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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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Marcelina Garcı́a-Aguilar1,‡, Vianey Olmedo-Monfil1,§, Mario Arteaga-Sánchez3, Octavio Martı́nez de la Vega1,

Kan Nobuta2, Kalyan Vemaraju2, Blake C. Meyers2 and Jean-Philippe Vielle-Calzada1,{

1 Grupo de Desarrollo Reproductivo y Apomixis, Laboratorio Nacional de Genómica para la Biodiversidad y Departamento de Ingenierı́a
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Abstract

The life cycle of flowering plants alternates between a predominant sporophytic (diploid) and an ephemeral gametophytic

(haploid) generation that only occurs in reproductive organs. In Arabidopsis thaliana, the female gametophyte is deeply

embedded within the ovule, complicating the study of the genetic and molecular interactions involved in the sporophytic

to gametophytic transition. Massively parallel signature sequencing (MPSS) was used to conduct a quantitative large-

scale transcriptional analysis of the fully differentiated Arabidopsis ovule prior to fertilization. The expression of 9775

genes was quantified in wild-type ovules, additionally detecting >2200 new transcripts mapping to antisense or intergenic

regions. A quantitative comparison of global expression in wild-type and sporocyteless (spl) individuals resulted in 1301
genes showing 25-fold reduced or null activity in ovules lacking a female gametophyte, including those encoding 92

signalling proteins, 75 transcription factors, and 72 RNA-binding proteins not reported in previous studies based on

microarray profiling. A combination of independent genetic and molecular strategies confirmed the differential

expression of 28 of them, showing that they are either preferentially active in the female gametophyte, or dependent on

the presence of a female gametophyte to be expressed in sporophytic cells of the ovule. Among 18 genes encoding

pentatricopeptide-repeat proteins (PPRs) that show transcriptional activity in wild-type but not spl ovules, CIHUATEOTL

(At4g38150) is specifically expressed in the female gametophyte and necessary for female gametogenesis. These results

expand the nature of the transcriptional universe present in the ovule of Arabidopsis, and offer a large-scale quantitative
reference of global expression for future genomic and developmental studies.

Key words: Female gametophyte, MPSS, ovule, pentatricopeptide-repeat proteins, transcriptional activity.

Introduction

The life cycle of plants alternates between a predominant

sporophytic (diploid) phase—that initiates with the fusion of

male and female gametes, and includes all stages of em-

bryogenesis, seed germination, and vegetative growth—and

a gametophytic (haploid) phase that takes place deeply

embedded in specialized reproductive organs. In the ovule of
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most flowering plants including Arabidopsis, the gametophytic

phase occurs in synchrony with the development and growth

of the integuments, the sporophytic tissues of the ovule

that protect the female gametophyte during its formation.

Before integument initiation, the young ovule primordium of

Arabidopsis differentiates a single subepidermal cell that

undergoes meiosis giving rise to four haploid products, the

megaspores. Following meiosis, a single surviving megaspore
differentiates and expands before undergoing three con-

secutive rounds of mitotic divisions in a syncitium. At the

end of these mitotic rounds, haploid nuclei within the female

gametophyte cellularize to form seven cells: an egg cell, two

synergids, a binucleated central cell, and three antipodals.

While close to 29 000 predicted genes have been identified

in Arabidopsis, it has been suggested that only ;1000 are

likely to be involved in the formation of the female
gametophyte (Drews and Yadegari, 2002; Garcı́a Hernández

et al., 2002). Numerous gametophytic mutations have been

identified and shown to affect post-meiotic developmental

events, including haploid nuclear proliferation, cellularization,

and progamic functions occurring prior to the onset of zygote

formation (Moore et al., 1997; Drews et al., 1998; Brukhin

et al., 2011); in addition, an important subclass of gameto-

phytic mutations result in maternal effects that cause obvious
defects in seed development (Grossniklaus et al., 1998;

Pagnussat et al., 2005). Even if these studies have allowed the

identification of numerous genes involved in female gameto-

genesis, the intimate association between the diploid and

haploid cells that develop within the ovule complicates our

general understanding of the crucial mechanisms that control

female gametophyte development. While the precise moment

for the initiation of the gametophytic phase has not been
determined, growth of the integuments is synchronized with

the different stages of gametogenesis, suggesting that these

two distinct groups of cells are involved in a cross-talk of

signals important for coordinating their growth and differen-

tiation. Recent studies have shown that non-cell-autonomous

mechanisms controlled by sporophytic cells are crucial for

gametic cell specification (Duran-Figueroa and Vielle-Calzada,

2010; Olmedo-Monfil et al., 2010), confirming the importance
of sporophytic–gametophytic communication during ovule

development (Robinson-Beers et al., 1992; Kelley and Gasser,

2009; Bencivenga et al., 2011).

Large-scale transcriptional analysis of the female gameto-

phyte has been hindered by the small size of the Arabidopsis

ovule and a lack of reliable techniques for the isolation of

sufficient amounts of unaltered sporophytic or gametophytic

cells. To partially overcome these difficulties, the combination
of genetic strategies that compare transcripts present in wild-

type and mutant ovules lacking a female gametophyte with

microarray profiling technologies has allowed the identifica-

tion of a significant number of genes expressed in gameto-

phytic cells. Ovules of sporocyteless (spl; Yang et al.,

1999)—also referred to as nozzle (nzz; Schiefthaler et al.,

1999)—coatlicue (coa), or determinant infertile1 (dif1) that all

lack a female gametophyte have been used in comparisons
with wild-type ovules to identify genes likely to be expressed

in the female gametophyte (Yu et al., 2005; Johnston et al.,

2007; Jones-Rhoades et al., 2007; Steffen et al., 2007).

Whereas the molecular nature of the gene affected in COA

remains unknown, NZZ/SPL encodes a MADS-like tran-

scription factor (TF) acting early in the ovule primordium

(Yang et al., 1999), and DIF1 encodes a meiotic homologue

of the Schizosaccharomyces pombe REC8/RAD21 cohesin

genes (Bhatt et al., 1999). Although these strategies have

identified several hundred gene candidates as being expressed
in the female gametophyte, confirmation of their specific

expression in haploid cells has been obtained for only 69 of

them, through either promoter::reporter gene fusions or in

situ hybridization. In addition, a recent study based on laser-

capture microdissection (LCM) of cytological sections from

fully differentiated gametophytic cells has provided a gene

expression map that suggests similarities between plant and

animal gametes (Wuest et al., 2010).
Massively parallel signature sequencing (MPSS)—a next-

generation sequencing-based method of gene expression

assessment—was used to conduct a quantitative large-scale

transcriptional analysis of Arabidopsis ovules. A new micro-

aspirator system allowed fast isolation of mRNA samples to

compare the universe of transcripts present in wild-type and

spl ovules lacking a female gametophyte. In wild-type

ovules, transcripts from 9775 annotated genes were detected
and quantified, in addition to >2200 new antisense tran-

scripts and several hundred expressed signatures corre-

sponding to unannotated intergenic regions. A total of

1301 genes showed 25-fold reduced or null expression in spl

as compared with the wild-type, and 33 of them were

experimentally validated using a combination of genetic and

molecular approaches; a group of 28 of these genes were

confirmed to act preferentially in the female gametophyte or
to be dependent on the presence of a female gametophyte in

order to be expressed in sporophytic cells of the ovule.

