes.
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Morphology

Flower number was higher in male plants compared to female plants in both 
populations (flowers plant-1 ± SE: Switzerland males 7.74 ± 0.53, Switzerland fe-
males 5.26 ± 0.50, Mann-Whitney U-test: U = 2887, P < 0.001; Spain males 8.63 
± 0.54, Spain females 4.67 ± 0.19, Mann-Whitney U-test: U = 8908, P < 0.001). 
Flower diameter was significantly smaller in male flowers than in female flowers 
in both populations (mean flower diameter ± SE: Switzerland males 2.51 ± 0.03, 
Switzerland females 2.60 ± 0.03, t-test: t = 2.017, df = 193, P < 0.05; Spain males 
2.67 ± 0.02, Spain females 2.84 ± 0.02, t = 5.405, df = 351, P < 0.001).

Moth Behavior

Most flower-naïve pollinator moths chose male flowers in their first approach to 
S. latifolia, suggesting higher attractiveness of male flowers compared to female 
flowers, however the preference was only significant for male moths. Of the 25 
male moths tested, 6 chose female and 19 male flowers (Chi2 = 6.76, df = 1, P = 
0.009). Of the 31 unmated females tested, 11 chose female and 20 male flowers 
(Chi2 = 2.61, df = 1, P = 0.11).

Discussion
Floral traits that increase pollinator attraction are expected to evolve under stron-
ger pollinator-mediated selection in male plants because males compete for polli-
nator visitation whereas females are usually limited by resources other than pollen 
[1,3-5]. For female plants, and especially in nursery pollination systems, attrac-
tiveness to pollinators is risky because it is linked to seed predation [11,12]. Con-
sistent with theoretical expectations of sexual selection on floral attractiveness, 
we found that individual male flowers were more attractive to naïve pollinators, 
especially to male moths. The likely reason for this is the significantly higher emis-
sion of floral scent per flower in male versus female flowers.

In many dioecious plant species, males produce larger or more flowers than 
females [3,10,22-24]. Plants with increased floral display usually receive higher 
numbers of visits by pollinators [25-28]. In S. latifolia, male flowers are smaller 
than female flowers, but male plants produce more flowers than females, suggest-
ing a trade-off between flower size and number [29]. Silene latifolia pollinators 
prefer plants with larger floral displays [13]. Therefore, the increased number of 
flowers found on male S. latifolia plants enhances the attractiveness to pollina-
tors [29,30]. However, as yet it was not clear whether the increased attractiveness 
of male plants is simply a function of the higher number of flowers, or whether 
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individual flowers have evolved traits of higher attractiveness to pollinators. We 
showed in dual choice experiments in the wind-tunnel that individual male flow-
ers are indeed more attractive to the males of the main pollinator moth. Male 
flowers, despite being smaller than female flowers, produced significantly higher 
amounts of odor, both in the Swiss and Spanish population. The significant inter-
action between sex and population indicates that the sex differences in the amount 
of scent produced is different among the two populations. Indeed, in the Spanish 
population, the sex difference was less pronounced, and these plants emitted an 
overall lower amount of scent. Population specific differences in sex specific traits 
may be related to differences in pollinator composition, or differences in Swiss 
and Spanish Hadena moths, however, data are not available.

Interestingly, we found that in both populations more of the compounds in-
volved in pollinator attraction, so-called active compounds, were significantly dif-
ferent among sexes, suggesting that selection for higher attractiveness is mediated 
by the sensory ecology of the pollinator. Overall, our results strongly suggest that 
in S. latifolia, scent is more important for the attractiveness of individual flowers 
than size, as we used flowers of similar size in our behavioral assays. Other studies 
on S. latifolia floral scent emission failed to detect a statistically significant higher 
odor production by males [20], but similar trends were found [31]. Both studies, 
however, were not designed to investigate the effect of gender on floral fragrance 
and analyzed fewer plants than our study; given the usually high variation in floral 
scent, large sample size is an important factor in detecting significant effects. Sex 
differences in amounts of scent were also detected in other plant species, with 
male plants releasing more attractive volatiles or higher amounts than conspecific 
females [32,33]. Ashmann et al. (2005) showed that in the gynodioecious wild 
strawberry Fragaria virginiana the smaller hermaphroditic flowers emitted signifi-
cantly more odor, which resulted in more visits by pollinators compared to con-
specific females [34]. However, these authors suggest that the odor of hermaph-
roditic flowers is preferred due to the production of unique compounds produced 
by the anthers, rather than due to quantitative differences in odor production.

A positive association between scent concentration and attractiveness was also 
found in earlier experiments, where higher odor concentration amplified the re-
sponse of the pollinators in wind tunnel bioassays with Hadena bicruris [17]. 
Schiestl (2004) showed that larger amounts of a biologically active floral odor 
compound attracted more pollinators of the orchid Chiligottis trapeziformis [35]. 
In natural populations of S. latifolia, preferences of pollinators for male flowers 
could be the result of learning, since male flowers produce higher sugar con-
centrations and thus higher quality rewards [13]. As we used naïve pollinators 
for our experiments, learning should not have influence the preferred choice of 
male flowers. Alternatively, preference of stronger odor sources may be due to the 
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stronger excitement of olfactory receptors, a form of supernormal stimulation 
found in floral mimicry systems [35].

Interestingly, the higher attractiveness of male flowers was less pronounced in 
female moths, which showed no significant preference for male flowers. Female 
moths need to find flowers for oviposition, besides nectar consumption for en-
ergy supply. Because only female flowers are optimal sites for larval development, 
female moths are expected to evolve preference for female flowers, and especially 
so after mating. It would be interesting to test in future experiments behavioral 
preferences of unmated vs. mated females. This situation represents an interest-
ing example of sexual conflict, both in the plant and its pollinator [36]. In the 
moths, male preference of stronger odor emission acts against female interests, i.e. 
preference of female flowers, at least after mating. In the plant, the stronger odor 
emission for increased pollen export should be selected against in female plants 
that are probably not limited in reproductive success by pollen income and should 
avoid the attraction of seed predating female moths.

Conclusion
In conclusion our study confirms the predictions by sexual selection theory that 
male flowers should be more attractive to pollinators than female flowers. This 
result was not obvious in this plant species, as male are smaller than female flow-
ers, however, the floral scent is decisive for attractiveness in this pollination sys-
tem. We suggest that taking into account the pollinators’ sensory and behavioral 
ecology will likely give a better picture on sexual and natural selection acting on 
floral signals, and thus lead to a better understanding how flowers evolve under 
pollinator-mediated selection.

Methods
(a) Plant Material and Odor Collection

For volatile collection, S. latifolia plants from seeds collected in two populations 
(Leuk, Switzerland, n = 25; Ribes de Fraser, Spain, n = 4) were grown in a com-
mon garden setup in a green house. Floral odor of 555 S. latifolia plants (Switzer-
land: 79 males and 123 females, Spain: 217 males and 136 females) was collected 
in May at night, between 9 p.m. and 7 a.m. by headspace sorption as described 
in [18]. We used only newly opened flowers for odor collection. All floral odor 
samples were stored in sealed glass vials at -20°C for subsequent gas chromato-
graph (GC) analysis.
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(b) Chemical Analysis

The samples were analyzed with a gas chromatograph (GC, Agilent 6890 N) fit-
ted with a HP5 column (30 m 0.32 mm internal diameter x 0.25 µm film thick-
ness) and a flame ionization detector (FID); hydrogen served as carrier gas. We 
injected one micro-liter of each odor sample splitless at 50°C (1 min) followed 
by heating to 150°C at a rate of 5°C min-1, and then to 300°C at a rate of 10°C 
per minute before keeping the oven at 300°C for ten minutes. For odor com-
pound identification peak retention times were compared with those of authentic 
standard compounds and confirmed by comparison of spectra obtained by gas 
chromatography-mass spectrometry (GC-MS). One micro liter aliquots of the 
odor samples were injected into a GC (HP G1800A) with a mass selective detec-
tor using the oven and column parameters described above. We discriminated 
between active and non-active compounds in the attraction of Handena bicruris 
on the basis of electrophysiological recordings and behavioral assays done in an-
other study [20].

(c) Morphology

We counted all newly opened flowers per plant before odor sampling. The next 
morning, two flowers per plant were collected and images taken with a digital 
camera. We measured floral diameter from these images using the software ImageJ 
http://rsb.info.nih.gov/ij and calculated average values.

