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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Gamete formation is an important step in the life cycle of sexually reproducing organisms. In flowering plants, haploid 
spores are formed after the meiotic division of spore mother cells. These spores develop into male and female game-
tophytes containing gametes after undergoing mitotic divisions. In the female, the megaspore mother cell undergoes 
meiosis forming four megaspores, of which one is functional and three degenerate. The megaspore then undergoes 
three mitotic cycles thus generating an embryo sac with eight nuclei. The embryo sac undergoes cellularization to 
form the mature seven-celled female gametophyte. Entry into and progression through meiosis is essential for mega-
sporogenesis and subsequent megagametogenesis, but control of this process is not well understood. FOUR LIPS 
(FLP) and its paralogue MYB88, encoding R2R3 MYB transcription factors, have been extensively studied for their role 
in limiting the terminal division in stomatal development by direct regulation of the expression of cell cycle genes. 
Here it is demonstrated that FLP and MYB88 also regulate female reproduction. Both FLP and MYB88 are expressed 
during ovule development and their loss significantly increases the number of ovules produced by the placenta. 
Despite the presence of excess ovules, single and double mutants exhibit reduced seed set due to reduced female 
fertility. The sterility results at least in part from defective meiotic entry and progression. Therefore, FLP and MYB88 
are important regulators of entry into megasporogenesis, and probably act via the regulation of cell cycle genes.
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Introduction

Plants are characterized by the alternation of haploid (gameto-
phyte) and diploid (sporophyte) generations. In angiosperms, 
such as Arabidopsis thaliana, the gametophyte is short lived and 
develops within the sporophytic tissue of the flower. The female 
gametophyte, or embryo sac, develops within ovules contained 
in the ovary of the pistil. Ovule primordia develop from placental 
tissue in the ovary. Along the proximal–distal axis an ovule prim-
ordium consists of three distinct regions: the funiculus, the cha-
laza, and the nucellus. Within the nucellus the megaspore mother 
cell (MMC) is formed, which divides first meiotically and then 

mitotically to form the embryo sac (reviewed in Berger and 
Twell, 2011). The MMC divides meiotically to make four hap-
loid megaspores, of which three degenerate and one, the prox-
imal chalazal megaspore, continues to develop. This functional 
megaspore increases in size and undergoes a series of nuclear 
divisions to form an eight-nuclei embryo sac. Then cellulariza-
tion takes place, dividing the embryo sac into seven cells with 
four cell types: three antipodal cells at the chalazal end, a diploid 
central cell, and two synergids and the egg cell at the micropylar 
end. Antipodal cells, which have no currently known function, 
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degenerate before fertilization in Arabidopsis. The central cell, 
the egg cell, and the synergid cells form the female germ unit.

Proper specification of the MMC, entry into and completion of 
meiosis, control of mitotic divisions, and cell fate determination 
and differentiation are essential for development of the embryo 
sac. In Arabidopsis, a number of genes are known to regulate 
these processes. For example, mutations in a gene encoding a 
type I  MADS-box transcription factor, AGL23, block the first 
nuclear division of the functional megaspore (Colombo et  al., 
2008). Mutations in the PROLIFERA (PRL) gene, encoding 
the DNA replication licensing factor subunit MCM7, arrest the 
embryo sac with one nucleus (Springer et al., 2000). Temporal 
and spatial regulation of cellularization of the syncytial embryo 
sac is critical for gametophytic development and cell fate. In the 
female sterile mutant hadad (hdd), the gametophyte becomes 
prematurely cellularized after the first or second gametophytic 
division (Moore et al., 1997). Simultaneously with cellulariza-
tion, cell fate within the embryo sac is acquired and differentia-
tion begins. MYB98 encodes an R2R3-MYB transcription factor 
specifically expressed in the synergid cells. myb98 mutants fail 
to form the filiform apparatus and are unable to guide the pol-
len tube to the micropyle (Punwani et  al., 2007). However, 
although many genes are known that are involved in meiotic 
recombination and other aspects of the meiotic cycle (reviewed 
in Ma, 2006), how MMC entry into meiosis is controlled is still 
not known.

The atypical R2R3-MYB transcription factor FOUR LIPS 
(FLP) and its paralogue MYB88 have been well characterized 
for their partially redundant roles in stomatal patterning. FLP 
was first identified during a mutant screen (Yang and Sack, 
1995), while MYB88 was identified by sequence similarity with 
FLP (Lai et al., 2005). These genes have overlapping functions 
in restricting the last precursor cell in the stomatal lineage, the 
guard mother cell (GMC), to a single symmetric division and 
also promoting guard cell differentiation. In loss-of-function 
flp-1 and flp-7 alleles, the GMC undergoes extra divisions result-
ing in clusters of four or more guard cells in contact with one 
another. flp-1; myb88 double mutants exhibit more severe stoma-
tal phenotypes than the single flp-1 mutation alone, while single 
myb88 mutants show no discernible defects in stomata. In addi-
tion, the cells in stomatal clusters do not properly differentiate 
into guard cells. Thus, FLP/MYB88 are required both for limiting 
the GMC to a single symmetric division and for the subsequent 
differentiation of guard cells (Lai et al., 2005).

As DNA-binding transcription factors, FLP and MYB88 
directly regulate the expression of a number of genes, includ-
ing cell cycle genes (Xie et al., 2010a; Vanneste et al., 2011). 
FLP has been shown to bind to the promoter of CDKB1;1, a 
mitosis-inducing factor, and to reduce its expression. CDKB1;1 
along with the closely related gene CDKB1;2 is required both for 
the last division in the stomatal pathway (Boudolf et al., 2004) 
and for the overproliferation of guard cells in flp mutants (Xie 
et al., 2010a). It has been proposed that FLP and MYB88 together 
regulate stomatal patterning by controlling cell cycle progression 
and terminal differentiation through multiple cell cycle targets 
(Xie et al., 2010a). In addition to CDKB1;1, FLP/MYB88 are 
also necessary to repress expression in a timely manner of the 
plant A2-type cyclin-encoding gene CYCA2;3 in newly formed 

guard cells to promote exit from the cell cycle (Vanneste et al., 
2011).