Among 18 genes encoding pentatricopeptide-repeat proteins

(PPRs) that show transcriptional activity in wild-type but

not spl ovules, CIHUATEOTL (At4g38150) is specifically

expressed in the female gametophyte and necessary for the

initiation of female gametogenesis. By expanding the

universe of genes and non-coding RNAs present in the
ovule of Arabidopsis, these results offer a large-scale

quantitative compendium of global expression as a reference

for subsequent studies aiming at the characterization of

gene regulatory networks acting during female reproductive

development.

Material and methods

Plant material and growth conditions

All seeds of Arabidopsis thaliana were germinated in

Murashige and Skoog (MS) medium under short-day
conditions (16 h light/8 h dark) at 25 �C. Seedlings were

then transplanted to soil and grown in a greenhouse under

long-day conditions. Wild-type Columbia-0 (Col-0) and the

spl allele nzz 1-3 (Schiefthaler et al., 1999) were used for

ovule sample collection.
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Micro-aspiration of ovules and RNA extraction

For ovule collection, fully differentiated and unpollinated

gynoecia were dissected on an adherent platform with fine

hypodermal needles to strip the carpels by hand and expose

the ovules attached to the septum. When 4–5 gynoecia were

dissected, they were immediately micro-aspirated and frozen

for storage. A total of 5000 ovules were collected for each
genotype (wild-type and spl). Details of the micro-aspirator

device are provided in Supplementary Fig. S1 available at

JXB online.

MPSS signature sequencing

MPSS was performed as described in Brenner et al. (2000)
by Lynx Therapeutics/Solexa (Hayward, CA, USA). Signa-

tures for a given library were produced in multiple

sequencing runs and in two types of sequencing reactions

(Brenner et al., 2000; Meyers et al., 2004b); sequencing

reactions and runs were combined to calculate a single

normalized abundance for each signature observed in both

the wild-type and the spl library. All raw and normalized

data are available at http://mpss.udel.edu/at.

Analysis of MPSS data

All MPSS signatures that matched Arabidopsis genomic

sequence were analysed following a previously described

classification scheme (Meyers et al., 2004a). In essence, all

potential MPSS signatures (;858 000, all derived from

a DpnII restriction site plus the adjacent 13 bases, with
a second signature derived from the complementary strand)

were extracted from the A. thaliana genome. The position of

each potential signature was compared with that of genes in

the TAIR annotation version 8.0 (www.arabidopsis.org) and

assigned to a class based on the position relative to exons and

open reading frames (Meyers et al., 2004b). Two filters were

applied to the MPSS data to remove potentially inaccurate

signatures and filter out the subset of signatures that are not
expressed at significant levels. A first filter identified signa-

tures found in only one MPSS sequencing run across all

available libraries (‘unreliable’ signatures). Because all MPSS

libraries consisted of at least four sequencing runs from the

same tissue sample, this filter removed signatures that might

result from random sequencing errors (the error rate for

MPSS is estimated at 0.25% per base; Meyers et al., 2004a).

A second filter identified and eliminated those signatures
expressed in any A. thaliana MPSS library at <4 TPM

(transcripts per million; ‘non-significant’ signatures). This

filter is called significant because 4 TPM is different from

0 TPM with P < 0.005, whereas 1–3 TPM is not significantly

different from 0 TPM (P > 0.005). Signatures that are

reliable but not significant could represent weakly expressed

transcripts (Meyers et al., 2004b).

Statistical analysis

The data set consisted of gene tags (MPSS results) for 13 454

Arabidopsis loci in the wild-type and spl mutant. The total

number of gene tags was 1 507 669 for the wild-type and

1 511 244 for spl. The analysis was performed by the Fisher’s

exact test for contingency tables (Fisher, 1922) as recommen-

ded by Auer and Doerge (2010). The Fisher’s exact test has

as null hypothesis the independence between the criteria of

classification that in this case is equivalent to the hypothesis

of having the same level of expression in both treatments.

The original data matrix of 13 450 rows (loci) by two
columns (treatments; wild-type and spl) was collapsed into 13

450 (232) contingency tables as recommended by Auer and

Doerge (2010) using the function ‘Fisher.full.test’ of the

TRANOVA R package (Garcia-Ortega, unpublished results).

All analyses were performed using R (R Development Core

Team, 2011). The different number of significant genes for

different values of alpha was obtained by using Bonferroni’s

correction. AlphaB gives a family-wise error rate.

Genetic screen and semi-sterility analysis

SALK lines were ordered from the Salk Institute Genomic

Analysis Laboratory (La Jolla, CA, USA) through the Ohio

Arabidopsis Stock Centre (Alonso et al., 2003). Defective

female gametophytes fail to initiate seed formation, resulting

in semi-sterility. Mutations affecting female gametophyte

development were identified in a screen for reduced fertility
shown by the presence of >20% undeveloped ovules in green

siliques (Moore et al., 1997). Insertional lines were grown and

planted as full-sib families of 15 individuals, and no less than

eight plants per family were visually scored for semi-sterility

by quantifying undeveloped ovules in at least five developing

siliques. Positive candidates were confirmed by detailed

cytological analysis (see below). All lines screened are

included in Supplementary Table S6 at JXB online.

Reverse transcription-PCR (RT-PCR)

Total RNA was isolated using Trizol (Invitrogen) from fully

differentiated unfertilized ovules ground in liquid nitrogen.

Approximately 5 lg of total RNA were treated with 5 U of

RNase-free DNase (Boehringer-Mannheim) in 13 DNase

buffer (Invitrogen) containing 20 mM MgCl2 for 15 min at

room temperature and heat inactivated at 65 �C for 10 min.
RNA was reverse transcribed using 20 pmol of an oligo(dT)

primer (Sigma) in a 50 ll reaction containing 13 RT PCR

buffer (Invitrogen), 3 mM MgCl2, 0.5 mM of dNTPs, 2.6

mM dithiothreitol, and 200 U of Superscript II reverse

transcriptase (Invitrogen). RNA was pre-incubated with the

oligo(dT) primer and dNTPs at 65 �C for 10 min followed

by incubation at 42 �C for 2 h; 1 ll of the cDNA samples

was used for PCR amplification with 2 mM MgCl2, 0.2 mM
of each dNTP, 1 U of Taq DNA polymerase (Invitrogen),

13 PCR buffer, and 20 pmol of each primer for 30 cycles at

an annealing temperature of 60 �C. A list of primer

sequences is provided in Supplementary Table S9 at JXB

online.