(d) Moth Rearing

Hadena bicruris (Lepidoptera: Noctuidae) moths were bred in the lab, starting 
with adult moths (n = 10, 50% males and 50% females) collected in the sur-
roundings of Zürich, Switzerland, during summer 2005. Wild moths (approx 10 
per year) were added to the colony each summer in order to ensure outbreeding. 
All insects were reared in controlled conditions under a L16:D8 photoperiod and 
temperature of 20 ± 2°C, at 65 – 80% relative humidity (RH). After hatching 
of the eggs, larvae were kept in separate plastic containers to avoid cannibalism 
and were individually fed with fresh capsules of Silene latifolia until pupation. 
The pupae were then sexed and placed in separate rearing cages until emergence. 
These emerged adults were used for behavioral experiments before they had any 
contact to flowers. Over three successive seasons, a total of 56 flower-naïve moths 
(31 females and 25 males) were used for dual choice experiments with flowers of 
S. latifolia.
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(e) Behavioral Assays

A 200 x 80 x 80 cm wind tunnel was used for behavioral tests. A Fischbach speed-
controller fan (D340/E1, FDR32, Neunkirchen, Germany) pushed air through 
the tunnel with an air velocity of 0.35 m s-1. Four charcoal filters (145·457 mm, 
carbon thickness 16 mm, Camfil Farr, Reinfeld, Germany) cleaned the incoming 
air. The experiments were performed at night with red light illumination (< 0.01 
µE) 1–3 h after the start of the dark period. An hour prior to testing, the moths 
were exposed to ambient room temperature (20°C), RH (65%) and experimental 
light conditions. Naïve moths were tested individually in the wind tunnel. Each 
moth was placed in an open glass tube mounted on a stand at the downwind side 
of the tunnel. At the upwind end were set two freshly collected flowers of S. latifo-
lia (from the Swiss population) of different sexes and approximately equal corolla 
size (to avoid an effect of flower size). A distance of 20 cm separated the two flow-
ers in order to ensure that the moth's response entirely depended on scent source. 
After take-off, each moth was followed visually until it landed on one of the two 
flowers, which always resulted in proboscis extension and nectar drinking.

(f) Statistical Analysis

All data were tested for homogeneity of variances (Levene’s test) and for 
normality (Kolmogorov-Smirnov test). We used a GLM approach to exam-
ine the effects of sex and population on mean absolute odor emission. Log-
transformed total amount of odor was used as dependent variable and sex 
and population as factors. Floral diameter was used as covariate to correct 
for flower size. Nonparametric Mann-Whitney U-tests were used to analyze 
the differences in absolute amounts of individual compounds and of flower 
numbers between males and females in each population separately, since no 
transformation allowed analysis with a parametric test. Flower diameter was 
analyzed by a t-test. Frequency of moth choices were compared using a Chi2 
test. All analyses were carried out using SPSS 11.0.4 for Mac OS X (SPSS 
Inc., Chicago, USA).
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Background

In most flowering plants, pollen is dispersed as monads. However, aggregat-
ed pollen shedding in groups of four or more pollen grains has arisen inde-
pendently several times during angiosperm evolution. The reasons behind this 
phenomenon are largely unknown. In this study, we followed pollen develop-
ment in Annona cherimola, a basal angiosperm species that releases pollen in 
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groups of four, to investigate how pollen ontogeny may explain the rise and 
establishment of this character. We followed pollen development using immu-
nolocalization and cytochemical characterization of changes occurring from 
anther differentiation to pollen dehiscence.

Results

Our results show that, following tetrad formation, a delay in the dissolution 
of the pollen mother cell wall and tapetal chamber is a key event that holds 
the four microspores together in a confined tapetal chamber, allowing them to 
rotate and then bind through the aperture sites through small pectin bridges, 
followed by joint sporopollenin deposition.

Conclusion

Pollen grouping could be the result of relatively minor ontogenetic changes 
beneficial for pollen transfer or/and protection from desiccation. Comparison 
of these events with those recorded in the recent pollen developmental mutants 
in Arabidopsis indicates that several failures during tetrad dissolution may 
convert to a common recurring phenotype that has evolved independently sev-
eral times, whenever this grouping conferred advantages for pollen transfer.

Background
Pollen development is a well characterized and highly conserved process in 
flowering plants [1-3]. Typically, following anther differentiation, a sporog-
enous tissue develops within the anthers producing microsporocytes or pollen 
mother cells. Prior to meiosis, pollen mother cells become isolated by a wall 
with the deposition of a callose layer. Each pollen mother cell, as the result 
of the two meiotic divisions, generates four haploid cells forming a tetrad 
and, for a short time, these four sibling microspores are held together in a 
persistent pollen mother cell wall that is surrounded by callose. The tapetum 
then produces an enzyme cocktail that dissolves the pollen mother cell wall 
and the microspores are shed free and become independent [2]. The unicel-
lular microspores go through an asymmetric mitotic division (pollen mitosis 
I) to produce a pollen grain with two cells, a larger vegetative cell that hosts a 
smaller generative cell; the latter will divide once more to produce two sperm 
cells (Pollen mitosis II). Pollen mitosis II can take place before or after pollen 
release and, depending on when it occurs, the pollen will be bicellular or tri-
cellular at the time of anther dehiscence. Throughout the manuscript we will 
use the term “pollen tetrads” for mature pollen to avoid confusion with the 
tetrads of early developmental stages (“microspore tetrads”).
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Angiosperms pollen is most commonly released as single pollen grains or 
monads [4] which represent the basic angiosperm pollen-unit. Dehiscence of ag-
gregated pollen (mostly in groups of four) is considered a recent apomorphic 
characteristic [5,6] that has arisen independently several times during evolution 
primarily in animal-pollinated taxa although, in some cases, monads may have 
evolved secondarily from groups of four grains [6]. Pollen release as tetrads has 
been reported in some or all members of 55 different angiosperm families and also 
in some pteridophytes [7]. Blackmore and Crane (1988) [8] put forward that the 
maintenance of pollen tetrads could be the result of relatively minor ontogenetic 
changes and, consequently, this could be an excellent example of convergence in 
situations where the release of pollen as tetrads is an effective reproductive strat-
egy. Interestingly, the dissemination of pollen as tetrads has also been reported in 
the quartet mutants of Arabidopsis [9,10].

Annonaceae, included in the order Magnoliales, is the largest family within 
the basal angiosperm Magnoliid clade [11,12]. Due to its phylogenetic position 
among the basal angiosperms, the family has been the object of considerable in-
terest from a taxonomic and phylogenetic point of view [13-15] and a number 
of studies have focused on pollen morphology [16-20]. Although most genera 
of the Annonaceae produce solitary pollen at maturity, in several species of the 
family pollen is released aggregated in groups of four or in polyads [17]. Recent 
studies on the mechanism of pollen cohesion in this family have been performed 
in species of the genera Pseuduvaria [21], Annona and Cymbopetalum [22,23]. 
Pollen cohesion in these species is generally acalymmate (four pollen grains are 
grouped only by partial fusion) with simple cohesion [21]. But these studies show 
differences in cohesion mechanisms; thus, while pollen grains in Pseuduvaria are 
connected by wall bridges (crosswall cohesion), involving both the exine and the 
intine, in A. glabra, A. montana and Cymbopetalum cohesion is achieved through 
a mass of callose-cellulose. Evolutionary transitions in flowering plant reproduc-
tion are proving to have a clear potential in plant evolutionary biology [24], and 
the need for more detailed ontogenetic studies in the family has been put forward 
[22]. Indeed the fact of being the largest family among basal angiosperms, to-
gether with the puzzling connection mechanisms so far described in the different 
species examined, provide an excellent opportunity to investigate the ontogeny of 
pollen development and its evolutionary implications.

In this work, pollen development is characterized in A. cherimola, one of the 
species in the Annonaceae where pollen is shed aggregated in groups of four, pay-
ing special attention to the events close to pollen formation and retention of the 
individual pollen grains together, observed by immunolocalization of different 
wall components. Results are discussed in relation to the shedding of pollen in 
groups of four in other species and how this event may have occurred and settled 
during evolution.



Results
The mature A. cherimola flower is a syncarpous gynoecium with a conic shape 
composed of about 100 fused carpels surrounded at its base by several rows of 
anthers with up to 200 stamens, encircled by two whorls of three petals. The 
flower cycle from opening to anther dehiscence lasts two days: the flower opens 
on the morning of the first day in the female stage and remains in this stage until 
the afternoon of the following day when the flower enters the male stage. Anther 
dehiscence occurs concomitantly in all stamens of a flower and, as the anthers 
dehisce, they detach from the flower and fall over the open petals.

Flower buds of A. cherimola develop in the leaf axes following leaf expansion; 
the basal nodes are differentiated in the year preceding anthesis. The uppermost 
distal buds differentiate in synchrony with shoot growth [25]. Flower bud growth 
begins 39 days prior to anthesis. Anther differentiation proceeded centripetally, 
with the most developmentally advanced anthers placed in the outermost rows 
and the different stages of anther and pollen development present within the same 
flower. This fact was helpful for establishing successive stages of anther develop-
ment. The anther becomes septate with pollen mother cells positioned between 
rows of interstitial tapetum similar to the anthers described in a sister species, 
Annona squamosa [26].