Although their function in epidermal patterning is best 
described, FLP and MYB88 are also required for abiotic stress 
tolerance since flp-1; myb88 double mutants have reduced 
expression of stress-induced genes and are more susceptible to 
both drought and salt stress (Xie et  al., 2010b). FLP/MYB88 
positively and directly regulate the expression of at least some 
stress-responsive genes, suggesting that changes in the stress 
transcriptome in flp-1; myb88 mutants are not just an indirect 
effect of abnormal stomatal complexes. For example, FLP/
MYB88 positively regulate the NAC019 gene, involved in 
response to dehydration, abscisic acid (ABA), and salt (Tran 
et  al., 2004), by binding directly to its promoter (Xie et  al., 
2010b). FLP and MYB88 are likely to have other developmental 
functions as well since they are expressed in a wide variety of 
tissues. FLP is expressed in developing stomata, specifically in 
GMCs just before their symmetric division. Expression is also 
seen in organs without stomata, including the root (Lai et  al., 
2005). However, whether FLP and MYB88 have any develop-
mental roles other than stomatal development has not been 
investigated.

Here, genetic and cell-biological evidence is provided that 
FLP and MYB88 function during female reproductive devel-
opment in Arabidopsis. In loss-of-function flp single and flp; 
myb88 double mutants, the placenta produces extra ovule pri-
mordia, suggesting these genes normally restrict the proliferation 
of this tissue. However, seed set is reduced. The reduction is the 
result of defects in female megasporogenesis. The expressivity 
of the defect is influenced by genetic background. In a subset 
of mutant ovules the MMC either fails to divide meiotically or 
divides abnormally, leading to a lack of female gametophyte 
development. In contrast to the embryo sac defects, mutant pol-
len developed and functioned normally. Therefore, FLP and 
MYB88 function as positive transcriptional regulators of entry 
into megasporogenesis.

Materials and methods

Plant material and growth conditions
The following alleles of FLP were used in this study: flp-1, flp-7, flp-8, 
and SALK_033970. In addition, two double mutants were also analysed: 
flp-1; myb88 and flp-7; myb88. flp-7 and flp-8 are in the Landsberg erecta 
(L. er) background whereas flp-1, flp-1; myb88, SALK_033970, and 
flp-7; myb88 are all in the Columbia-0 (Col-0) background as previously 
reported (Lai et  al., 2005). Genotyping was performed as described, 
using primer combinations listed in Supplementary Table S1 available 
at JXB online (primer sequences are given in Supplementary Table S2). 
Various female gametophyte-specific marker lines (Supplementary 
Table S3) were introgressed into the flp-7 background by crossing 
homozygous mutant plants to the marker lines and allowing the F1 to 
self-fertilize. PCR genotyping of the segregating F2 population was per-
formed and the presence of the marker gene was identified by selecting 
seedlings on Murashige and Skoog (MS) plates containing kanamycin 
at 50 µg ml–1.

Arabidopsis seeds were cold treated for 3 d at 4 °C and germinated 
and grown on Fafard 2 mix soil (Fafard) under long-day (16 h, 80 µmol 
m–2 s–1) irradiance either in controlled growth chambers (Enconair 
Ecological Chambers Inc., Manitoba, Canada) or in growth rooms 
with subirrigation at 22 °C with 60% relative humidity. Seeds grown 
on plates were sterilized with 70% ethanol followed by 10% (v/v) 
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hypochlorite and 0.1% SDS, and placed on Petri dishes containing MS 
media (RP1 Corp.) with 1% plant agar with or without antibiotic. The 
plates were incubated in the dark at 4  °C for 5 d to achieve uniform 
germination and then moved to a CU-36L growth chamber (Percival 
Scientific Inc., Perry, IA, USA) and grown under long-day conditions 
(22 °C; 16 h photoperiod) unless noted. Seedlings were transplanted to 
soil at ~2 weeks old.

PCR-based genotyping
Genomic DNA was extracted as previously described (Teotia and 
Lamb, 2009). Primer combinations and primer sequences are shown 
in Supplementary Tables S1 and S2 at JXB online, respectively. PCR 
was done using Biolase Red DNA Polymerase (Bioline) on a conven-
tional PCR machine (Bio-Rad-iCycler Thermal Cycler). flp-1, flp-7, 
and er alleles were identified by derived cleaved amplified polymor-
phic sequences (dCAPS; see Supplementary Table S1) (Neff et al., 
1998, 2002). The flp-1 allele was genotyped as described (Xie et al., 
2010a).

Seed set and fertility analysis
In order to analyse the seed set of the mutants and wild type, plants 
were grown under long-day conditions. Seeds of various genotypes 
were sown in 4 inch round pots. Four plants per genotype were used for 
comparing the percentage seed set. The total number of ovules and the 
number of seeds present in the first 15 siliques on the primary inflores-
cence only were counted, as previously described (Alvarez and Smyth, 
1999). The percentage seed set was calculated by taking into account 
the total number of ovules and the number of seeds present in a silique. 
Statistical significance of the values was calculated using a Student’s 
t-test.

Reciprocal crosses were done to test male and female fertility by 
emasculating and hand pollinating 15 flowers of each genotype, as pre-
viously described (Unte et al., 2003). The number of seeds made in each 
silique was counted after the siliques were fully matured. Statistical sig-
nificance of the values was calculated as above.

Aniline blue staining of pollen tubes and mucilage  
staining of seeds
Aniline blue staining of pistils was done according to Jiang et al. (2005). 
Flowers were emasculated just prior to pollination (late stage 12) and 
were grown for another 18–24 h to allow transmitting tract and ovule 
development to finish. Pistils were hand pollinated and grown for a 
further 24 h to allow pollen tube growth. Pollinated pistils were fixed 
in a solution of ethanol:acetic acid (3:1) for 2 h at room temperature, 
washed three times with ddH2O, softened in 8 M NaOH overnight, and 
washed in ddH2O several times before staining. Pistils were stained in 
aniline blue solution (0.1% aniline blue in 0.1 M K2HPO4–KOH buffer, 
pH 11) for 3 h in the dark. The stained pistils were observed and photo-
graphed with a Nikon Eclipse 80i fluorescence microscope.