Reporter gene fusions and plant transformation

To construct the promoter::GUS fusions, genomic frag-

ments corresponding to regulatory regions of eight genes
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were amplified by PCR using the primers described in

Supplementary Table S6, and inserted upstream of the

b-glucuronidase (GUS) gene in plasmid pBI101 (Jefferson

et al., 1987). Genomic fragments included up to 2.5 kb of

the regulatory sequence and 500 bp of sequence upstream of

the transcriptional initiation codon (5#-untranslated region

or exon). For plant transformation, vectors were transferred

into Agrobacterium tumefaciens strain GV 2260 (McBride
and Summerfelt, 1990). Transformations were performed

on wild-type Col-0 by floral dipping procedures (Clough

and Bent, 1998). Seeds obtained from the T0 promoter::-

GUS transformants were in vitro germinated in MS medium

containing 50 lg ml�1 kanamycin. Primer sequences and

cleavage sites that were used for cloning in pBI101 are

provided in Supplementary Table S10 at JXB online.

Whole-mount preparations and histological analysis

Wild-type and mutant gynoecia were dissected longitudinally
with hypodermic needles (1 ml insulin syringes; Becton

Dickinson) and fixed with FAA buffer (50% ethanol, 5%

acetic acid, and 10% formaldehyde), dehydrated in increasing

ethanol concentration, cleared in Herr’s solution [phenol:-

chloral hydrate:85% lactic acid:xylene:clove oil (1:1:1:0.5:1)],

and observed with a Leica microscope (Wetzlar, Germany)

under Nomarski optics. GUS staining assays were conducted

as described in Vielle-Calzada et al. (2000).

Results

MPPS signatures from wild-type and sporocyteless
ovules

A vacuum-based micro-aspirator device that allows the

dissection of large amounts of intact ovules was developed

to isolate developing ovules of Arabidopsis efficiently in

a timely manner. Ovules are aspirated through a 10 ll
capillary tube connected to a 1.5 ml vacuum chamber that

serves to freeze them instantly in liquid nitrogen or dry ice.

A motorized pump connected to a 25 litre storage tank

allows air extraction from the vacuum chamber, ensuring

the steady pressure of 0.3–0.6 kg cm�2 necessary to detach

an ovule from the placental tissue by transversally section-

ing its funiculus (for more details, see the Materials and

methods, and Supplementary Fig. S1 at JXB online). Using
this device, 4000–5000 complete ovules could be isolated in

<2 h with no contamination from placental or carpel tissue

(Supplementary Fig. S2), with an average yield of 12 lg of

total RNA per 1000 harvested ovules.

Following this procedure for sample collection, and to

assess the complexity of the ovule transcriptome in

A. thaliana, MPSS, the first developed next-generation

sequencing strategy (Brenner et al., 2000), was used. MPSS
was performed on mRNA isolated from fully differentiated

ovules before pollination. The number of 17 bp signatures

sequenced was 2 699 824 for the wild-type and 2 775 817 for

the spl library, for a total of 25 875 (wild-type) and 24 865

(spl) distinct signatures. Sequencing runs were merged and

normalized to obtain an estimation of the abundance of each

distinct signature in TPM. To take into consideration only

signatures with the highest confidence, signatures observed

at <4 TPM were disregarded (‘non-significant’ signatures,

following a previously established nomenclature; Meyers

et al., 2004a, b); those observed in a single sequencing run

were also eliminated (‘unreliable’ signatures; Meyers et al.,

2004a, b). After MPSS sequencing, the complexity of both
libraries was similar to the complexity of previously reported

MPSS libraries from other Arabidopsis tissues (Meyers et al.,

2004b). Their abundance was spread over four orders of

magnitude (Table 1): whereas >65% signatures were found in

the range of 4–100 TPM, only ; 1% were expressed at levels

>1000 TPM (Table 2).

Previously uncharacterized transcripts identified by
MPSS

All MPSS signatures were compared with the public

Arabidopsis genomic sequence information to relate the

expression data to specific genomic positions, including

annotated genes (TAIR version 8.0). In wild-type ovules,

a total of 19 034 signatures were matched to unique

locations in the genome, 1442 signatures mapped to

duplicated locations, and 4959 remained with no match to

the genome. Unmatched signatures have been previously
shown to derive from spliced 3’ ends that have not yet been

identified, transcripts found in regions of the genome not

yet sequenced, sequencing errors, or non-Arabidopsis RNA

contaminants (Meyers et al., 2004a). The number of MPSS

signatures that mapped uniquely to the genome was 16 893

and 15 750 for the wild-type and spl library, respectively.

Because these MPSS signatures are derived from specific

locations at the 3’ end of the corresponding mRNA
molecule, each distinct signature corresponds to a distinct

transcript (see the Materials and methods for details). All

signatures mapping to a unique sequence of the Arabidopsis

genome were grouped into one of seven classes according to

their genomic location. As expected, in both libraries the

most abundant class corresponded to transcripts produced

by sense strand expression from protein-coding mRNAs

(classes 1, 2, 5, and 7). Among these, the most abundant
class corresponds to signatures derived from exon sequences

(class 1; Table 1), followed by signatures that mapped within

Table 1. MPSS signatures in wild-type and sporocyteless ovules

of Arabidopsis

Class Descriptiona Wild-type
ovules (%)

spl
ovules (%)

1 Exon—sense strand 9687 (57.3%) 9304 (59%)

2 500 bp 3’-UTR 4195 (24.8%) 3464 (22%)

3 Exon—antisense strand 2241 (13.2%) 2267 (14.4%)

4 Unnanotated region 283 (1.67%) 259 (1.64%)

5 Intron–sense strand 143 (0.8%) 117 (0.7%)

6 Intron—antisense strand 18 (0.1%) 24 (0.15%)

7 Splice site—sense strand 326 (1.9%) 315 (2%)

a Based on TAIR 8.0.
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500 bp downstream of the STOP codon of a previously

annotated coding sequence (class 2). Signatures assigned to

class 5 or class 7 are less numerous, as they map within

intronic sequences (suggesting an alternative polyadenylation

event that truncates a previously defined open reading frame)

or expand over a previously identified splicing site encom-

passing a pre-defined intron. Additionally, numerous unique

sequences identified novel antisense transcripts and unanno-
tated intergenic transcribed regions not previously described

as being expressed in the ovule. The most abundant group is

composed of 2241 (wild-type) and 2267 (spl) antisense

signatures that mapped to previously annotated exons (class

3). An additional small group of antisense signatures maps to

previously annotated introns (class 6). Signatures in class 3 or

class 6 may correspond to novel natural antisense transcripts

(NATs) reminiscent of those found in other organs of
Arabidopsis (Terryn and Rouze, 2000; Wang et al., 2006;

Ron et al., 2010). Finally, 283 (wild-type) and 269 (spl)

signatures correspond to distinct intergenic positions in the

genome that contain unannotated transcripts expressed in the

ovule (class 4).