To determine if pollen development followed a standard pattern and whether 
pollen tetrads at anther dehiscence corresponds with the cytological and morpho-
logical features of mature pollen, anther and pollen development were examined 
from microsporogenesis to maturity. Special attention was given to the events 
responsible for pollen cohesion. Microgametogenesis and tapetum degeneration 
were also examined sequentially.

Microsporogenesis

Initial hypodermal archesporial cells were apparent 24 days before anthesis (Fig-
ure 1A). From them, anther septa initials and pollen mother cells (PMC) devel-
oped in 9 cm long flower buds 19 days before anthesis (Figure 1B). Each anther 
contained a uniseriate row of pollen mother cells with a conspicuous common 
wall. The PMC began to accumulate starch grains (Figure 1C) and increased in 
size (Figure 1C, 1D). Starch grains vanished concomitantly with the beginning of 
meiosis, some 15 days before anthesis, as a translucent cell wall layer was apparent 
surrounding the PMC (Figure 1D). Meiosis proceeded rapidly and was followed 
by a new accumulation of starch grains in the young microspores (Figure 1E) 14 
days before anthesis. The microspore tetrads remained together in isolated tapetal 
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chambers surrounded by the PMC wall that stained positively with periodic acid-
Shiff’s reagent (PAS) for carbohydrates (Figure 1F, 1G).

Figure 1. Microsporogenesis of Annona cherimola. 
(A) Uniseriate row of arquesporial cells. (B) Septal and pollen mother cells (PMC), showing a conspicuous wall, 
alternate in the sporogenous tissue. (C) PMC increase in size and starch grains are visible. (D) Starch grains 
vanish, a translucent layer appears in the PMC wall, and PMC starts meiosis. The tapetum vacuolates and the 
tapetal chambers are apparent. (E) Following meiosis, starch grains accumulate again in the young microspores, 
which are surrounded by callose. (F) The young microspores, with an incipient exine, appear to float and turn 
within the still remaining PMC wall (arrow) that holds the four microspores together. (G) Detail of PMC wall 
(arrow). Longitudinal sections of the anthers stained with PAS and Toluidine blue. Bar = 20 µm.



Immunocytochemical essays revealed the localization of various cell wall com-
ponents (Figure 2). Callose surrounded the PMC wall and, following meiosis I, 
an additional furrow of callose developed inwards (Figure 2A) forming a callose 
positive band between the dyad cells (Figure 2B, 2C). Successive cytokinesis fol-
lowed (Figure 2C), resulting in a tetrad (2D), each separated by callose. Dyad and 
tetrad stages coexist in the flower as centripetal maturation progresses. The PMC 
wall also reacted positively to JIM7 (Figure 2E) and JIM5 (Figure 2F) staining, 
indicating the presence of methyl-esterified and unesterified pectins respectively. 
However, while the walls of the anther somatic and tapetal cells also reacted posi-
tively to the JIM7 for methyl-esterified pectins (Figure 2E), they showed only a 
faint staining for the presence of unesterified pectins (Figure 2F).

Figure 2. Callose and pectins during microsporogenesis in Annona cherimola. 
(A-D) Anticallose in dyad/tetrad phases. (A) A furrow of callose developed inwards, forming a wall between 
the dyad cells. (B) Dyad phase, showing (B) an incipient, and (C) a well developed callose wall. (D) Tetrad 
microspore showing in the section plane three of the microspores separated by callose walls. (E) PMC and other 
anther tissue walls showing methyl-esterified pectins. (F) PMC wall also shows unesterified pectins. Specific cell 
components were localized using antibodies against callose (A, B, C, D), methyl-esterified pectin (JIM7) (E), 
and unesterified pectin (JIM5) (F). A-D Bar = 10 µm. E-F: Bar = 20 µm.

Pollen Cohesion

Following tetrad formation, callose disappeared but the microspores remained 
within the PMC calcofluor-positive cellulosic wall (Figure 3A). At this devel-
opmental stage, an interesting event was detected: the microspores within each 
tapetal chamber, which initially had their pollen aperture sites facing outward 
towards the PMC wall (Figure 3A), appeared to float and rotate within their 
individual chambers (Figure 3B). This movement was not random, but the  
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microspores turned 180° until the pollen aperture sites faced each other (Figure 
3B). The remaining PMC cellulosic wall, which persisted for some time, together 
with the confined space provided by the tapetal chamber, appear to contribute 
towards keeping the microspore tetrad together. Subsequently the PMC cellulosic 
wall disappeared completely (Figure 3C) and the tapetum degenerated as the mi-
crospores increased in size. They remained in their new orientation attached by 
their apparently sticky aperture sites that now faced each other (Figure 3D).

Figure 3. Pollen development within the tapetal chamber in Annona cherimola. 
(A) Two young microspores in a tetrad which still keeps the pollen mother cell wall. Aperture sites are located 
towards the outside facing the pollen mother cell wall. (B) Pollen is shed free, within the PMC wall, in the 
tapetal chamber. Within this confined space the young microspores turn (C) with their aperture sites facing now 
each other as the PMC cellulosic wall is digested. (D) The pollen grains regroup sticking through the aperture 
sites, and enlarge as the tapetum degenerates. Longitudinal anther 2 µm resin sections stained with calcofluor 
and auramine. Bar = 20 µm.

At this stage, both the cell walls of the somatic cells of the anther and the inner 
wall of microspores (intine) reacted similarly for methyl-esterified pectins (Figure 
4A), while unesterified pectins were present just in the microspore intine (Figure 
4B). The exine showed a low unspecific autofluorescence but in a different fluo-
rescence wavelength (yellowish color) than the fluorescent marker of the antibod-
ies, AlexaFluor 488, which emitted green fluorescence. As a consequence, exine 
autofluorescence was clearly differentiated from the immunofluorescence signals. 



Anti-callose immunofluorescence revealed remnants of callose at the pollen ap-
erture sites where the thick external layer of the microspore wall, the exine, was 
extremely thin or absent. These callose remnants were apparent in all microspores 
at this stage (Figure 4C). The four microspores showed crosswall cohesion bridges 
that stained with antibodies against unesterified and methyl-esterified pectins in 
the microspore wall (Figure 4D-H). Following this inter-intine cohesion, addi-
tional deposition of sporopollenin with a joint layering of the four microspores 
further strengthened this connection (Figure 4I).

Figure 4. Establishment of pollen cohesion in Annona cherimola. 
(A) Microspore walls show methyl-esterified pectins, and also (B) unesterified pectins. (C) As callose is digested, 
remnants of callose (white arrow) are observed layering the pollen aperture sites. (D-F) Microspores show 
crosswall cohesion bridges showing the presence of unesterified pectins. (G-H) Details of crosswall cohesion 
bridges, showing the presence of methyl-esterified pectins. (I) Phase contrast of a mature pollen grain showing 
internal cohesion and a joint sporopollenin layering. Specific cell components were localized using antibodies 
against: methyl-esterified pectin (JIM7) (A, G-H), unesterified pectin (JIM5) (B, D, E, F) Callose (C). A-E, I: 
Bar = 10 µm. F-H: Bar = 3 µm.

Microgametogenesis
As the microspores increased in size, their cytoplasm became vacuolated (Figure 
5A) and starch grains were absent (Figure 5B). During this vacuolization, nuclear 
migration preceded the first mitosis to form bicellular pollen grains. Following 
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the first mitosis, 4-6 days before anthesis, the vacuoles decreased in size (Figure 
5C) and starch was again stored (Figure 5D). Young pollen grains had no vacuoles 
(Figure 5E) and numerous starch grains were present (Figure 5F). The second mi-
totic division producing the first tricellular pollen grains started some four hours 
prior to anther dehiscence (Figure 5G) and one day prior to anther dehiscence 
starch grains began to hydrolyze (Figure 5H). Mitotic divisions were not synchro-
nized within a pollen tetrad and single pollen grains with different numbers of 
nuclei could be observed in the same tetrad resulting in the coexistence of bicel-
lular and tricellular pollen upon anther dehiscence.

Figure 5. Microgametogenesis in Annona cherimola. 
(A) Microspores increase in size as vacuoles appear in the cytoplasm, (B) microspores at this stage do not have 
starch grains. (C) Microspores following mitosis I; (D) as vacuoles decrease in size, starch grains are stored. (E) 
Young pollen grains without vacuoles (F), which accumulated starch grains. (G) Close to the time of anther 
dehiscence, the second mitosis occurs, the tapetum is completely degenerated and (H) starch is digested. 
Longitudinal sections of anthers stained with PAS and Toluidine blue (A, C, E, G), and with PAS (B, D, F, H) 
to show starch grains. Bar = 20 µm.