Mucilage production by flp-7 and flp-1; myb88 seeds was analysed 
according to Debeaujon et  al. (2000). In brief, seeds were soaked in 
0.03% ruthenium red (w/v) for 15 min and washed in water before being 
mounted on a slide and observed using a Nikon Digital Sight DS-5M 
camera on a Nikon SMZ800 dissecting microscope.

Ovule clearing and differential interference  
contrast (DIC) optics
Definitions for floral, ovule, and gametophyte development stages 
were as described in Smyth et al. (1990), Christensen et al. (1997), and 
Schneitz et al. (1995). Embryo sacs were collected from the entirety of 
the primary inflorescence and also secondary inflorescences. To exam-
ine mature ovules, flowers were emasculated just prior to pollination 
(late stage 12)  and were grown for another 24 h. Ovule clearing and 
microscopy was done according to Rodrigo-Peiris et  al. (2011), with 
some modifications. Pistils were opened along the carpel margins and 

fixed in a solution of 9:1 absolute ethanol:glacial acetic acid overnight 
at 4 °C followed by washing in 90% ethanol for 1 h, and stored in 70% 
ethanol until examination. Ovules were cleared in chloral hydrate (8 g 
of chloral hydrate and 2 ml of ddH2O to each ml of glycerol) on micro-
scope slides for 2 h before microscopic analysis with DIC optics on a 
Nikon Eclipse 90i Microscope. Pictures were taken using the attached 
Nikon camera and analysed with NIS elements Advanced Research 
software version 3.0.

β-Glucuronidase (GUS) staining
Histochemical staining for GUS activity was performed as described 
(Jefferson et al., 1987). In brief, ovules were collected from pistils at dif-
ferent stages of flower development. The ovules were incubated in GUS 
staining buffer (50 mM sodium phosphate buffer pH 7.0, 10 mM EDTA, 
2 mM potassium ferricyanide, 2 mM potassium ferrocyanide, 0.1% 
Triton X-100, and 2 mM 5-bromo-4-chloro-3-indolyl-β-d-glucuronic 
acid) at 37 °C for 72 h. Ovules were then washed in 90% ethanol for 1 h 
and stored in 70% ethanol until examination. Photographs were taken 
using a Nikon Digital Sight DS-5M camera attached to a Nikon Eclipse 
80i compound microscope.

Confocal microscopy of ovules
Ovules were collected from pistils at different stages of flower develop-
ment and were incubated in 0.5% propidium iodide in 50 mM phosphate 
buffer at room temperature or in 10 µg ml–1 of propidium iodide. Ovules 
were observed using either a Nikon D-Eclipse C1si or Nikon Eclipse 80i 
confocal microscope at excitation wavelengths of 488 nm and 543 nm. 
Emission was collected at 620–720 nm and 488–562 nm to visualize 
propidium iodide and green fluorescence protein (GFP) fluorescence, 
respectively.

Results

FLP and MYB88 are expressed in the flower

To characterize FLP and MYB88 expression during reproductive 
development, transgenic plants containing either a pFLP::GUS-GFP 
construct (Lai et  al., 2005) or a pMYB88::GUS-GFP construct 
(Vanneste et al., 2011; a kind gift of Steffen Vanneste) were used. 
FLP expression was detected in unopened flower buds, at the bases 
of sepals, petals, and stamens and in the receptacle of carpels 
(Fig. 1A, 1B, and data not shown). pFLP::GUS-GFP is strongly 
expressed in the placenta within the ovary (Fig. 1C). Additionally, 
expression of FLP can be seen in both the style (Fig. 1D) and 
stigma (Fig. 1E) of the pistil. During ovule development, FLP has 
a dynamic expression pattern. During early stages of ovule devel-
opment (before integuments are morphologically distinct), FLP 
expression was barely detectable (Fig. 1F). However, once integ-
ument outgrowth has begun, strong FLP expression is seen in the 
funiculus (Fig. 1G), which persists into later stages (Fig. 1H, 1I). 
Notably, the FLP promoter drives expression in the nucellus in 
younger ovules, where it is specifically expressed in the MMC 
and in epidermal cells (Fig. 1H). FLP is also expressed in the 
integuments, starting at a low level when they initiate (Fig. 1H). 
Later in ovule development it is expressed in the endothelial layer 
(the adaxial layer of the inner integument) and the outer layer of 
the outer integument, which will form the mucilage-containing 
seed coat cells (Fig. 1I, 1J). In contrast, little to no expression was 
seen in older anthers (Fig. 1B), consistent with Genevestigator 
data (Zimmermann et al., 2004, 2005). MYB88 is expressed at a 
much lower level than FLP (Lai et al., 2005). However, MYB88 
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expression is detected in ovules (Fig. 1K) and in the embryo sac 
of stage 13 flowers (Fig. 1L).

Loss of FLP and MYB88 reduces female fertility

To investigate the roles of FLP and MYB88 in reproductive 
development, fruit size and seed set were examined in different 
flp alleles and double mutants with myb88. The siliques of both 
flp-7 and flp-1; myb88 appeared shorter than their respective wild 
types (Fig. 2A, 2B). Mutant siliques contain small, white ovules 
that appear to be either aborted or not fertilized (Fig. 2A, 2B, 
2D; Table  1), consistent with the presence of shorter siliques. 