Even if the MPSS procedure included a DNase treatment

of RNA samples before processing, it was confirmed that

signatures corresponding to intergenic regions represented
real transcripts and not contaminating DNA by determining

that 91.5% (260 signatures) of the wild-type and 89.9% (232

signatures) of spl are detected at significant levels in MPSS

libraries from other tissues (Supplementary Tables S1, S2 at

JXB online), indicating that these intergenic regions are

indeed consistently transcribed in Arabidopsis. In addition, to

verify the absence of RNA derived from floral organs that

could have contaminated the ovule sampling during aspira-
tion, null expression of genes reported as being uniquely

active in reproductive organs other than the ovule, including

petals (At2g19070), stamens (At1g20130, At1g33430,

At2g19070, and At3g27025), pollen (At5g65110), and the

transmitting tract or septum (At1g72290, At3g50330, and

At5g67060), was confirmed (Higginson et al., 2003; Gremski

et al., 2007; Peiffer et al., 2009; Phan et al., 2011;

Supplementary Table S3 at JXB online).

Down-regulated genes in sporocyteless ovules

Class 1, 2, 5, and 7 signatures that mapped to annotated

genes for each of the two libraries were summed to identify

and quantitatively estimate the expression of genes repre-

sented by normalized transcriptional variants. For each

annotated gene, the sum of these signatures corresponds to

the total number of transcripts that were detected in either

wild-type or spl ovules, representing a quantitative estimation

of its expression. A total of 9774 and 8770 annotated genes

were detected at expression levels of at least 4 TPM in wild-

type and spl ovules, respectively (Table 2; complete data

available at http://mpss.udel.edu/at). In both libraries, the

expression levels of these genes spread over the same four

orders of magnitude that characterize the total number of

individual signatures sequenced in both libraries. As for

previously characterized MPSS libraries (Meyers et al.,

2004b), the most represented class includes genes at transcrip-

tional abundances comprised between 9 and 24 TPM (24%

and 25% of genes detected in the wild-type and spl,

respectively); however, and in contrast to estimates from

vegetative tissues, the ovule shows an over-represented class

of genes detected at a transcriptional abundance comprised

between 100 and 1000 TPM (21.7% and 23% for the wild-

type and spl, respectively, compared with ;13% in root, leaf,

or complete inflorescence samples; Table 2). Since this over-

represented class is not specific to the wild-type but is also

characteristic of spl ovules lacking a female gametophyte,

these results suggest that a subgroup of highly transcribed

genes is expressed in sporophytic tissues of the ovule

irrespective of the presence of the female gametophyte.
The transcriptional abundance of all signatures detected

by MPSS was compared between wild-type and spl ovules

to identify differentially expressed genes. In homozygous spl

individuals, female gametophyte development is arrested at

the archesporial cell, before meiosis (Yang et al., 1999).

Although in most ovules the female gametophyte is not

formed and nucellar cell proliferation is limited, both inner

and outer integuments fully differentiate as in wild-type
ovules. Detailed cytological observations indicated that, in

the Columbia (Col-0) ecotype background, 95% of spl

ovules completely lack a female gametophyte, whereas 4%

show a defective vacuolated gametophytically derived cell

with a variable number of nuclei, and 1% exhibit a normal

cellularized female gametophyte. On the basis of this

phenotypic criterion, the transcriptional activity of gameto-

phytic genes detected in wild-type ovules should be at least
25 times lower in ovules of spl individuals. By applying this

criterion to MPSS data, 612 genes were down-regulated in

spl ovules (Supplementary Table S4 at JXB online). For

genes showing wild-type expression levels <25 TPM on the

basis of significant and reliable signatures, an arbitrary 3-fold

Table 2. Quantitative distribution of gene expression in vegetative and reproductive organs of Arabidopsis

The results are given as the number of genes (%).

4–8 TPM 9–24 TPM 25–50 TPM 51–100 TPM 101–1000 TPM >1000 TPM Total

Inflorescencea 2878 (24.72%) 3497 (30.4%) 2046 (20.66%) 1213 (10.42%) 1498 (12.87%) 151 (1.3%) 11 283

Leafa 2006 (18.59%) 3363 (31.17%) 2420 (22.43%) 1489 (13.88%) 1383 (12.81%) 120 (1.1%) 10 781

Roota 1810 (15.85%) 3400 (29.78%) 2515 (22.03%) 1784 (15.62%) 1770 (15.50%) 139 (1.22%) 11 418

Wild-type ovule 1305 (13.35%) 2380 (24.35%) 2028 (20.75%) 1800 (18.41%) 2118 (21.68%) 143 (1.46%) 9774

sporocyteless ovule 1207 (13.75%) 2241 (25.52%) 1748 (19.91%) 1419 (16.16%) 2017 (22.97%) 148 (1.69%) 8780

a From Meyers et al. (2004a).
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criterion allowed the identification of 689 additional down-

regulated genes in spl ovules. A Fischer’s exact test indicated

that all 1301 candidate genes show a significant difference in

their trancriptional abundance between wild-type and spl

ovules. The application of Bonferroni’s correction (corre-

sponding to an a¼1e-15 in each individual test) indicated

that the probability of making one or more false discoveries

(family-wise error rate) is 7.43e-20 for this same group of
1301 genes (Supplementary Table S5). At least 84% of these

1301 differentially expressed genes show wild-type expression

at abundances <51 TPM, a percentage significantly higher

than in the overall MPSS wild-type ovule library (51%;

Table 3; Supplementary Table S4). Whereas only 4.2%

(55 genes) are detected at transcriptional abundances >100

TPM (compared with 25% in the overall wild-type ovule

library), none of them is expressed above 1000 TPM (143
genes in the overall wild-type ovule library). Taken together,

these results indicate that candidate genes down-regulated in

spl ovules are mostly detected at low levels of transcriptional

abundance in the wild-type MPSS ovule library.