In mature pollen, while intine thickness was similar around the pollen grain, 
the exine was thinner or absent at the pollen aperture sites where contact points 
between sibling pollen grains were established (Figure 6A). At these areas unester-
ified and methyl-esterified pectin bridges were maintained throughout pollen de-
velopment although these connections seemed to be less strong in mature pollen 



(Figure 6B). However, mature pollen tetrads resisted separation during acetolysis, 
showing the permanence of joint sporopollenin (Figure 6C).

Figure 6. Mature pollen of Annona cherimola. 
(A) Intine (black arrow) is similar all around the pollen grain, but exine (white arrow) is thinner in the pollen 
aperture site. Longitudinal section stained with a 3:1 mixture of Auramine and Calcofluor. (B) Sibling pollen 
grains have a faint cohesion that showed with JIM 5 antibody the presence of unesterified pectins. (C) Mature 
pollen tetrad following acetolysis. (D, E, F) Mature pollen observed with scanning electron microscopy (SEM). 
(D) Mature pollen grains with a globose shape and a radiosymmetric disposition. (E) Exine cohesion helps 
keeping sibling pollen grains together. (F) Pollen exine shows a tectate perforate appearance. A, B, D: Bar = 20 
µm; C: Bar = 10 µm; E, F: Bar = 2 µm.

Scanning electron micrographs revealed that mature pollen had a radiosymet-
ric globose shape, was inaperturated, tectate perforate, and with a diameter of 40 
µm (Figure 6D, 6E, 6F). Mature pollen was shed in groups of four sibling pollen 
grains that stick together having an exine cohesion, clearly visible with high mag-
nification scanning electron microscopy images (Figure 6E).

Tapetum Degeneration

A. cherimola has a secretory tapetum with tapetal-type septa similar to those de-
scribed in other species of the genus Annona such as A. squamosa [26] and A. 
glabra [27]. Prior to meiosis, septal initials formed tapetal chambers that host the 
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PMC (Figure 7A). After meiosis, the tapetum showed a vacuolization and a pro-
gressive degeneration as the tapetal chamber enlarged (Figure 7B). The nuclei of 
the tapetal cells displayed elongated and lobular shapes together with a extremely 
high chromatin condensation, revealed by an intense 4’,6-diamidino-2-phenylin-
dole (DAPI) fluorescence (Figure 7C), typical features of programmed cell death 
[28], which have also been found in the tapetal nuclei of other species [29]. At 
the same time, tapetal cells released their cellular contents that coated the pollen 
grains to form the pollenkit. At anther dehiscence the tapetum was completely 
degenerated and had disappeared (Figure 7D).

Figure 7. Tapetum degeneration in Annona cherimola. 
(A) Pollen mother cells in Prophase I and an active tapetum. (B) Dyad phase in enlarged tapetal chambers. 
(C) Anther, 4 days before anthesis, showing bicellular pollen and degenerated tapetum, with nuclei displaying 
elongated shapes and chromatin condensation. (D) Tapetum has disappeared in anthers of flowers at the female 
stage showing mature pollen. Longitudinal 5 µm resin sections stained with DAPI. Bar = 20 µm.

Discussion
Pollen Development

Pollen in A. cherimola is shed in groups of four, originating from the same meiotic 
division and, hence, the same tetrad. Pollen development, however, continues be-
yond tetrad formation and, although held together, pollen grains are fully mature 
upon anther dehiscence. Meiosis cytokinesis occurred through the formation of 
ingrowths of callose that are also found in genera of some primitive angiosperms 
[30,31] including species of the Magnoliid clade as Magnolia tripetala [32] and 



Degeneria vitiensis [33] in the Magnoliales, Laurelia novae-zelandiae [34] and 
Liriodendron tulipifera [35] in the Laurales or Asarum in the Piperales [30] as 
well as in monocots as Sisyrinchium [36].

Starch accumulated prior to meiosis and the first pollen mitosis and vanished 
with the onset of these two divisions; this also occurred 6 days before anther de-
hiscence, preceding the shedding of starchless pollen. The accumulation of starch 
in PMC has also been reported in other primitive angiosperms, such as Anaxag-
orea brevipes [37] or Austrobaileya maculata [38], and in other evolutionarily 
more recent angiosperms [39,40]. Vacuolization also follows a conserved pattern 
[41,42]. The cytoplasm enlarges through a first vacuolization and, later on, fol-
lowing the first pollen mitosis, small vacuoles appear as starch builds up.

In most species a dehydration process takes place prior to pollen shedding and 
starch is hydrolyzed to form sucrose that protects pollen against desiccation [43]. 
Starchless pollen is the most common pollen type in the angiosperms [44], being 
more frequent in bicellular than in tricellular pollen [45,46]. In A. cherimola, 
pollen is shed in a highly hydrated stage [47] and this lack of dehydration may 
explain why the second mitotic division continues in free pollen after pollen shed-
ding, producing a mixed population of bi and tricellular pollen [48]. However, 
both types of pollen are starchless at anther dehiscence.

Pollen Cohesion

Several reasons could account for the release of pollen in groups of four. In Arabi-
dopsis, failure of different enzymes during the dissolution of the pectic layer that 
surrounds the PMC wall has been reported in two quartet mutants [10,49]. In 
our work the immunolocalization of esterified and non-esterified pectins showed 
that, although they were clearly present in the PMC wall, the pectins disappeared 
following tetrad formation. A closer examination of the photographs reveals that 
the PMC wall, which stains for cellulose, remained beyond the tetrad stage. In-
terestingly quartet mutants of Arabidopsis also show a defect in the degradation 
of the PMC wall [10]. Cellulase has also been shown to be involved in the break-
down process of the PMC wall [50] and a delay in its action could lead to this 
phenomenon. However, this failure does not seem permanent, since 25 days later 
this wall is completely dissolved. Thus, the permanence of the PMC wall appears 
as a key factor contributing to pollen grouping as pollen tetrads in A. cherimola, 
similar to the observations in Arabidopsis mutants. A mixture of enzymes is re-
quire to break down the complex PMC wall [2], and a failure of one or more of 
these enzymes could result in a similar final result.

Different events that take place during the retention of this wall may explain 
pollen adherence once this wall disappears. The confining of pollen within the 
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tapetal chamber keeping the young microspores in close proximity may contrib-
ute to this wall maintenance. Surprisingly, the young microspores are apparently 
separated from their sibling cells allowing some free movement indicated by the 
strange 180° rotation of the pollen aperture sites. Thus, those aperture sites that 
originally looked outwards rotate inward to face each other. A similar rotation 
has been reported previously in other Annonaceae [A. glabra and A. montana 
[22] and Cymbopetalum [23], and also in species of the Poaceae [51]. This distal-
proximal microspore polarity transition in development contrasts with the evolu-
tionary shift from a proximal to a distal aperture that has been long regarded as 
one of the major evolutionary innovations in seed plants [52]. Proximal apertures 
predominate in the spores of mosses, lycophytes and ferns while distal apertures 
are more common in extant seed plants including gymnosperms, cycads and ear-
ly-divergent angiosperms [52]. In fact, species in the Annonaceae with monad 
pollen are reported to have distal apertures [see [19] for review]. However, a com-
plete study of 25 Annonaceae genera with species that release aggregated pollen 
showed proximal apertures [16] and, consequently, the distal-proximal transition 
observed in pollen development of A. cherimola and other Annonaceae [22,23] 
could represent a widespread situation in this basal family.

Another reason proposed for this permanent binding of pollen in groups of 
four could be a failure in the synthesis of the callose layer during microspore sepa-
ration in the tetrad [8]. However, the results shown in this work in A. cherimola 
indicate that callose is layered following the standard pattern and vanishes later, 
after meiosis is completed, similar to the way it occurs in Arabidopsis quartet 
mutants, in which callose dissolution proceeds normally [53]. However, the use 
of antibodies against callose showed that callose remains for a while in the area 
where pollen apertures will form hampering the layering of sporopollenin. Callose 
remnants in this area have also been reported in other Annonaceae and it has been 
suggested that these remnants pull the pollen grains to undergo the 180° turning 
[22,23]. In the formation of the pollen wall, callose dissolution occurs concomi-
tantly with the layering of the exine [54] and the formation of the pollen aperture 
is related to endoplasmic reticulum blocking the deposition of primexine [3]. The 
callose remnant at the pollen aperture sites has not been investigated in detail in 
other species and, given the high conservation of pollen ontogeny in angiosperms, 
this is a topic worthy of a detailed study. Interestingly, in an Arabidopsis mutant 
lacking the gene responsible for callose synthesis, pollen develops unusual pore 
structures [55].

Further binding at the aperture sites could follow this initial adhesion process 
through the observed joint deposition of pollenkit that has also been reported in 
other species [4]. Thus, two key processes could contribute to holding together 



the four pollen grains in A. cherimola, the confined space that permits the delay 
in the dissolution of the PMC wall and the tapetal chamber and pollen rota-
tion that allows the adhesion of the sticky proximal faces by the formation of 
small pectin bridges. Later, the join deposition of sporopollenin would further 
strengthen this initial binding.