The seed set of flp and myb88 mutants was then compared with 
that of their respective wild type (L. er or Col-0). All examined 
flp and flp; myb88 plants except flp-1 have significantly reduced 
seed set (Table  1). Interestingly, flp-7, flp-8, SALK_033970 
(which is a loss-of-function allele in the FLP locus), and flp-
7; myb88 have significantly more ovules than the wild type, 
but still have reduced seed set (Table 1). This suggests that the 
ovary and placenta are larger in pistils of flp mutants, but that the 
reduced fertility leads to smaller fruits. These results show that 
FLP and MYB88 regulate reproductive development. None of 
the available flp alleles is RNA null, although the myb88 allele is 
a knockdown (Lai et al., 2005). This makes it difficult to assess 

Fig. 1.  FLP and MYB88 are expressed in reproductive organs. (A–J) Micrographs of pFLP::GUS-GFP transgenic plants.  
(A and B) GUS staining. (C–J) GFP fluorescence visualized using confocal microscopy. (A) FLP expression in whole inflorescence.  
(B) FLP is expressed in the carpel. (C) Expression of FLP can be seen in the placenta. (D) FLP is expressed in the style. (E) FLP is 
expressed in the stigmatic tissue. (F) During early ovule development, before integument initiation, little FLP expression is detectable 
within the ovule. (G) Expression of FLP can be seen in the funiculus as the integuments are initiating. (H) FLP is expressed in the 
nucellus, including epidermal cells (arrowhead) and the MMC. FLP is also expressed in initiating integuments (asterisk) and the funiculus. 
(I) FLP expression persists in the funiculus and is seen in the integuments of older ovules. (J) In stage 13 ovules, FLP is expressed in 
both the endothelial layer and the outer layer of the outer integument. (K and L) Micrographs of pMYB88::GUS-GFP transgenic plants. 
(K) GUS staining showing MYB88 expression in ovules. (L) In stage 13 ovules, MYB88 is expressed in the embryo sac.
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the extent to which FLP function is lost in these backgrounds. 
For example, both flp-1 and flp-7 mutations are in the 3’ splice 
site AG of introns (3 and 4, respectively) and both have been 
shown to cause splicing errors (Lai et al., 2005). These errors 
are predicted to result in premature translational stops within the 
MYB domain (in the third R2 helix in flp-1 and after the first R3 
helix in flp-7), thus producing truncated proteins likely to have 
disrupted activity. Despite the fact that these alleles are predicted 
to produce similar truncation products, the stomatal defects seen 

in flp-7 are more severe than those of flp-1 (Lai et  al., 2005). 
As flp-7 (L. er) and flp-1; myb88 (Col-0) display significantly 
reduced seed set and are in two different genetic backgrounds, 
they were selected for further studies.

The strong expression of FLP in integuments (Fig. 1I, 1J) sug-
gests that this gene may be involved in development of the seed 
coat. Mature seeds of flp-7 and flp-1; myb88 were compared with 
their respective wild types. Although some minor variability in 
seed shape was observed in the mutant seeds (Supplementary 
Fig. S1 at JXB online), particularly flp-7, no noticeable ger-
mination defects were observed (data not shown). In addition, 
mucilage was produced by both flp-7 and flp-1; myb88 seeds 
(Supplementary Fig. S1), suggesting that differentiation of the 
seed coat is not significantly altered.

To determine whether the reduced seed set is due to male and/
or female infertility, reciprocal crosses were made using flp-7 
or flp-1; myb88 homozygous plants and the wild type. Both flp-
7 and flp-1; myb88 siliques harboured fewer seeds than their 
respective wild types when pollinated with either wild-type or 
mutant pollen (Table 2), indicating that female fertility is com-
promised. flp-7 pollen, when used to fertilize wild-type pistils, 
resulted in slightly reduced seed set (Table 2). However, the fer-
tility of flp-1; myb88 pollen was comparable with that of the wild 
type. Taken together, these results suggest that FLP and MYB88 
function in female reproduction.

Embryo sac development is altered by loss  
of FLP and MYB88

The aborted ovules seen in siliques of flp mutants could be 
caused by defects in ovule and/or embryo sac development or 
by lack of fertilization. Stigmatic and transmitting tract tissues 
in the carpel are required for proper pollen tube growth and fer-
tilization. Mutants with reduced growth of these tissues have 
reduced fertility due to poor pollen tube growth (Heisler et al., 
2001; Gremski et  al., 2007). FLP is strongly expressed in the 
stigma and style of the pistil (Fig.  1D, 1E), suggesting that it 
could function in these tissues. In order to examine whether pol-
len tube growth is affected in flp mutants, carpels were stained 
with aniline blue 24 h after pollination. In both L. er and flp-7 
pistils, pollen tubes grew throughout the transmitting tract and 
into ovules (Supplementary Fig. S2 at JXB online), indicating 
that the reduced seed set in flp alleles is not due to defects in 
either the stigma or transmitting tract.

Since pollen tubes were able to travel to the ovules, the 
reduced fertility seen in flp-7 and flp-1; myb88 plants is probably 
due to ovule and/or female gametophyte defects. Therefore, 
ovules were examined 2 d after emasculating flowers at stage 
13 (according to Smyth et  al., 1990) to determine whether 
ovule development proceeded normally. The morphology of 
mutant ovules at female gametophyte developmental stage 7 
(FG7; Christensen et  al., 1997) appeared normal, with fully 
developed outer and inner integuments and well-differentiated 
proximal–distal polarity (Fig. 3B, 3D), suggesting that ovule 
development is intact in these mutants. The FG7 embryo 
sacs of flp-7 and flp-1; myb88 were then compared with their 
respective wild types, L. er and Col-0. Ninety percent of L. er 
(n = 281) and 97% of Col-0 (n = 607) ovules display four visible 

Fig. 2.  Fertility is lowered in flp-7 and flp-1; myb-88 plants. 
Dissecting microscope images of siliques. (A) flp-7 fruit are 
shorter than those of the wild type and contain aborted ovules 
(arrowheads). (B) flp-1; myb88 fruit are shorter than those of the 
wild type and contain aborted ovules. (C) L. er silique containing 
many seeds. (D) flp-7 silique containing a few seeds and several 
aborted ovules (arrowheads).



5550  |  Makkena et al.

nuclei, corresponding to the egg cell, central cell, and two 
synergids (Fig. 3E). Although Polygonum-type embryo sacs, 
such as those found in Arabidopsis, contain seven cells of four 
types (Yadegari and Drews, 2004), in Arabidopsis the three 
antipodal cells have degenerated by FG7 (Christensen et al., 
1997). In contrast to the wild type, only 56% of flp-7 (n=337) 
and 78% of flp-1; myb88 (n=589) embryo sacs had four dis-
cernible cells. Strikingly, 44% and 22% of the mutant ovules 
appeared to contain cellular structures harbouring one or more 
prominent large cells and did not resemble mature female 
gametophytes (Fig. 3B, 3D). Another difference between the 
abnormal flp-7 and flp-1; my88 ovules and wild-type ovules 
was also observed. In the wild type, the growth and expansion 
of the embryo sac is accompanied by the degeneration of cells 
in the proximal nucellar region. However, in the abnormal flp 
ovules, these proximal cells persist (Fig. 3B, 3D).