Experimental validation of differentially expressed genes

A combination of loss-of-function genetic screens, RT-PCR,

and reporter gene fusions was used to confirm independently
that a sample of the 1301 MPSS differentially detected genes

were indeed down-regulated in spl ovules as compared with

wild-type ovules. In an initial step, 448 publicly available

T-DNA lines, each harbouring an insertion in a selected gene

to be differentially detected on the basis of the MPSS

transcriptional analysis, were screened in a search for semi-

sterile phenotypes that could be the consequence of muta-

tions affecting female gametogenesis (Supplementary Table
S6 at JXB online). Fully penetrant heterozygous mutations

acting at the haploid level (gametophytic mutants) and

affecting the viability of the female gametophyte but not the

male are expected to show a decrease in seed set of ;50%. A

total of five immature siliques were dissected to identify

consistent cases of partial sterility in 6720 adult individuals

(15 full-sibling plants per T-DNA line). Positive candidates

showing >20% of non-fertilized ovules were selected for
a subsequent cytological analysis. Whereas randomly selected

insertional lines (T-DNA or transposon-based lines) yield

close to 2% of female gametophytic mutants (54 mutants in

2511 lines screened; Brukhin et al., 2011), 4.46% of candidate

lines (20 mutants out of 448 lines screened) showed levels of

semi-sterility ranging between 26% and 61% (Table 4),

confirming that this collection of differentially expressed

genes is significantly enriched for genes that are involved in
female gametophyte formation or function (v2¼1696.9 > v2

0.05[1]¼3.84). A detailed cytological analysis using conven-

tional clearing techniques revealed that all 20 new mutants

showed variable but significant frequencies of ovules exhibit-

ing defects in female gametophyte development, including

arrest at different stages of haploid nuclear proliferation, and

absence of polar nuclear fusion prior to pollination (Table 4).

For six of these mutants, a second independent T-DNA

insertion exhibited an equivalent defect, confirming that the
disruption of the corresponding gene results in a mutant

phenotype. Functional elements affected by these mutants

include TFs such as bZip16 that encodes a salt-stress

response protein, several genes encoding membrane trans-

porters, and a multidrug and toxic compound extrusion

(MATE) efflux protein. In addition to the genetic approach,

differential expression was confirmed for 12 MPSS-detected

genes by conducting RT-PCR; for seven of them, at least one
of the insertional lines described above showed a mutant

phenotype (Supplementary Fig. S3). Whereas half of these 12

genes showed expression in wild-type but not in spl ovules,

the other half showed preferential expression in the wild-type

as compared with spl, indicating that some transcripts

corresponding to coding sequences could be present in spl

ovules at abundances below the level of detection of the

MPSS experiments.
Finally, the in situ pattern of expression of eight MPSS-

detected differentially expressed genes was examined during

ovule development. For each of them, a promoter::reporter

fusion cassette was constructed by cloning a genomic frag-

ment comprised between 0.5 kb and 1.9 kb that included

a putative regulatory region and the initial portion of the

coding sequence of the corresponding gene in front of uidA

(GUS; see the Materials and methods for details). To ensure
that the observed patterns were reproducible, GUS expression

was examined during wild-type ovule development in at least

three independent transgenic lines for each promoter fusion,

analysing five or more T2 generation individuals for each line.

To determine possible differences from the wild-type, their

pattern of expression was examined in homozygous spl ovules

lacking a female gametophyte. Transformed lines harbouring

promoter fusions corresponding to five of these genes
(At1g31760, At2g40880, At3g62310, At4g38150, and

At5g13490) showed GUS expression restricted to cells of the

female gametophyte (Fig. 1). In fusions with At1g31760,

At2g40880, and At4g38150 (encoding a SWIB complex

BAF60b domain protein, a cysteine-type endopeptidase in-

hibitor, and a PPR, respectively) all cells of the fully

differentiated female gametophyte exhibited GUS expression.

In fusions with At3g62310, GUS expression was confined to
the egg apparatus (synergids and egg cell), and with

At513490, to the central cell and the antipodals. As expected,

Table 3. Quantitative distribution of MPSS-detected genes in the ovule of Arabidopsis

9–24 TPM 25–50 TPM 51–100 TPM 101–1000 TPM >1000 TPM Total

No. of genes down-regulated in spl ovulesa 690 (53%) 403 (31%) 153 (11.8%) 55 (4.2%) None 1301

No. of genes expressed in wild-type ovules 2380 (28.1%) 2028 (23.94%) 1800 (21.25%) 2118 (25.0%) 143 (1.69%) 8469

a Includes only the abundance in wild-type ovules of genes with 25-fold reduced or null expression in sporocyteless ovules (see text for details).
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for all four lines these patterns were absent in spl ovules

lacking a female gametophyte. Transformed lines correspond-

ing to At4g38380 (encoding a MATE efflux protein) showed
strong GUS expression in the female gametophyte and weak

GUS expression in the surrounding sporopytic cells. In spl

ovules, only the weaker sporophytic pattern of expression is

maintained, indicating that diploid cells weakly express the

corresponding gene independently of the presence of the

female gametophyte.

Two lines showed an unusual differential pattern in

wild-type and spl ovules. In the case of fusions with
At5g22460 encoding a lipase-esterase/thioesterase family

protein, transformant lines showed GUS expression in the

egg apparatus and antipodals, but also in the funiculus

and the integuments at the micropylar pole (Fig. 1). In

contrast, spl ovules lacking a female gametophyte show
reduced expression in the funiculus and the integuments.

In the case of fusions with At3g53420 encoding the plasma

membrane aquaporin PIP2A, GUS expression in wild-type

ovules is restricted to one or two cells of the endothelium,

in close cellular association with the female gametophyte.

This pattern is completely absent in spl ovules. Both lines

suggest that the sporophytic expression of the correspond-

ing gene is likely to be dependent on the presence of
a female gametophyte or possibly regulated by an SPL-

dependent pathway.

Table 4. Female gametophytic lethal mutants corresponding to genes down-regulated in sporocyteless ovules

Gene ID Predicted function Insertional line Transcriptional
activity (TPM)

Aborted
ovules (%)

Mutant
phenotypea

Wild-type
ovule

spl
ovule

At1g43886 Transposable element SALK_020396,

SALK_084658

35 1 61.22 1N FG arrest.

Collapsed female

gametophyte.

At4g38150 Pentatricopeptide-repeat protein SALK_098509,

SALK_001022

28 0 45.12 1N/2N FG arrest.

At4g31600 UDP-glucoronic acid/UDP-N-acetyl

galactosamine transporter related

SALK_120828 21 0 55.66 1N FG arrest.

At1g79410 AtOCT5 (Arabidopsis thaliana ORGANIC

CATION/CARNITINE TRANSPORTER5)

SALK_045609 15 0 58.49 1N FG arrest.

Unfused

polar nuclei.

At3g55060 Unknown protein SAIL_693_H10 34 0 46.75 1N FG arrest.

At4g28020 Unknown protein SALK_096057 95 0 43.13 1N/2N FG arrest.

At5g16720 Unknown protein SALK_024827 29 0 64.73 1N FG arrest.

At4g38380 Antiporter/drug transporter SAIL_652_D01 10 0 53.66 1N FG arrest.

At3g04040 Unknown protein SALK_093343 40 0 43.25 1N FG arrest.