Biological Significance of the Pollen Dispersal Unit

A failure or delay in the dissolution of the PMC wall and tapetal chamber 
appears to be a critical step, resulting in the continued proximity of the four 
microspores produced by meiosis of a single PMC. However, this phenotype 
could also result from failure in the different enzymes that dissolve the PMC 
wall. The distribution of this character, together with the information pro-
vided by Arabidopsis mutants, shows that this has occurred independently 
several times during evolution, suggesting that it must provide some evolu-
tionary advantages [8].

The adaptive advantages derived from aggregated pollen have been reviewed 
recently [6]. The release of aggregated pollen in insect pollinated species could 
increase pollination efficiency, since more pollen grains could be transferred in a 
single pollinator visit and, in this sense, a correlation between pollen tetrads and 
polyads with a high number of ovules per flower has been shown in a survey of 
the Annonaceae [17]. The release of aggregated pollen is more advantageous in 
situations where pollinators are infrequent [6] and in situations of short pollen 
viability and pollen transport periods. A short pollen viability period has been 
reported in A. cherimola, [47,56] and a short pollen transport episode is com-
mon in several Annonaceae [57] and in other beetle pollinated species of early 
divergent angiosperm lineages [58].

An additional possible benefit of aggregated pollen is protection against 
desiccation and entry of pathogens through the thin walls of the pollen aper-
ture sites. Pollen grouped in dyads, tetrads or polyads show a strong proximal 
reduction of the exine in Annonaceae [59]. A. cherimola pollen is inapertu-
rate and germinates in the proximal face, showing a large area of unprotected 
intine [47,60]. More evolutionarily recent species present a colpus that, in 
dehydrated pollen, is just a narrow slit protected by loose pollenkit. Only 
upon hydration, when the pollen faces a wet surface on the stigma, this slit 
swells developing a wider colpus through which the pollen tube protrudes 
[61]. Inaperturate pollen does not have this protection from desiccation and 
the development of inward facing intines may play a role in protecting pollen 
against desiccation.
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Conclusion
The results obtained in this work support the hypothesis that aggregated pollen 
could be the result of relatively minor ontogenetic changes beneficial for pol-
len transfer or/and protection from pollen desiccation. Comparison of the events 
reported here with those recorded in recent pollen development mutants in Ara-
bidopsis suggests that a simple event along development, the delay in the dissolu-
tion of the pollen mother cell wall and tapetal chamber, results in conspicuous 
morphological changes that lead to the release of pollen in tetrads. A variety of 
different mutations within the enzymes required to breakdown this wall, may 
contribute to this common morphology. These changes have occurred and recur 
in nature and, due to their adaptive advantages for pollen transfer, have been 
selected during evolution several independent times, representing an example of 
convergent evolution.

Methods
Plant Material

The research was performed on adult A. cherimola, cv. Campas trees of located 
in a field cultivar collection at the EE la Mayora CSIC, Málaga, Spain. To study 
the relationship between flower bud length and developmental stages, tagged 
flower buds were measured sequentially on the trees. Buds were measured twice 
a week for 8 weeks from leaf unfolding, when the buds were visible but buried 
under the leaf petiole until anthesis. A. cherimola, as other members of the An-
nonaceae, presents protogynous dichogamy [62]. The flower opens in the female 
stage and remains in this stage until the following day in the afternoon when at 
a precise time, around 6 pm. under our environmental conditions, it changes to 
the male stage: the anthers dehisce, the petals open more widely and the stigmas 
shrivel [48].

Light Microscope Preparations

To follow pollen development, anthers were collected from flower buds of a range 
of stages, with petals 6, 9, 12, 16, 22, 24 and 30 mm long. Anthers were also col-
lected from flowers one day prior to anthesis and at the female (F) and male (M) 
stages of mature flowers. The anthers from three flowers of each stage were fixed in 
glutaraldehyde at 2.5% in 0.03 M phosphate buffer [63], dehydrated in an etha-
nol series, embedded in Technovit 7100 (Kulzer & Co, Wehrheim, Germany), 
and sectioned at 2 µm.



Sections were stained with periodic acid-Schiff's reagent (PAS) for insoluble 
carbohydrates and with PAS/Toluidine Blue for general histological observations 
[64]. Sections were also stained for cutine and exine with 0.01% auramine in 0.05 
M phosphate buffer [65] and for cellulose with 0.007% calcofluor in water [66]. 
Intine and exine were observed with a 3:1 mixture of 0.01% auramine in water 
and 0.007% calcofluor in water.

To observe nuclei during pollen development, anthers collected from flow-
ers at the same developmental stages ranging from 9 mm long to anthesis were 
also fixed in 3:1 (V1/V2) ethanol-acetic acid, embedded as described above, 
sectioned at 5 µm and stained with a solution of 0.25 mg/ml of 4',6-diamidi-
no-2-phenylindole (DAPI) and 0.1 mg/ml p-phenylenediamine (added to re-
duce fading) in 0.05 M Tris (pH 7.2) for 1 hr at room temperature in a light-
free environment [67]. Preparations were observed under an epifluorescent 
Leica DM LB2 microscope with 340-380 and LP 425 filters for auramine, 
calcofluor, and DAPI.

For the study of pollen morphology and pollen size, dehisced anthers were 
sieved through a 0.26 mm mesh sieve and the pollen was placed in glacial ace-
tic acid for acetolysis. Pollen grains were transferred to a mixture of 9:1 acetic 
anhydride:concentrated sulphuric acid at 65°C for 10 minutes, then washed with 
glacial acetic acid and washed again three times with water following a modifica-
tion of the method by Erdtman (1960) [68].

Scanning Electron Microscopy

Pollen for scanning electron microscopy (SEM) was fresh dried with silica gel and 
directly attached to SEM stubs using adhesive carbon tabs and observed with a 
JSM-840 scanning electron microscope (JEOL) operated at 10 kV.

Immunocytochemistry
Immunocytochemistry was performed on Technovit 8100 (Kulzer & Co, Weh-
rheim, Germany) embedded semithin sections and revealed by fluorochromes, as 
described previously [69,70]. Anthers from three flowers per developmental stage 
with petals 6, 9, 12, 16, 22, 24 and 30 mm long and at anthesis were fixed in 4% 
paraformaldehyde in phosphate buffered saline (PBS) at pH 7.3 overnight at 4°C, 
dehydrated in an acetone series, embedded in Technovit 8100 (Kulzer), polymer-
ized at 4°C and sectioned at 2 µm. Sections were placed in a drop of water on a slide 
covered with 3-Aminopropyltrietoxy-silane 2% and dried at room temperature.

Different antibodies were used to localize specific cell components: an an-
ti-RNA mouse monoclonal antibody, D44 [71,72], for total RNA detection; 
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JIM5 and JIM7 rat monoclonal antibodies (Professor Keith Roberts, John Innes  
Centre, Norwich, UK) which respectively recognize low and high-methyl-esteri-
fied pectins [73] for localization of pectins; and an anti-callose mouse monoclonal 
antibody (Biosupplies, Parkville, Australia) for callose.

Sections were incubated with PBS for 5 minutes and later with 5% bovine 
serum albumin (BSA) in PBS for 5 minutes. Then, different sections were in-
cubated for one hour with the primary antibodies: JIM5, JIM7, and anti-RNA 
undiluted and anti-callose diluted 1/20 in PBS. After three washes in PBS, the 
sections were incubated for 45 minutes in the dark with the corresponding sec-
ondary antibodies (anti-rat, for JIM5 and JIM7, and anti-mouse, for anti-RNA 
and anti-callose) conjugated with Alexa 488 fluorochrome (Molecular Probes, 
Eugene, Oregon, USA) and diluted 1/25 in PBS. After three washes in PBS and 
water, the sections were mounted in Mowiol 4-88 (Polysciences), examined with a 
Zeiss Axioplan epifluorescent microscope, and photographed with a CCD Digital 
Leica DFC 350 FX camera.
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Distinct Short-Range Ovule 
signals attract or Repel 

Arabidopsis Thaliana Pollen 
Tubes in Vitro

Ravishankar Palanivelu and Daphne Preuss

abstRact
Background

Pollen tubes deliver sperm after navigating through flower tissues in response 
to attractive and repulsive cues. Genetic analyses in maize and Arabidopsis 
thaliana and cell ablation studies in Torenia fournieri have shown that the 
female gametophyte (the 7-celled haploid embryo sac within an ovule) and 
surrounding diploid tissues are essential for guiding pollen tubes to ovules. 
The variety and inaccessibility of these cells and tissues has made it challeng-
ing to characterize the sources of guidance signals and the dynamic responses 
they elicit in the pollen tubes.
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Results

Here we developed an in vitro assay to study pollen tube guidance to excised 
A. thaliana ovules. Using this assay we discerned the temporal and spatial 
regulation and species-specificity of late stage guidance signals and character-
ized the dynamics of pollen tube responses. We established that unfertilized  
A. thaliana ovules emit diffusible, developmentally regulated, species-specific 
attractants, and demonstrated that ovules penetrated by pollen tubes rapidly 
release diffusible pollen tube repellents.