In order to identify and compare the cell types present in 
embryo sacs at FG7 in wild-type and mutant ovules, specific 
markers were crossed into the flp-7 mutant background. ET884 
has been shown to drive expression in both synergids at the 
micropylar end of the wild-type embryo sac (Gross-Hardt et al., 
2007). However, the expression of this marker was observed 
in fewer flp-7 ovules compared with the wild type (Fig.  4C). 
In the wild type, 76% of the observed ovules (n=361) had 

ET884 expression, while in flp-7 only 14% of the observed 
ovules (n=356) expressed the synergid maker. No expression of 
ET884 was observed in those flp-7 ovules in which no embryo 
sac could be distinguished (Fig.  4B). The egg cell-specific 
marker ET1119 (Gross-Hardt et al., 2007) was also examined. 
Relatively few flp-7 ovules sampled expressed this marker (3%, 
n=430) (Fig. 4F). In contrast, 48% of wild-type ovules sampled 
(n=250) displayed ET1119 expression while the remainder did 
not. ET1119 expression was never seen in ovules with abnor-
mal embryo sac development (Fig. 4E). Finally, expression of 
two markers of central cells, pMEA::GUS (Gross-Hardt et al., 
2007) and AGL61::GFP (Steffen et al., 2008), was analysed in 
wild-type and flp-7 ovules. Consistent with the above results, 
the expression of the central cell markers was less frequent in 
flp-7 than in wild-type ovules (Fig. 4I; Supplementary Fig. S3 
at JXB online). pMEA::GUS expression in the wild type was 
found in 49% of ovules (n=279) but only in 12% (n=243) of flp-7 
ovules. No pMEA::GUS expression was seen in ovules contain-
ing abnormal embryo sacs (Fig. 4H). Results with AGL61::GFP 
were similar (Supplementary Fig. S3). Taken together, these data 
suggest that the aborted flp-7 ovules lack differentiated female 
gametophytes and thus are incapable of being fertilized.

Comparison of structural development of the female 
gametophyte in the flp-7 mutant and wild type

To investigate the basis of the flp-7 phenotype and the origin 
of the large cells seen in FG7 ovules of the mutant, a stage 
wise comparison of development was carried out by examin-
ing cleared ovules using DIC microscopy. Stages of ovule 
and female gametophyte development are summarized in 
Supplementary Table S4 at JXB online, based on Smyth et al. 
(1990) and Schneitz et al. (1995). Early stages were normal in 
flp-7, such as the appropriate initiation of ovule primordia (data 
not shown). In addition, both wild-type and flp-7 pre-meiotic 
ovules (stage 2-III of ovule development; see Supplementary 
Table S4) displayed clearly differentiated MMCs (Fig. 5A, 5D). 
In L. er wild type stage 2-V, after meiosis, a clear tetrad of meg-
aspores can be seen (Fig. 5B, Table 3). However, many of the 

Table 1.  flp and flp; myb88 mutants have reduced fertility that is influenced by genetic background

Genotype Ovules per siliquea Seeds per siliquea Aborted ovules per siliquea,b Seed set

L. er 45 ± 0.6 42 ± 1.0 3 ± 0.6 94%
L. er/pER::ER 58 ± 0.8 53 ± 0.7 5 ± 0.3 92%
flp-7 61 ± 0.9** 4 ± 0.7** 57 ± 1.3** 6%
flp-7/pER::ER 54 ± 1.4*** 17 ± 0.5**** 40 ± 1.3**** 31%
flp-8 66 ± 0.8** 46 ± 2.1 20 ± 0.6** 70%
Col-0 48 ± 0.5 39 ± 1.5 9 ± 1.5 80%
flp-1 47 ± 0.7 34 ± 1.7 13 ± 1.6 72%
SALK_033970/flp 54 ± 0.8** 37 ± 3.4 17 ± 2.7* 63%
flp-1; myb88 49 ± 0.7 14 ± 2.4** 35 ± 2.1** 27%
flp-7; myb88 68 ± 0.7** 47 ± 3.1* 21 ± 3.2** 69%

a Values are means ±SE (n = 60) or means ±SE of n = 60 for three independent transgenic lines (180 siliques in total) for L. er/pER::ER and 
flp-7/pER::ER.

b Defined as small white ovules with no evidence of embryo or seed development.
*Values that are significantly different from the wild type at P < 0.05. **Values that are significantly different from the wild type at P < 0.01. 

***Values that are significantly different from L. er/pER::ER at P < 0.05. ****Values that are significantly different from L. er/pER::ER at P < 0.01.

Table 2.  Loss of FLP and MYB88 compromises female fertility

Female  
parent

Male  
parent

Seeds per crossed  
siliquea

L. er L. er 43.7 ± 6.1**
flp-7 37.8 ± 25.0*

flp-7 L. er 14.6 ± 6.2**
flp-7 14.9 ± 7.5**

Col-0 Col-0 40.3 ± 4.7
flp-1; myb88 42.6 ± 6.3

flp-1; myb88 Col-0 7.3 ± 9.4**
flp-1; myb88 2.1 ± 4.7**

a Values are the mean ±SE (n = 15).
*Values that are significantly different from the wild type at P < 0.05. 