At5g49215 Glycoside hydrolase family 28

protein/polygalacturonase (pectinase)

family protein

SALK_056269,

SAIL_109_E10

21 0 44.88 1N FG arrest.

At2g40950 BZIP17; DNA binding/transcription

activator/transcription factor

SALK_104326,

SALK_004048

53 1 40.67 1N FG arrest.

At1g32310 Unknown protein SALK_018488 32 0 50.2 1N FG arrest.

Absence of female

gametophyte.

At5g55210 Unknown protein SALK_060883c 41 0 49 1N FG arrest

At3g16730 Unknown protein SALK_059304 21 0 26.24 1N FG arrest.

Collapsed female

gametophyte.

At3g16130 Unknown protein SALK_032681 29 0 47.3 1N FG arrest.

At5g57290 60S acidic ribosomal protein

P3 (RPP3B)

SALK_120009,

SALK_054076

43 0 49.24 1N/2N FG arrest.

At2g38140 PSRP4 (PLASTID-SPECIFIC RIBOSOMAL

PROTEIN 4)

SALK_129668 48 0 43.9 2N/4N FG arrest.

At2g32720 CB5-B (CYTOCHROME B5 ISOFORM B);

haem binding

SALK_041099 131 0 56.22 1N FG arrest.

Collapsed female

gametophyte.

At2g29660 Zinc finger (C2H2 type) family protein SALK_119814 35 0 47.66 1N FG arrest.

At4g38520 Protein phosphatase 2C family protein /

PP2C family protein

SALK_049798,

SALK_049777

58 0 43.11 1N/2N FG arrest.

a FG, female gametogenesis; 1N, one-nuclear stage of female gametogenesis; 2N, two-nuclear stage of female gametogenesis; 4N,
four-nuclear stage of female gametogenesis.
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Pentatricopeptide-repeat genes are involved in female
gametogenesis

All differentially expressed genes were classified according

to protein domains available in Pfam, using a cut-off value

of E < 0.01 (Finn et al., 2010). A total of 1061 genes (81.5%

of the MPSS differentially expressed gene collection) could

be grouped in the eight different classes shown in Supple-

mentary Table S7 at JXB online. Whereas genes involved in

housekeeping metabolism are predominant (452 genes), 97

code for signalling proteins such as kinase or leucine-rich

repeat (LRR) domain proteins, calmodulins, or hormone-

related and stress-induced proteins. Another important

group is composed of 72 genes encoding TFs, including

members of the Myb superfamily (23 genes), APETALA2/

ETHYLENE-RESPONSIVE ELEMENT BINDING

proteins (AP2/ERBP; six genes), and basic region/leucine

zipper motif proteins (bZIP; four genes); only one of these

TFs (At1g01860) was previously reported as specifically

Fig. 1. Differential patterns of GUS expression in wild-type and sporocyteless ovules. Wild-type and spl mutant ovules were processed for

histochemical analysis as described in the Materials and Methods. (A–J) Wild-type ovules; (J–Q) mutant spl ovules. The genomic accession

number of each gene is indicated following the Arabidopsis Genome Initiative, and their corresponding transcriptional abundance is given in

transcripts per million (TPM). Scale bars: (A and Q), 3 mm¼15 lm; (B, D, F, M) 3 mm¼15.5 lm; (C) 3 mm¼12.5 lm; (E, N) 3 mm¼11.25

lm; (G) 3 mm¼19.5lm; (H) 3 mm¼18 lm; (I, P) 3 mm¼17.3 lm; (J, L, O) 3 mm¼16.07 lm; (K) 3 mm¼11.8 lm.
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expressed in the female gametophyte (Wang et al., 2010).

Additional classes include 76 genes encoding RNA-binding

proteins such as RNA helicases, RNA methyltransferases,

or Pumilo-type proteins; 16 genes encoding proteins

involved in chromatin remodelling such as histones or

histone-interacting proteins required for chromatin packing;

and a group of 14 genes that encode exonuclease, methyl-

transferase, or endonuclease domain proteins. Other classes
include genes involved in cell cycle regulation, DNA

binding interactions, and organellar processing (see below).

Finally, 240 genes do not code for a previously defined

Pfam domain and could not be assigned to a specific

functional class.

A group of 18 genes encoding PPRs showed consistent

MPSS transcriptional activity in wild-type ovules but

remained undetected in spl ovules (Supplementary
Table S8 at JXB online). PPRs are sequence-specific

RNA-binding and processing proteins acting in organelles

and having a degenerate 35 amino acid structural motif

found in >450 Arabidopsis family members. Although

several PPRs are important for embryo development

(Cushing et al., 2005; Lu et al., 2011), no PPR genes have

been shown to act specifically in the female gametophyte.

To determine if at least one of these 18 genes could indeed
be specifically expressed in the female gametophyte and

not in the rest of the ovule, a promoter::GUS fusion was

constructed with a genomic fragment of 564 bp corrres-

ponding to the regulatory region of At4g38150, a PPR

gene predicted to act in mitochondria (Lurin et al., 2004).

A cytological examination of transformed lines showed

that GUS expression initiated in the functional megaspore

following meiosis, and was restricted to the developing
female gametophyte at subsequent stages of female game-

togenesis (Fig. 2). Mutant ovules of homozygous spl

individuals did not show GUS expression (Fig. 1),

confirming that the activity of At4g38150 is restricted to

the female gametophyte. To determine a possible function

for At4g38150, ovule development was examined in two

independent insertional lines harbouring a T-DNA

element inserted in either its regulatory or coding region
(Fig. 2). Both heterozygous mutant lines exhibited

equivalent defects affecting female gametogenesis. The

corresponding gene was named CIHUATEOTL (CIH),

after the goddess of fertility in totonac culture (Aguilar-

Moreno, 2007). In contrast to wild-type plants in which

the haploid functional megaspore undergoes three rounds

of mitotic divisions before differentiating a female game-

tophyte, heterozygous cih-1 and cih-2 individuals exhibited
aberrant phenotypes that include a functional megaspore

that arrests at the one-nuclear stage and fails to divide

mitotically, or a female gametophyte arrested at the two-

nuclear stage and not undergoing full differentiation. In

both cases, the phenotype results in fully differentiated

ovules that show a single conspicuous uninucleated or

binucleated cell within the nucellus (Fig. 2). These results

indicate that CIH encodes a PPR protein that acts in the
female gametophte and is necessary for haploid nuclear

proliferation during gametogenesis.

Discussion

The evolutionary tendency in flowering plants has favoured

the prevalence of the diploid sporophyte over a haploid

gametophyte that is restricted to a few cells that form in

specialized reproductive organs. The ephemeral nature of

the female gametophyte deeply embedded within the ovule

complicates the study of the genetic and molecular inter-

actions that occur between cells involved in the somatic to

reproductive transition. Several hybridization-based micro-

array profiling experiments have identified distinct collec-

tions of candidate genes as being expressed in the female

gametophyte, with little overlap among data sets (Fig. 3).