Conclusion

These results demonstrate that in vitro pollen tube guidance to excised  
A. thaliana ovules efficiently recapitulates much of in vivo pollen tube behav-
iour during the final stages of pollen tube growth. This assay will aid in con-
firming the roles of candidate guidance molecules, exploring the phenotypes of  
A. thaliana pollen tube guidance mutants and characterizing interspecies 
pollination interactions.

Background
After a pollen grain lands on the surface of the pistil, it absorbs water from the 
stigma and forms a pollen tube – a long polar process that transports all of the cel-
lular contents, including the sperm [1]. Pollen tubes invade the pistil and migrate 
past several different cell types, growing between the walls of the stigma cells, 
travelling through the extracellular matrix of the transmitting tissue, and finally 
arriving at the ovary, where they migrate up the funiculus (a stalk that supports 
the ovule), and enter the micropyle to deliver the two sperm cells-one fertilizes 
an egg and other the central cell (Fig. 1a, 1b) [2]. Typically, only one pollen tube 
enters the ovule through an opening called the micropyle, terminates its journey 
within a synergid cell, and bursts to release sperm cells-a process defined as pollen 
tube reception [3].

A combination of genetic and in vitro assays has defined signals that contribute 
to the early stages of pollen tube guidance. Chemocyanin, a small basic protein 
from lily stigmas, attracts lily pollen tubes in vitro [4], and in A. thaliana, wild 
type pollen guidance was abnormal when grown on stigmas over expressing the A. 
thaliana chemocyanin homolog [5]. Other signals are active in the nutrient-rich 
extracellular matrix secreted by the female transmitting tissue. A pectin that may 
promote guidance by mediating adhesion of pollen tubes to this matrix has been 
identified in lily [6]. Glycoproteins that likely contribute to guidance have also 
been described: in lily, a lipid transfer protein that contributes to adhesion [6], 
and in tobacco, two glycoproteins (TTS1 and TTS2) that provide nutritional and 
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guidance cues are known [7,8]. Although potential homologs of these proteins 
exist in A. thaliana, their role in pollen tube growth is yet to be determined [6].

Figure 1. Pollen tube targeting in vitro.
(a) Diagram of a pollinated pistil within an A. thaliana flower. After reaching the stigma (si), pollen (p) extends a 
tube through the style (st) to reach the transmitting tract (tt) before entering one of the two ovary (ov) chambers 
to target an ovule. (b) Upon reaching the ovule, the pollen tube (pt, green) either grows up the funiculus (f ) or 
makes a sharp turn towards the micropyle (m) and enters the ovule. Within the ovule, the pollen tube navigates 
towards the female gametophyte (gray) encased by outer (o) and inner (i) integuments, lyses within one of the 
two synergid (s) cells that flank an egg cell (e). Upon lysis, one sperm fertilizes the egg cell to form the zygote 
and the other fuses with the central cell (c) to form the endosperm. The number of pollen tubes drawn is for 
illustration purposes only and does not reflect the quantity typically observed in an assay. (c) Merged fluorescent 
and bright field images depicting the final stages of in vitro pollen tube growth. GFP-tagged pollen tubes make 
a committed turn (arrows) before entering a virgin ovule and lysing (arrow heads). (d) Diagram and (e) merged 
fluorescent and bright field image of in vitro pollen tube guidance assay. Pollen tubes emerge from the cut 
portion of the pistil, travel across the agarose medium before entering the excised ovules. Fluorescent green spot 
within ovules mark successful pollen tube targeting. Scale bars, 100 µm.

After emerging from the transmitting tract, pollen tubes approach the ovule 
micropyle with remarkable precision. Mutants defective in pollen tube guidance 
have demonstrated that this process is controlled by a series of molecular signals 
that involve pollen tubes, ovule tissues, and female gametophytes [1]. The A. 
thaliana mutants, ino [9] and pop2 [10] point to a role for diploid ovule tissue in 
pollen tube guidance; these have aberrant interactions between pollen tubes and 
diploid ovule cells, yet their female gametophytes appear normal, and in the case 
of pop2, can be fertilized with wild-type pollen [11]. Pollen tubes fail to either 
reach or enter the micropyle in A. thaliana mutants with nonviable or aberrant 
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female gametophytes yet apparently normal diploid ovule tissue, providing strong 
support for the role of the haploid germ unit in promoting growth to the micro-
pyle [12,13]. Based on these studies, it was proposed that final stages of pollen 
tube growth can be divided into two distinct phases: funicular guidance, in which 
pollen tubes adhere to and grow up the funiculus, and micropylar guidance, where 
pollen tubes enter the micropyle to deliver sperm to the female gametophyte [13]. 
Micropylar guidance signals originate at least in part from the two synergid cells 
contained within the female gametophyte; pollen tubes do not enter ovules in 
which synergid cells were either laser ablated [14] or defective due to a lesion in A. 
thaliana MYB98 gene [15]. The maize EA1 protein, which is exclusively expressed 
in the egg and synergids of unfertilized female gametophytes, may specify a role 
for these cells in regulating micropylar guidance. Plants expressing EA1 RNAi or 
antisense constructs produced significantly fewer seeds than wild type, and wild 
type pollen tubes failed to enter mutant ovules [16].

In vitro assays have been used to characterize intracellular cues such as a Ca2+ 
gradient at the tip of pollen tubes that is critical for growth. Disrupting this gradi-
ent by iontophoretic microinjection or by incubation with Ca2+ channel blockers 
can change the direction of tube growth [17]. The Ca2+ gradient in pollen tubes 
is controlled by Rho GTPases; injection of antibodies against these proteins into 
pollen tubes, or expression of dominant-negative forms of RhoGTPase, causes the 
tip-focused Ca2+ gradient to diffuse and eliminates tube growth [18], presum-
ably by disrupting F-actin assembly [19]. These pollen tube growth defects can be 
partially alleviated by adding high concentrations of extracellular Ca2+ [18].

In vitro grown pollen tubes also reorient their growth in response to certain 
extracellular cues; lily pollen tubes are attracted to chemocyanin [4] and repelled 
by a point source of nitric oxide [20]. In addition, in vitro grown pearl millet pol-
len tubes are attracted to ovary extracts [21]. For T. fournieri pollen tube guidance 
across a simple medium and into the ovule was achieved after pollen tubes were 
grown through a stigma and style [22]. In this species, the female gametophyte 
protrudes from the ovule, and pollen tubes enter the micropyle without interact-
ing with funiculus [22]. Thus, the T. fournieri in vitro guidance system serves as 
a model for the micropylar, but not the funicular guidance phase of pollen tube 
growth to ovules [23]. Here, we describe an A. thaliana in vitro guidance assay 
that recapitulates both funicular and micropylar guidance, serving as a model for 
ovules with encased female gametophytes, an arrangement that is more common 
among flowering plants. With the sequenced A. thaliana genome, the large col-
lection of mutants affecting reproductive functions, and comparative genomic 
resources, this assay will greatly facilitate identifying genes that mediate the final 
phases of pollen tube guidance.
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Results
The A. thaliana Stigma and Style Confer Pollen Tube 
targeting competence
Previous studies indicated that pollen tubes germinated in a simple growth medi-
um cannot be guided to the micropyle [14,22]. Consistent with these observations, 
when such assays are performed for A. thaliana, few ovules are targeted (~3%, Table 
1). Hence, we instead removed the upper portion of the pistil (the stigma and style 
[4,10,14,24]), deposited pollen on the stigma surface and showed that A. thaliana 
pollen tubes emerged from the style, travelled across an agarose medium to excised 
ovules and successfully entered the micropyle (Fig. 1a, 1b). To facilitate pollen tube 
observation, especially after they enter the micropyle and are obscured by the opaque 
ovule integument cells, we transformed plants with a GFP reporter under the control 
of the pollen-specific LAT52 promoter [25], and identified GFP-expressing lines 
with fully functional pollen tubes. Upon reaching the female gametophyte, these 
tubes burst and release a large spot of GFP (Fig. 1c, 1d, arrowheads), conveniently 
marking targeted ovules. Pollen tubes that grew within ~100 µm of an unfertilized 
ovule often made a sharp turn toward an ovule; of the tubes that grew within this 
range, ~50% successfully entered the micropyle (Table 1). This targeting efficiency is 
significantly higher than that of tubes germinated on agarose (Table 1). Thus, pollen 
tubes acquire the ability from pistil tissue to perceive ovule guidance signals, perhaps 
by absorbing essential nutrients or undergoing critical developmental transitions; a 
similar phenomenon was reported in T. fournieri [22]. In some cases, pollen grains 
that germinated on the stigma formed tubes that grew onto the medium, rather than 
penetrating the pistil and growing through the style. Nonetheless, these tubes suc-
cessfully targeted excised ovules, suggesting that interaction with the stigma alone is 
sufficient to confer pollen tube guidance competence (Table 1); targeting efficiency 
was significantly reduced, however, suggesting that direct contact with female cells, 
rather than exposure to diffusible factors in the medium, is most important.

