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PREFACE 

 

"If the bee disappears from the surface of the earth, man would have no more than four years to 

live."  (Einstein). 

 

This statement probably made by Einstein points out clearly how humankindós existence depends 

on bees and in general on seed plants sexual reproduction.  

 

Seed formation is dependent on ovule development, so the study of ovule organogenesis can have a 

big impact on the society.  

During my Ph.D., I have focused my research to uncover the molecular network controlling ovule 

development in Arabidopsis thaliana. 

This thesis is organized in an introduction part, in which I have described what it is known about 

ovule development including the role of hormones.  

Then, in chapter 1, I have described the research performed to study the role of auxin and auxin 

polar transport in ovule development.  

Chapter 2 is focalized on the study that I have performed to identify and characterized genes 

involved in auxin biosynthesis during ovule development in Arabidopsis. 

Chapter 3 described the results obtained manipulating the cytokinin amount in ovule. Cytokinins 

have an antagonistic role respect to auxin during differentiation and development. I have studied 

cytokinins pathway using specific markers line and by genetic approaches. 

The work proposed in Chapter 4 integrated the studies on role of auxin, cytokinin and transcription 

factors in ovule development, and a model is proposed to describe the hormonal control of ovule 

organogenesis.  

In the last chapter the final discussion is presented with a general overview of the results and the 

suggestion of future experiments that could be performed in the near future.   
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Abstract 

In angiosperm ovules two independent generation coexist the diploid maternal sporophytic 

generation that embeds and sustains the haploid generation (the female gametophyte). Many 

independent studies on Arabidopsis ovule mutants suggest that embryo sac development requires 

highly synchronized morphogenesis of the maternal sporophyte surrounding the gametophyte, since 

megagametogenesis is severely perturbed in most of the known sporophytic ovule development 

mutants. Which are the messenger molecules involved in the haploid-diploid dialogue? And 

furthermore, is this one way communication or is a feedback cross talk? In this review we discuss 

genetic and molecular evidences supporting the presence of a cross talk between the two 

generations, starting from the first studies regarding ovule development and ending to the recently 

sporophytic identified genes whose expression is strictly controlled by the haploid gametophytic 

generation. We will mainly focus on Arabidopsis studies since it is the species more widely studied 

for this aspect. Furthermore possible candidate molecules involved in the diploid-haploid 

generations dialogue will be presented and discussed.  

 

Arabidopsis ovule development: a morphological overview 

Ovule primordia arise from the placental tissue and appear as a finger like protrusions. Three 

elements, the funiculus, the chalaza, and the nucellus, can be distinguished along the proximalï

distal axis of the developing ovule providing conspicuous evidence of ovule polarity (Schneitz et al. 

1995). The funiculus connects the ovule to the carpel and includes the vascular strand, which 

channels nutrients through the chalaza to the nucellus and the rest of the developing ovule. 

A hypodermal cell at the tip of the nucellus differentiates into the megasporocyte or megaspore-

mother-cell. After, meiotic division (which occupies a critical role early in megasporogenesis), the 

megaspore-mother-cell originates a tetrad of haploid spores. In most flowering plants, including 

Arabidopsis thaliana, three megaspores undergo programmed cell death, however the most 

proximal one persists forming the functional megaspore), which proceeds into megagametogenesis 

(Bajon et al. 1999; Schneitz et al. 1995).  

The functional megaspore goes through three mitotic divisions forming a mature embryo sac 

composed of eight nuclei and seven cells: three antipodal cells, two medial polar nuclei, and one 

egg cell surrounded by two synergids (Mansfield et al. 1991). The development of the female 

gametophyte of Arabidopsis thaliana is a morphologically well-described multistep process (from 

FG1 to FG7) also known as megagametogenesis (Christensen et al. 1997). 
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The switch from radial symmetrical to bilateral symmetrical primordia is accompanied by 

integument initiation and is coordinated with proximalïdistal axis development (Balasubramanian 

and Schneitz 2000; Grossniklaus and Schneitz 1998; Reiser et al. 1995; Schiefthaler et al. 1999; 

Schneitz et al. 1995). Integuments develop from chalazal epidermal cells. In angiosperms there are 

species whose ovules have no integuments (ategmic ovules as in Santales; Brown et al. 2010), one 

integument (unitegmic ovules, e.g., Wang and Ren 2008) or two integuments (bitegmic ovules) as 

in Arabidopsis thaliana (Fig. 1). The integuments envelop the nucellus almost completely except 

for the micropyle. After fertilization the integuments will give rise to the seed coat (Robinson-Beers 

et al. 1992). According to several authors the integuments arise as a ñprotective nucellarò tissue 

(Gross-Hardt et al 2002; Taylor et al 2009), however increasing evidence indicates they are rather 

involved in communication between the two generations. How this communication occurs and 

which are the probable messengers is still controversial. 