Yu et al. (2005) conducted Affymetrix ATH1 microarray

experiments to compare the transcripts in ovules undergo-

ing female gametogenesis and fully differentiated ovules;

202 genes were postulated to be expressed in the female

gametophyte, but only five were confirmed by reporter gene

fusions. A similar Affymetrix ATH1-based approach on

a male-sterile background was used to identify genes with

reduced expression in ovules of dif1, a recessive sporophytic

mutant in which 75% of fully differentiated ovules lack

a female gametophyte and 25% contain a cell reminiscent of

the megaspore mother cell (Steffen et al., 2007); 43 genes

were shown to be expressed in the female gametophyte

using translational promoter::GFP (green fluorescent

protein) fusions. In addition to conducting Affymetrix

ATH1-based microarray profiling in coa, Johnston et al.

(2007) complemented the spl-based statistical analysis of Yu

et al. (2005) and significantly reduced the baseline cut-off

fold change to identify a collection of 1295 genes which

were candidates to be expressed in the female gametophyte;

the mRNA of 12 genes was specifically localized in the

female gametophyte. Using a whole-genome tiling array,

Jones-Rhoades et al. (2007) compared the transcriptional

activity in ovules between the wild-type and dif1, identifying

382 genes down-regulated in the mutant, and confirming

that 11 were specifically expressed in the female gameto-

phyte. Despite these independent efforts, only 10 genes are

currently predicted to be specifically expressed in the female

gametophyte by all microarray experiments that have used

genetic substraction to assess global expression in the

Arabidopsis ovule (Fig. 3). Although the sensitivity of these

experiments is similar if not equivalent, the strategy has

relied on the use of three different mutant backgrounds

lacking a functional female gametophyte but having distinct

mutant phenotypes prevailing in fully differentiated ovules,

and therefore it is likely that some of the differences

observed are due to deregulation of non-equivalent tran-

script collections, including those corresponding to genes

that are not necessarily expressed in the female gameto-

phyte, but repressed by the absence of DIF1, COA, or SPL

activity.
In this study, a large-scale transcriptional analysis using

MPSS allowed the quantification of 1301 genes down-

regulated in spl ovules. In addition, the sampling allowed

the identification of thousands of antisense signatures

originating from previously annotated genes, as well as

Ovule transcriptional analysis in Arabidopsis | 9 of 14Ovule transcriptional analysis in Arabidopsis  |  3837



several hundred signatures corresponding to intergenic

regions that are in most cases active at several developmen-

tal stages, and in a few cases exclusively transcribed in the

ovule (close to 10% of class 4 signatures in each library).

The importance of NATs has been overlooked due to their

heterogeneity, low expression level, and unknown function.

Whereas the abundance of signatures from class 3 and class

6 indicates that this type of non-coding RNA could play an

important regulatory role in the ovule, either by being

produced within its sporophytic cells or by being actively

transported from other organs into reproductive tissues,

signatures from class 4 are likely to represent transcripts

from non-coding RNA precursors (including microRNAs)

that are in most cases also expressed in other vegetative

tissues (Supplementary Tables S1, S2 at JXB online); the

identification of 60 signatures that are exclusively expressed

Fig. 2. CIHUATEOTL is specifically expressed in the female gametophyte and its function is essential for female gametogenesis. Wild-

type or cih-1 ovules were either histologically processed for GUS detection, or fixed and cleared for morphological analysis. (A-F) GUS

expression in developing ovules of pCIH::GUS transformants. (G–L) Wild-type ovules showing normal female gametophyte development.

(M–T) Mutant cih-1 ovules showing defects in female gametogenesis. (O) A mature cih-1 ovule shows a female gametophyte arrested at

the one-nuclear stage (1N; arrow). (P) A mature cih-1 ovule shows a female gametophyte arrested at the two-nuclear stage (2N; arrows).

(Q) Detail of a cih-1 ovule arrested at the one-nuclear stage. (R) Detail of a cih-2 ovule arrested at the two-nuclear stage. (S) A mature

cih-2 ovule arrested at the one-nuclear stage of female gametogenesis (arrow). (T) A mature cih-2 ovule arrested at the 2-nuclear stage

of female gametogenesis. (U) Genomic structure of the CIH locus; the position of allelic T-DNA insertions is indicated relative to the

transcription initiation site. An I box promoter motif (a), a gibberelin-response motif (b), and a TATA box (c) are found in the regulatory region

of CIH. (V) Developing siliques of cih-1 and cih-2 show close to 50% aborted ovules. (W) Frequency of phenotypic classes in cih-1 and

cih-2 ovules. Scale bar: (A) 4 mm¼7.2 lm; (B, Q, R) 4 mm¼10 lm; (C, I, N) 4 mm¼13.7 lm; (D) 4 mm¼16 lm; (E, O) 4 mm¼21 lm; (F) 4

mm¼16.4 lm; (G) 4 mm¼9.3 lm; (H) 4 mm¼10.8 lm; (J) 4 mm¼17.4 lm; (K, T) 4 mm¼17.7 lm; (L) 4 mm¼26.6 lm; (M) 4 mm¼14.2

lm; (P, S) 4 mm¼19.5 lm.
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in ovules (wild-type or spl) suggests that there is a small

fraction of non-coding RNAs specific to regulatory mecha-

nisms controlling female reproductive development.

When compared with previous studies aiming at identify-

ing candidate genes to be expressed in the female gameto-

phyte, the data set presented here is most similar to that of
Johnston et al (2007), with 92 genes shared among the two

data sets (Fig. 3). In contrast, the MPSS-based collection

shares only 21 genes with data sets identified by microarray

comparisons of wild-type and dif1 ovules (Jones-Rhoades

et al., 2007; Steffen et al., 2007), confirming that data set

overlap is highly dependent on the mutant background used

to conduct a genetic subtraction. Among all MPSS differ-

entially detected genes, 189 (14.5%) are not present in the
platform that was used for previous Affymetrix ATH1

microarray profiling experiments comparing the expression

of wild-type and spl ovules, and 179 genes (13.7%) exhibited

a microarray signal below the level of detection of these

same experiments (Yu et al., 2005), demonstrating that

28.2% of the MPSS data set could not have been identified

as differentially expressed through Affymetrix ATH1 micro-

array profiling. Interestingly, 80% of these MPSS differen-
tially detected genes show wild-type levels of expression

below 51 TPM, suggesting that low rates of transcriptional

abundance prevail within the female gametophyte as

compared with the rest of the ovule.