**Values that are significantly different from the wild type at P < 0.01.
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Fig. 3.  Loss of FLP and/or MYB88 leads to abnormal nucellar structures. (A–D) DIC micrographs of FG7 ovules containing mature 
female gametophytes. (A) Col-0. (B) flp-1; myb88. (C) L. er. (D) flp-7. (E) Quantification of embryo sac defects. CC, central cell;  
CE, chalazal end of the embryo sac; EC, egg cell; ME, micropylar end of the embryo sac. Arrows indicate synergid cells, and 
arrowheads indicate large cells found in abnormal flp ovules in the region where an embryo sac would normally form.
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flp-7 ovules at comparable stages contain an abnormal number 
of cells in the region where the megaspores should be, includ-
ing one large cell (Fig. 5E, Table 3). Normally during stage 3-I, 
the three non-functional megaspores begin to degenerate, leav-
ing a mononuclear embryo sac (Fig. 5C). However, in similarly 
staged flp-7 ovules, no cellular degeneration was found (Fig. 5F, 
Table 3). At stage 3-II, the embryo sac normally undergoes its 
first mitotic division producing a cell with two nuclei (Fig. 5G). 
Abnormal flp-7 ovules display no such nuclear division and 
contain a single larger MMC- or megaspore-like cell as well as 
no (Fig. 5M), two (Fig. 5J), or three (Fig. 5N) other cells nearby. 
By stage 3-IV, the wild-type female gametophyte contains four 
nuclei (Fig.  5H), but these were not present in flp-7 ovules 
(Fig. 5K). At stage 3-VI the embryo sac begins differentiation 
and cellularization in L. er (Fig. 5I). However, in abnormal flp-
7 ovules, instead of an embryo sac forming, a single large cell 
can be seen and is associated with a variable number of other 

cells (Fig. 5L, 5O). These results suggest that the MMC meiosis 
either did not occur or was abnormal.

The lowered expressivity of embryo sac defects in flp-1; 
myb88 mutants made a detailed developmental study of embryo 
sac defects difficult. However, examination of mature embryo 
sacs of this genotype reveals that many (22%) contained abnor-
mal structures that do resemble embryo sacs but rather contain 
a large cell resembling the MMC in position and size (Fig. 3D). 
This suggests that, similar to flp-7, flp-1; myb88 MMCs undergo 
abnormal meiosis.

The expressivity of female gametophytic defects 
caused by loss of FLP and/or MYB88 is  
influenced by genetic background

Although a number of flp alleles and allelic combinations with 
myb88 show significant reductions in fertility from their wild 

Fig. 4.  flp-7 morphologically abnormal ovules do not contain differentiated female gametophytes. (A, B, D, E, G, H) Micrographs of 
GUS-stained ovules. (A) In L. er embryo sacs, ET884 is expressed in the synergids. (B) Abnormal flp-7 ovules do not express this 
marker. (C) Quantification of expression. (D) In L. er embryo sacs, ET1119 expression is found in the egg cell. (E) Abnormal flp-7 ovules 
do not express this marker. (F) Quantification of expression. (G) In L. er embryo sacs, pMEA:GUS is expressed in the central cell.  
(H) Abnormal flp-7 ovules do not express this marker. (I) Quantification of expression.
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types, there is variability in the expressivity of the phenotype, 
with seed set varying from 6% to 72% (Table 1), although the 
penetrance is complete (data not shown). Examination of the 
pattern of severity reveals that flp alleles in the L.  er ecotype 
background exhibit more phenotypic severity than those in Col-0 
(Table 1). In addition, crossing flp-7 into the Col-0 background 
reduces the severity of the fertility defect (Table 1), supporting 
the hypothesis that either the L. er background harbours enhanc-
ers of the flp phenotype or Col-0 has suppressors of the flp phe-
notype, or both.

Many genetic differences exist between L.  er and Col-0, 
including both single nucleotide polymorphisms and larger 
scale indels (Schmid et  al., 2003; Ziolkowski et  al., 2009). 

A prominent difference is the presence of a mutated ERECTA 
(ER) locus in L. er. ER and its family members, ERECTA LIKE1 
(ERL1) and ERECTA LIKE2 (ERL2), encode leucine-rich 
repeat (LRR) domain-containing receptor-like kinases. They 
function in the stomatal patterning along with the TOO MANY 
MOUTHS (TMM) LRR receptor-like protein (Nadeau and 
Sack, 2002; Shpak et  al., 2005). ER and its family members 
act upstream of FLP and MYB88. ER is the most important 
gene in its family and masks the functions of its paralogues. 
The ER family members also function in female reproductive 
development (Pillitteri et al., 2007). In er-105; erl1-2; erl2-1/+ 
ovules, cell proliferation in integuments is reduced, gameto-
phytes abort, and cyclin A-encoding genes are misregulated. It 

Fig. 5.  Stages of female gametophyte development in the wild type and flp-7 mutant. Ovule stages were determined from the 
development of the sporophyte using the nomenclature of Schneitz et al. (1995); see Supplementary Table S4 at JXB online.  
(A–O) DIC micrographs of ovules at different stages. (A, B, C, G, H, I) L. er. (D, E, F, J, K, L, M, N, O) flp-7. (A, D) Stage 2-III (pre-meiotic) 
with large MMCs near the tip of the nucellus (arrows). (B) Stage 2-V with tetrad of four megaspores (primary megaspore indicated by a 
dashed circle) in L. er. (C) At stage 3-I, the three non-functional megaspores begin to degenerate in L. er. (E) Varying numbers of cells  
are seen in flp-7 ovules. Here, three cells can be seen (two toward the apex, arrowheads; and a larger cell more basally, asterisk).  
(F) The abnormal cells formed in flp-7 ovules do not appear to be degenerating.
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was hypothesized that the mutant er locus in L. er influences 
the expressivity of flp alleles and may sensitize the ovule to 
loss of FLP function. To test these hypotheses, the er allele was 
complemented in the flp-7 mutant background by transform-
ing L. er and flp-7 plants with an ER genomic rescue construct 
(a kind gift of Dr Keiko Torii). Complementing the defect in 

er in the flp-7 background increased the seed set from 6% to 
31% (Table 1), suggesting that this mutation accounts for some 
of the increased expressivity of female gametophyte defects in 
flp-7 compared with flp-1; myb88. Restoration of wild-type ER 
activity also reduced the number of ovules per silique (Table 1) 
and reduced the severity of the stomatal defect (data not 

Fig. 5.  Continued    
(G) At stage 3-II, the first mitotic division of the megaspore to give rise to a two-nuclei (circled by dashed lines) female gametophyte in 
L. er. (J, M, N) No corresponding nuclear division can be seen in abnormal stage 3-II flp-7ovules; instead, a large cell remains with either 
zero (M), two (J), or three (N) other cells attached. (H) At stage 3-IV, a female gametophyte with four nuclei (dashed circles) is seen in 
L. er. In addition, the other cells of the nucellus have begun degenerating. (K) No such structures were seen in flp-7 ovules; instead the 
abnormal cells remain. (I) By stage 3-VI, the embryo sac has begun differentiating and cellularizing in L. er. (L, O) In flp-7 a single large 
cell is associated with a variable number of other cells (three in L, two in O). Asterisks indicate MMC-like/functional megaspore-like cells 
seen in flp-7 ovules. Arrowheads indicate megaspores in L. er and cells associated with the MMC-like/functional megaspore-like cell in 
flp-7 
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shown). However, ER complementation did not restore fertility 
to wild-type levels, suggesting that other genetic differences 
account for the remaining difference in expressivity between 
L. er and Col-0.