Table 1. In vitro ovule targeting efficiency.
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Characterization of A. thaliana Pollen Tube-Ovule 
interactions

As tubes left the style, they dispersed (Fig. 1e and see 1), growing at 2.5 ± 1.0 (s.d) 
µm/min (n = 20) and up to 3 mm before reaching an ovule (Fig. 2a–f). Near a vir-
gin ovule, however, growth rates decreased (1.2 ± 0.59 (s.d) µm/min (n = 20; Fig. 
2a–f) and the tubes often made sharp turns (Fig. 1d, arrows) within 33 ± 20 (s.d) 
mm of a micropyle (avg. 60 ± 38° (s.d); n = 60). Pollen tube guidance to ovules was 
abolished when fertilized or heat-treated ovules were used (Table 1), indicating they 
release a diffusible, heat-labile attractant prior to fertilization. Tube entry into the 
ovule appears to be not influenced by the number of tubes near a micropyle; target-
ing was achieved regardless of whether one or multiple tubes were in the vicinity 
of an ovule. When approaching an ovule, the in vitro grown pollen tubes did not 
always migrate up a funiculus, Fig. 1c) before entering it. To directly test the role 
of this tissue, we removed funiculi from ovules, revealing a small but significant 
decrease in targeting efficiency (Table 1). These results indicate that an interaction 
between the pollen tube and funiculus is not essential, yet this interaction enhances 
successful entry into the ovule, perhaps by i) providing a physical support for pol-
len tubes to reach the micropyle, ii) aiding in the generation and maintenance of a 
signal gradient, or iii) enhancing the availability of ovule-derived guidance signals.

Figure 2. Pollen tube navigation time course. 
(a–f ) Graphs of position (µm; X axis) versus growth rate (µm/min; Y axis) for six pollen tubes, from the moment 
they exit the style (white bar), enter the micropyle (arrow) and navigate within the ovule (black bar). (g–l) 
Merged fluorescent and bright field images of a GFP-tagged pollen tube entering a micropyle (g), navigating 
past diploid ovule cells (h–j), and pausing upon reaching a synergid (k), and completing lysis (l). Characterstics 
of pollen tube growth within the ovule shown in G-L were graphed and shown in (e). Time is min ('); scale bar, 
50 µm.
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After responding to the attractant and entering an ovule, the growth rate of 
each pollen tube decreased to 0.98 ± 0.34 (s.d) µm/min (n = 19), reaching the 
female gamtophyte and lysing after a 73 ± 19 (s.d) min delay (n = 19; Fig. 2g–l). 
While previous work showed that pollen tube growth arrests only after reaching 
the female gametophyte [9,10], our observations point to additional signals that 
slow growth within the ovule prior to this arrest. This delay coincides with mean-
dering pollen tube navigation past the integument and nucellus cells (Fig. 2g–k), 
potentially reflecting guidance by these cells.

Short-Range Guidance Signals from A. thaliana Ovules Are 
Developmentally Regulated

The data presented above indicate that contact with A. thaliana stigmas and styles 
enables pollen tubes to respond to diffusible ovule signals. To understand the na-
ture and source of these signals, we examined their activity during ovule develop-
ment. Previously it was shown that pollen tubes grow randomly or fail to elongate 
in immature A. thaliana pistils [26]. However, it was impossible to distinguish 
the contributions of distinct tissues in these experiments. Here, we exploited the 
modular nature of the in vitro system, varying the age of stigmas, styles, and 
ovules. While mature flower parts (stage 14 [27] were optimal, the stage of ovule 
development was critical, with guidance factors completely absent at ~32 hrs 
(stage 12a) and lower at ~16–24 hrs (stages 12b–c) before flowers mature (Table 
2, upper panel). This pattern correlates with synergid development, the suggested 
source of pollen tube attractants; these cells form after stage 12a [27,28]. Even so, 
immature ovules promote better pollen tube guidance than heat-treated or fertil-
ized ovules, suggesting that a basal signalling capability is established early and 
increases as the female gametophyte differentiates. In contrast, the developmental 
stage of the stigma and style did not significantly alter targeting (χ2; P > 0.1;  
Table 2, bottom panel), indicating that the signals that confer targeting com-
petence to pollen tubes do not vary over the course of pistil maturation (stages 
12a–18) and that they emerge as early as stage 12a.

Short-Range Guidance Signals from Ovules Are Highly 
Species-Specific

Like many traits that mediate reproduction [29,30], pollen tube guidance signals 
diverge rapidly – crosses between A. thaliana and its relatives show random or ar-
rested pollen tube growth, even among species separated by <25 million years, MY 
[13,31]. Because these interspecies crosses utilized intact pistils, it has been im-
possible to discern the roles of individual tissues; moreover, early blocks in pollen 
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tube migration have often made it difficult to assess interactions at downstream 
stages, including those near ovules. Here, we examined whether the stigma, style 
and ovule-derived signalling interactions are shared among A. thaliana relatives 
separated by ~5, 10, or 20 MY [31] (Table 3). The ability of the stigma and style 
to promote pollen tube competence was highly conserved (χ2; P > 0.05; Table 3, 
bottom panel), while the ovule-derived attractant diverged rapidly (χ2; P < 0.01; 
Table 3, upper panel). For example, A. thaliana pollen tubes inefficiently target 
ovules from Arabidopsis arenosa (separated by 5 MY from A. thaliana), rarely 
target Olimarabidopsis pumila ovules (10 MY), and fail to target Capsella rubella 
or Sysimbrium irio ovules (10 and 20 MY, respectively, Table 3, upper panel). 
Because C. rubella and S. irio are challenging to transform, it was not possible to 
test whether ovules from these two species are able to guide self-pollen expressing 
GFP under our assay conditions. Nonetheless, the ability of A. thaliana pollen 
to target ovules correlated with phylogenetic separation [30], suggesting that A. 
thaliana pollen tubes are sufficiently diverged that they fail to recognize attrac-
tants from C. rubella and S. irio ovules. Unlike the calcium signals that emanate 
from synergids [32,33], the proposed source of micropylar guidance signals, our 
results point to a diffusible, heat-labile ovule-derived signal that is sufficiently 
complex for rapid divergence – criteria that are most consistent with a protein-
based signal. Pollen tubes perceive this signal at a distance of ~100µm from ovules 
after a 5 hour incubation in the assay. To estimate the molecular weight of this 
signal, we measured the diffusion rates of fluorescently-labelled dextran molecules 
under the same conditions in which the in vitro assay was performed, and calcu-
lated that the ovule-derived signal could measure up to approximately 85 kD (see 
methods).

Table 2. Developmental regulation of short-range guidance signals from ovules.
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Table 3. Species specificity of short-range guidance signals from ovules.

Targeted A. thaliana Ovules Repel Supernumerary Pollen 
Tubes in Vitro

Interestingly, while the ovule-derived attractant in the in vitro assay acted to guide 
multiple pollen tubes toward ovules, only one pollen tube gained access to each 
micropyle. This is reminiscent of polyspermy blocks in vivo, where only one tube 
generally migrates up the funiculus and into the ovule [13]. While the mechanisms 
that prevent multiple tubes from even approaching an ovule are highly efficient, 
it is nonetheless possible for more than one pollen tube to enter a micropyle. In 
wild-type maize, heterofertilization results when the egg and central cell are fertil-
ized by different pollen tubes at a frequency of ~1/50 [34] and in A. thaliana, ~1% 
(wild type) and ~10% (feronia) of ovules are penetrated by multiple pollen tubes 
[3]. When we performed the in vitro assay with fertilized ovules, many tubes grew 
within 100 µm, but none entered (Table 1), suggesting that the release of the 
ovule attractant terminates after fertilization, or alternatively, that a new signal 
repels additional pollen tubes. To distinguish between these possibilities, we used 
time-lapse imaging analysis (Fig. 3). While 44% of targeted ovules (n = 143) were 
approached by additional pollen tubes, in every instance, these tubes did not enter 
the micropyle. Repelled tubes either stalled near the micropyle or turned sharply 
away from the targeted ovule (84 ± 42°; n = 61, Fig. 2e–h), a response that was 
observed as early as 10 min after a successful targeting event. This effect was fairly 
short-range; only tubes that approached within 27 ± 22 (s.d) µm were repelled. 
The diffusion rate of a series of dextran molecules through the medium used in 
this assay allowed us to estimate that a repellent measuring <10kD could diffuse 
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~27 µm in 10 minutes. Such abrupt turning behaviours were not observed when 
a single tube approached a virgin ovule. Instead, these tubes changed their growth 
direction by 60 ± 38° (s.d; n = 60), migrating toward, and not away, from the 
micropyle.