By combining genetic and molecular approaches, 28 of

these differentially detected genes were shown to be

specifically active in the female gametophyte, and 20 new

mutations caused by the alteration of female gametophytic
genes were identified. While their expression was detected at

late stages of ovule development, most cause an early arrest

of nuclear proliferation, indicating that the corresponding

genes also act early during female gametogenesis. In addition,

five out of eight genes tested show a pattern of expression

specific to the female gametophyte; of the three remaining

genes, one shows preferential expression in the female

gametophyte but is also expressed in sporophytic cells of the

ovule, and the remaining two show a reduction in sporo-

phytic expression in ovules lacking a female gametophyte,

indicating that although the majority of down-regulated
genes in spl ovules are indeed candidates to be specifically

active in the female gametophyte, there is a subclass of

transcripts that are repressed in sporophytic cells in the

absence of a female gametophyte. On the basis of these

results, the MPSS collection of differentially expressed genes

is likely to include (i) genes that are specifically expressed in

the female gametophyte; (ii) genes that are preferentially

expressed in the female gametophyte as compared with
sporophytic cells of the ovule; (iii) genes that require the

presence of a female gametophyte to be expressed in

sporophytic cells of the ovule; or (iv) genes that are positively

regulated by an SPL-dependent genetic pathway (Fig, 4).

Plants contain more PPR genes than other eukaryotes, but

the evolutionary and functional significance of this expansion

remains elusive (Small and Peeters, 2000; Saha et al., 2007;

Schmitz-Linneweber and Small, 2008). Most PPRs are
localized in organelles where they regulate gene expression in

either the mitochondria or chloroplasts (Fujii and Small,

2011), but there is evidence that PPRs also have roles beyond

organelle gene expression through DNA binding activity

(Ikeda and Gray, 1999; Mancebo et al., 2001). Although

>440 PPR-encoding genes have been annotated in Arabidop-

sis (Lurin et al., 2004), only a few have been functionally

characterized. Eighteen genes encoding PPRs which are
expressed in wild-type but not in spl ovules have been

identified here. Their low levels of transcriptional abundance,

comprised between 9 and 31 TPMs, suggests that these genes

are specifically expressed in gametophytic cells of the ovule.

These 18 genes are all different from the seven genes encoding

PPRs—including EMB175—for which sporophytic mutations

have revealed essential roles in embryogenesis (Cushing et al.,

2005), and also from AtPPR2 that is necessary for both
normal gametogenesis and embryogenesis (Lu et al., 2011).

The gametophytic activity of some of these new PPR genes is

confirmed by the function of CIH (At4g38150), the first PPR

gene found to be specifically expressed in the female

gametophyte of Arabidopsis. Although AtPPR2 and CIH are

both necessary for mitotic progression during female gameto-

genesis, mutations in CIH do not cause defects in embryo-

genesis, indicating that a possible redundant function for
these two genes could be restricted to the gametophytic phase.

While these results suggest that a specific group of PPRs is

prone to act during the gametophytic phase of the life cycle,

additional experiments will be required to determine their

overall function during female gametophyte development.

New generation sequencing technologies applied to plant

model organisms have begun to provide a complementary

framework for the elucidation of the functional and evolu-
tionary basis of the alternation of generations. As several

projects begin generating a phylogenetic landscape to

Fig. 3. Differences in the universe of genes which are candidates

to be specifically expressed in the female gametophyte of

Arabidopsis. Venn diagram illustrating the distribution of genes

which are candidates to be expressed in the female gametophyte

on the basis of four independent experiments conducted with

three distinct mutant backgrounds (spl, dif1, and coa) and three

different platforms (Affymetrix ATH1 microarray, whole genome

TILING microarray, and MPSS). The corresponding type of

platform and mutant background are indicated for each experi-

ment. (This figure is available in colour at JXB online.)

Ovule transcriptional analysis in Arabidopsis | 11 of 14

in ovules (wild-type or spl) suggests that there is a small

fraction of non-coding RNAs specific to regulatory mecha-

nisms controlling female reproductive development.

When compared with previous studies aiming at identify-

ing candidate genes to be expressed in the female gameto-
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comparisons of wild-type and dif1 ovules (Jones-Rhoades

et al., 2007; Steffen et al., 2007), confirming that data set

overlap is highly dependent on the mutant background used

to conduct a genetic subtraction. Among all MPSS differ-

entially detected genes, 189 (14.5%) are not present in the
platform that was used for previous Affymetrix ATH1

microarray profiling experiments comparing the expression

of wild-type and spl ovules, and 179 genes (13.7%) exhibited

a microarray signal below the level of detection of these

same experiments (Yu et al., 2005), demonstrating that

28.2% of the MPSS data set could not have been identified

as differentially expressed through Affymetrix ATH1 micro-

array profiling. Interestingly, 80% of these MPSS differen-
tially detected genes show wild-type levels of expression

below 51 TPM, suggesting that low rates of transcriptional

abundance prevail within the female gametophyte as

compared with the rest of the ovule.
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the female gametophyte; (ii) genes that are preferentially
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normal gametogenesis and embryogenesis (Lu et al., 2011).

The gametophytic activity of some of these new PPR genes is

confirmed by the function of CIH (At4g38150), the first PPR

gene found to be specifically expressed in the female

gametophyte of Arabidopsis. Although AtPPR2 and CIH are

both necessary for mitotic progression during female gameto-

genesis, mutations in CIH do not cause defects in embryo-

genesis, indicating that a possible redundant function for
these two genes could be restricted to the gametophytic phase.

While these results suggest that a specific group of PPRs is

prone to act during the gametophytic phase of the life cycle,

additional experiments will be required to determine their

overall function during female gametophyte development.

New generation sequencing technologies applied to plant

model organisms have begun to provide a complementary

framework for the elucidation of the functional and evolu-
tionary basis of the alternation of generations. As several

projects begin generating a phylogenetic landscape to

Fig. 3. Differences in the universe of genes which are candidates

to be specifically expressed in the female gametophyte of

Arabidopsis. Venn diagram illustrating the distribution of genes

which are candidates to be expressed in the female gametophyte

on the basis of four independent experiments conducted with

three distinct mutant backgrounds (spl, dif1, and coa) and three

different platforms (Affymetrix ATH1 microarray, whole genome

TILING microarray, and MPSS). The corresponding type of

platform and mutant background are indicated for each experi-

ment. (This figure is available in colour at JXB online.)
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approach the study of plant evolution on the basis of

genomic information (Delwiche et al., 2004), large-scale

efforts to characterize global expression in the ovule could

be of considerable importance to assemble the massive

amount of data necessary to implement computational

predictive analysis and modelling. These results suggest that

a combination of technological platforms is necessary to

explore the transcriptional universe of the ovule and
contribute to the overall representation of the female

gametophyte transcriptome. With multidisciplinary strategies

progressively elucidating a cohesive and articulated under-

standing of female reproductive development in flowering

plants, new opportunities develop to incorporate an overall

body of knowledge into the framework of biological

mechanisms that shape the evolution of vascular plants.
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