Discussion

In all sexually reproducing organisms, haploid gametes are 
formed after meiosis, either directly as in animals or indirectly 
after mitotic divisions as in plants. Therefore, meiosis is the 
key step leading to gametogenesis (van Werven and Amon, 
2011). In angiosperms, although there is sexual dimorphism 
between the MMC and the male microspore mother cell, most 
mutations affecting meiosis affect both sexes. However, not all 
genes implicated in meiosis affect both male and female repro-
ductive development (Ma, 2006). Broadly speaking, genes that 
have roles in megasporogenesis and megagametogenesis can 
be divided into sporophytic-acting and gametophytic-acting 
groups. Sporophytically acting genes with specific roles in reg-
ulating gametogenesis exhibit defects in spore and/or gamete 
formation but not in sporophytic parts of the ovule (Schneitz 
et al., 1997).

In this work, it was shown that a variety of loss-of-function, 
although not RNA null, flp alleles alone and in combination with 
myb88 exhibit reduced seed set due to reduced female fertility 
(Fig. 2, Tables 1, 2). A defect in female but not male fertility is 
consistent with the low expression of FLP and MYB88 in stamens 
and pollen (Zimmermann et al., 2004, 2005; Lai et al., 2005; this 
study). The female infertility of flp and flp; myb88 mutants is 
not due to major defects in overall ovule morphology (Fig. 3B, 
3D). In addition, mucilage is produced normally by mutant seed 
coats (Supplementary Fig. S1 at JXB online), suggesting that 
seed coat differentiation is relatively normal. However, exami-
nation of mature ovules revealed that abnormal flp-7 and flp-1; 
myb88 ovules did not contain embryo sacs; rather, they con-
tained cellular structures with a larger single cell located close to 
the micropylar end of the ovule (Fig. 3B, 3D). These structures 
do not contain differentiated synergids, egg cells, or central cells 
(Fig. 4; Supplementary Fig. S3). Examination of earlier stages 
in ovule development revealed that these abnormal ovules arise 
due to a partially expressed defect in entry into meiosis by the 

MMC and/or abnormal meiosis and lack of megaspore differ-
entiation (Fig.  5). Several lines of evidence support this inter-
pretation. First, mature mutant ovules harboured a single large 
cell that resembles an MMC or a megaspore in position and size 
and which was accompanied by variable numbers of cells that 
appeared to arise from the same division (Figs 3, 5). Secondly, 
the retention of proximal nucellar cells in abnormal flp-7 and 
flp-1; myb88 ovules suggests that embryo sacs are absent, con-
sistent with phenotypes seen before in other embryo sac absent 
mutants, including those with defects in meiosis of the MMC 
(Siddiqi et al., 2000). Thirdly, the smaller of the presumed divi-
sion products of the MMC seen in flp mutants are positioned 
nearer the antipodal end of the ovule, where the non-functional 
megaspores are positioned in the wild type, while the large 
cell is nearer to the chalazal end, where the functional mega-
spore operates (Figs 3, 5). However, these smaller cells do not 
degenerate as normally the smaller megaspores would. Similar 
observations have been reported in Arabidopsis mutants where 
meiosis is incomplete or otherwise abnormal (Chen et al., 2011). 
Taken together, these results suggest that the paralogous FLP 
and MYB88 transcription factors function in the ovule to control 
entry into and progression through megasporogenesis, although 
they do not appear to function in male reproductive develop-
ment, consistent with expression analysis.

FLP and MYB88 are required to limit cell divisions in the sto-
matal lineage; flp and flp; myb88 double mutant GMCs undergo 
extra divisions, resulting in stomatal clusters (Yang and Sack, 
1995; Lai et  al., 2005; Xie et  al., 2010a). They perform this 
function by regulating expression of cell cycle genes (Xie et al., 
2010a; Vanneste et  al., 2011). FLP directly represses expres-
sion of the CDKB1;1 gene (encoding a cyclin-dependent kinase 
that promotes entry into mitosis) after the symmetric division 
of the GMC, thereby preventing further division and forming 
a functional two-celled stoma (Xie et al., 2010a). The A2-type 
cyclin CYCA2;3 can form a functional complex with CDKB1;1 
(Boudolf et  al., 2009) and its expression is also directly and 
coordinately repressed by FLP/MYB88 in young guard cells 
(Vanneste et  al., 2011). It has been demonstrated here that a 
larger number of ovules are formed in flp and flp; myb88 mutants 
(Table 1). The molecular events that regulate development of the 
placenta, from which ovules are formed, is not well understood; 
however, an increase in the number of ovules suggests either 

Table 3.   Phenotypic analysis of MMC division products during ovule development in the wild type and mutants

Ovule stagea Genotype One cellb Two cells Four cells >4 cells Total ovules 
observed

3-I L. er 57% (99) 31% (54) 10% (17) 2% (3) 173
flp-7 68% (186) 15% (40) 17% (47) NOc 273

3-II L. er 3% (5) 49% (77) 40% (63) 8% (13) 158
flp-7 39% (18) 41% (19) 13% (6) 7% (3) 46