Figure 3. Pollen tubes avoid targeted ovules. 
Two examples (a–h and i–p) of pollen tube avoidance by ovules approached by three pollen tubes (false colour: 
green, the tube that enters the micropyle (*); pink and red, tubes that arrive later and do not enter). Elapsed time 
in minutes; Scale bars, 100 µm.
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In the A. thaliana female sterile feronia and sirene mutants, wild type pollen 
tubes enter the mutant ovules but fail to cease growth or burst. In addition to 
this defect, multiple pollen tubes gain access to feronia and sirene mutant ovules 
[3,35]. Based on these results, it was suggested that repulsion of supernumerary 
tubes does not initiate until pollen tube reception occurs. Our observations with 
wild type pollen tubes in this in vitro assay indicate this is not the case – repul-
sion responses occurred well before tube growth terminated or tubes released their 
cytoplasm (n = 50, Fig. 3j, 3n). Moreover, while previous work suggested that 
female gametophyte cells release an inhibitory signal [3,35], our results show that 
repulsion initiated soon after the pollen tubes entered the micropyle and long 
before they reached the female gametophyte (Fig. 3). Thus, this work points to a 
diffusible repulsive signal that is sufficient to override the ovule attractant. This 
signal may be derived directly from the diploid cells that surround the micropyle, 
from the female gametophyte, or from the successfully targeted, but unlysed, pol-
len tubes.

Conclusion
Based on the results described here, we have defined three signaling events that 
regulate pollen tube guidance in A. thaliana: i) contact-mediated competence 
conferred by the stigma and style, ii) diffusible ovule-derived attractants and iii) 
repellents exuded from recently-targeted ovules. The species specificity and diffu-
sion properties of the ovule attractant are consistent with a protein signal, while 
the abrupt transmission and response to the repellent suggests the activity of a 
small molecule, a peptide, or post-translational modifications to signals present 
before fertilization. This investigation also provides a platform to confirm the 
roles of candidate guidance molecules and to explore the phenotypes of A. thali-
ana mutants, including those that affect the development of diploid [9,10] and 
haploid [3,16,35] female tissues or pollen tubes [36]. The ability to characterize 
interspecies pollination interactions with this assay could lead to improvements 
in generating novel plant hybrids, a process that often requires in vitro manipula-
tions [37].

Methods
Plant Growth and Material

Pollen was derived from LAT52:GFP transgenic lines (Columbia background). 
Stigmas, styles, and ovules were from the A. thaliana male sterile mutant, ms1 
(CS75, Landsberg background) or from A. arenosa (CS3901), O. pumila 
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(CS22562), C. rubella (CS22561) and S. irio (CS22653), deposited in the A. 
thaliana Biological Resources Center, Ohio State University. Female structures 
are unaffected by ms1, making it a convenient source of virgin pistils without 
the need for emasculation. No difference was detected between assays performed 
with materials derived from the Landsberg or Columbia ecotypes (not shown). 
Seeds were sown in soil and stratified at 4°C for 2 days, and plants were grown 
under fluorescent light (100 µE) for 16 or 24 hrs/day at 40% humidity. To con-
sistently isolate pistils of varying developmental stages, we correlated the initial 
day of flowering of our plant population with previously defined floral develop-
ment stages [26]. First, we confirmed that the youngest open flower is similar to 
stage 14 [26]. In A. thaliana, flowers continuously arise at the floral apex and are 
arranged in a spiral, with the younger buds on the inside. This predictable pattern 
allowed us to select stage 14 flowers as a starting point and identify older flowers 
(up to stage 18) and younger buds (up to 12a).

In Vitro Pollen Tube Guidance Assay

Growth medium for in vitro manipulations of pollen tubes [10] was determined 
to be optimal for also growing pollen tubes through a cut pistil. For the in vitro 
assays described here, pollen growth medium (3 ml) was poured into a 35 mm 
petri dish (Fisher Scientific, Hampton, USA). This volume of medium was ideal 
both for pollen tube growth and for microscopically viewing the interactions be-
tween pollen tubes and ovules. Excised pistils were pollinated under a dissection 
microscope (Zeiss Stemi 2000), cut with surgical scissors at the junction between 
the style and ovary (World Precision Instruments, Sarasota, USA), and placed 
horizontally on pollen growth medium. Pollen tubes emerged from the pistil ~3 
hours after pollination and dispersed along the agarose surface for up to ~3 mm 
from the pistil.

Unlike previous reports [12,18], ovules were excised dry under a dissection 
microscope with a 27.5 gauge needle, from pistils that were held horizontally on 
double-sided tape (Scotch brand, 3M, St. Paul, USA). Excised ovules were im-
mediately placed on the pollen growth medium, ~2 mm from the pistil, a distance 
that was typically accessible by the emerging pollen tubes. To maximize pollen 
tube-ovule interactions, 8–10 ovules were placed at the base of a pistil as shown 
in Fig. 1d. Because pollen tubes tend to disburse and grow randomly after leaving 
the style, not all ovules, particularly those placed near the cut pistil, are visited by 
a pollen tube (Fig. 1e).

For time-lapse imaging, ovules were placed with their micropylar end clos-
est to the pistil excision site. Although not essential for targeting, ovules were 
oriented in this manner to reduce the time elapsed before targeting was achieved. 
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In vitro assays were typically performed by completely coating stigmas of cut 
pistils with pollen (>100 grains per stigma); in contrast, for the repulsion assays 
only 20–30 pollen grains were deposited per stigma, making it possible to clearly 
observe individual tube behaviour. Based on experiments with limited amounts 
of pollen, we typically observed 50–80% of the pollen grains produced tubes that 
emerged from the style.

LAT52:GFP Transgenic Plants

A HindIII fragment encoding GFP expressed from a post-meiotic, pollen-specific 
LAT52 promoter [25], was cloned into PBI121 (Clonetech, CA) and introduced 
into A. thaliana (Columbia) plants by Agrobacterium-mediated transformation. 
Kanamycin-resistant transgenic plants were selected, and a line containing a single 
transgene insertion, based on segregation of kanamycin resistance and GFP, was 
chosen for this study. This line had no detectable reproductive defects.

Microscopy

Ovules targeted by pollen tubes in the in vitro assay were counted under a Zeiss 
fluorescent dissecting stereoscope. For calculating targeting efficiencies, we in-
cluded only ovule micropyles within 100µm of a growing pollen tube; within 
this range pollen tubes exhibited responses that are typical for cells undergoing 
attraction: significant reorientation of growth towards the signal source, followed 
by a steady advance towards the target. For time-lapse fluorescent microscopy, 
GFP-labelled pollen tubes were observed using a Zeiss Axiovert 100 fitted with 
an automated shutter, motorized stage and CCD camera (CoolSNAP fxHQ, 
Roper Scientific, Inc Tucson, AZ). Images were captured at 10-minute intervals, 
converted to a TIFF format per the manufacturer's instructions using Slidebook 
(Intelligent Innovations Imaging, Santa Monica, CA). Pollen tube behaviours 
(growth rate, angle of turning, distance from micropyle) were measured and im-
ages were assembled into movies using ImageJ image analysis software (http://rsb.
info.nih.gov/ij/download.html).

Diffusion Rates

To estimate the size of pollen tube signalling molecules, we performed time-lapse 
imaging of diffusion of a series of fluorescein-conjugated dextrans (Invitrogen, 
Carlsbad, CA) ranging in molecular weight from 3 to 70 kD on the pollen growth 
medium used for performing the in vitro pollen tube guidance assay. We dissolved 
each dextran compound in pollen growth medium, and spotted 2 ul each of 10 
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ng/ul and 100 ng/ul onto pollen tube guidance assay plates. Time-lapse imaging 
was performed as described for in vitro pollen tube behaviours except that images 
were captured once in 30 minutes. The rates of diffusion (3 kD = 5.5µm/min; 
10 kD = 2.73 µm/min; 40 kD = 2.43 µm/min and 70 kD = 1.01 µm/min) were 
measured from these images using ImageJ software. Specifically, the fluorescent 
intensities along a line drawn from the centre of a dextran spot to the diffused 
periphery were calculated for an entire time-lapse series. The data was imported 
into Microsoft Excel and regression analyses were performed. Extrapolating from 
these values, molecular weights were estimated for attractants that would diffuse 
33 µm and repellents that would diffuse 27 µm in 300 minutes (the time required 
for a typical pollen tube to reach an ovule in the in vitro assay).

Statistical Analysis

To measure the significance of the differences among observed ovule targeting 
efficiencies, we employed a χ2 test for consistency in observed frequency distribu-
tions with a dichotomous classification and variable sample size [38].
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