3-IV L. er 6% (3) NO 55% (27) 39% (19) 49
flp-7 54% (41) NO 21% (16) 25% (19) 76

3-VI L. er 6% (12) 1% (2) 67% (137) 26% (54) 205
flp-7 58% (82) NO 28% (40) 13% (19) 141

a Stages according to Schneitz et al. (1995).
b The number in parentheses indicates the number of ovules observed.
c NO, none observed.
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increased or extended proliferation to create a larger placenta or 
more entry into organogenesis by cells of this tissue. It is pos-
sible that the placental phenotype seen in flp; myb88 mutants 
might also be due to lack of repression of similar cell cycle 
genes they repress during stomatal development. Alternatively, 
it has been shown that down-regulation of cytokinin signalling 
and metabolism takes place within the stomatal lineage and that 
this might be important for the transition from proliferation to 
differentiation (Pillitteri et  al., 2011). Mutations in the CKX3 
and CKX5 genes, which encode cytokinin oxidase/dehydroge-
nase enzymes functioning in degradation of this hormone, lead 
to increased proliferation in the placenta, supernumerary ovules, 
and increased seed set (Bartrina et al., 2011), suggesting that lev-
els of cytokinin are important to regulate the size of this tissue. 
Therefore, FLP and MYB88 might also influence ovule number 
by regulating cytokinin signalling or homeostasis. Orthologues 
of FLP and MYB88 in seed crop plants could be involved in con-
trol of ovule number (and therefore yield) and would be interest-
ing targets for modification in such crops.

The role of cell cycle genes in controlling Arabidopsis meio-
sis is not well understood. In mammals, type A1 cyclins have 
been shown to function in the meiotic cell cycle (Wolgemuth, 
2011). This appears be true for Arabidopsis. CYCA1;2/TARDY 
ASYNCHRONOUS MEIOSIS (TAM) is required for entry into 
both the first and second meiotic divisions (d’Erfurth et  al., 
2010). Such genes may be potential targets of FLP/MYB88. 
Suppression of mitotic genes such as CDKB1;1 and/or CYCA2;3 
by FLP/MYB88 could also be necessary to allow entry into meio-
sis. This would be consistent with the necessity to suppress these 
genes for entry into the endocycle (Boudolf et al., 2009) and is 
also consistent with the finding that meiotic arrest can be caused 
by a failure to regulate CDK activity appropriately (Bulankova, 
2010). It is reasonable to hypothesize that FLP and MYB88 func-
tion to regulate expression of cell cycle genes controlling meiotic 
entry and progression. During both stomatal development (Lai 
et al., 2005; Xie et al., 2010a) and placenta development (this 
study), FLP and MYB88 appear to inhibit expression of genes 
that positively regulate cell division. Based on the defects seen 
in meiosis in flp mutants (Fig. 5), they would appear to promote 
meiotic division, but might also do this by repression of mitotic 
promoting factors.

Loss of FLP or FLP/MYB88 function does not lead to complete 
loss of female fertility. This incomplete expressivity could be due 
to a number of factors. The FLP alleles available are not RNA 
nulls (Lai et al., 2005). Therefore, it is possible that none of them 
is functionally null and there is residual FLP function present that 
is able to support meiosis in many ovules. Alternatively, other 
as yet unidentified genes could be partially functionally redun-
dant with FLP/MYB88, allowing some female fertility in the flp; 
myb88 mutants. However, it is clear that genetic background 
impacts the expressivity of the loss of FLP and/or MYB88 func-
tion. Although all the flp alleles examined have reduced seed set, 
the flp-7 allele in the L. er ecotype is the most severe, even more 
than the similar flp-1 allele in Col-0 or flp-7; myb88 in which 
flp-7 has been introgressed into the Col-0 background (Table 1). 
Interestingly, the flp-7 stomatal phenotype is also stronger than 
that of flp-1 (Lai et al., 2005). Differences between genetic back-
grounds in mutant penetrance, expressivity, and/or phenotype 

have been documented in Arabidopsis previously (e.g. Sedbrook 
et al., 2004; Sugliani et al., 2009). Many differences are present 
between L. er and Col-0 (Schmid et al., 2003; Ziolkowski et al., 
2009), including in the ER gene. ER and its family members 
ERL1 and ERL2 have diverse roles coordinating cell prolifera-
tion with differentiation (Torii et al., 1996; Shpak et al., 2003, 
2004, 2005; Pillitteri et al., 2007; Hord et al., 2008). ER family 
members act in complexes with TMM in GMCs (Lee et al., 2012) 
and act synergistically in enforcing stomatal patterning by inter-
acting with the secreted peptides EPIDERMAL PATTERNING 
FACTORS (EPFs) (Hara et  al., 2007, 2009; Hunt and Gray, 
2009; Lee et al., 2012). These peptides function upstream of FLP/
MYB88 in the stomatal lineage (Shpak et al., 2005). ER family 
members also ensure the proper growth of integuments and the 
progression of the mitotic cell cycle in the female gametophyte 
in a dosage-dependent manner (Pillitteri et al., 2007). The mutant 
er allele found in the L. er background might increase sensitivity 
to loss of FLP function. Indeed, when this mutation was comple-
mented in the flp-7 background, ovule number was reduced, seed 
set was improved (Table 1), and the stomatal defects were ame-
liorated (data not shown). The smaller number of ovules which 
form when ER function is restored is expected since ER also can 
control ovule number per fruit (Alonso-Blanco et al., 1999). The 
present results imply that ER also regulates entry of the MMC 
into meiosis. Complementation results support the hypothesis 
that loss of ER function provides a sensitized background for 
the loss of other genes, such as FLP, that function in common 
pathways. However, additional genetic changes must also con-
tribute to the differential phenotypic expressivity, since ER com-
plemented flp-7 plants still display more severe phenotypes than 
similar mutations in the Col-0 background.

Supplementary data

Supplementary data are available at JXB online.
Supplementary Figure S1. Mucilage production is intact in 

flp-7 and flp-1; myb88 seeds.
Supplementary Figure S2. Pollen tube growth is not inhibited 

in flp-7 pistils.
Supplementary Figure S3. Abnormal flp-7 ovules do not 

express AGL61:GFP.
Supplementary Table S1. Primer combinations used for PCR 

genotyping.
Supplementary Table S2. Primers used in this study.
Supplementary Table S3. Female gametophyte markers used 

in this study.
Supplementary Table S4. Stages of floral, ovule, and gameto-

phyte development.
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