Ovule defective mutants provide a tool to understand ovule development 

Several ovule defective mutants have been identified during forward genetic screenings 

(Bonhomme et al. 1998; Christensen et al. 2002; Feldman et al. 1997; Howden et al. 1998; 

Pagnussat et al. 2005; Schneitz et al. 1997; Sundaresan et al. 1995) which can be assigned to two 

major classes: sporophytic and gametophytic mutants (Robinson-Beers et al. 1992). 

The ovule sporophytic mutants, described in this review are listed in Table 1 (Baker et al. 1997; 

Brambilla et al. 2007; Elliot et al. 1996; Gaiser et al. 1995; Klucher et al. 1996; Lang et al. 1994; 

Modrusan et al. 1994; Reiser et al. 1995; Robinson-Beers et al. 1992; Schneitz et al. 1997). One of 

the more intriguing mutants described is bell1 (bel1; Robinson-Beers et al. 1992). In bel1 ovules a 

large structure appears at the position normally occupied by the integuments (Fig. 1) that consists of 

epidermal and subepidermal cells that grow above the nucellus and acquire carpel identity as 

suggested by the transcription of carpel-specific genes (Brambilla et al. 2007). BEL1 encodes a 

homeodomain transcription factor (Reiser et al. 1995; Robinson-Beers et al. 1992) that is expressed 

in the chalaza. bel1 embryo sacs are unable to develop, since they are blocked at FG1 (Fig. 1) 

(Christensen et al. 1997; Schneitz et al. 1997). This phenotype indicates that ovule sporophytic 

maternal tissues exert control on the developing haploid generation (see Table 1). 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDG-4CYGR9W-1&_user=1080510&_coverDate=09%2F15%2F2004&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1466837781&_rerunOrigin=google&_acct=C000051355&_version=1&_urlVersion=0&_userid=1080510&md5=cc1c8996ef6506dffc6e41ba510e6f0e&searchtype=a#bbib3
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDG-4CYGR9W-1&_user=1080510&_coverDate=09%2F15%2F2004&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1466837781&_rerunOrigin=google&_acct=C000051355&_version=1&_urlVersion=0&_userid=1080510&md5=cc1c8996ef6506dffc6e41ba510e6f0e&searchtype=a#bbib3
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDG-4CYGR9W-1&_user=1080510&_coverDate=09%2F15%2F2004&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1466837781&_rerunOrigin=google&_acct=C000051355&_version=1&_urlVersion=0&_userid=1080510&md5=cc1c8996ef6506dffc6e41ba510e6f0e&searchtype=a#bib32
http://dev.biologists.org/content/132/3/603.full#ref-4
http://dev.biologists.org/content/132/3/603.full#ref-9
http://dev.biologists.org/content/132/3/603.full#ref-26
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Fig. 1 Wild type ovule and female gametophyte development. ant, bel1 and nzz/spl mutant ovules.  

A-E Auxin and cytokinin distribution during wild type ovule formation, the corresponding embryo sac stages are 

indicated. Expression domains of DR5, TAA1, YUCCA and IPT1 are colored in green, pink, blue and yellow, 
respectively; in violet those regions where YUCCAs and TAA1 are co-expressed. An orange line delimits the female 

gametophyte, whereas yellow lines show PIN1 polarized distribution in nucellar cells. F bel1 mutant ovule, in which 

the arrested FG1 embryo sac is delimited by an orange line. G ant mutant ovule without integuments (the absent 

integuments are drawn in grey). H spl (nzz) mutant ovule at later stages, the integuments developed properly, but not 

the archeospore (the nucellus is indicated in white). Arrows indicate crosstalk occurring between the female 

gametophyte and the sporophytic maternal tissues an antipodal cells, cc central cell, ec egg cell, en endothelium, fg 

female gametophyte, f funiculus, ii inner integument, ou outer integument, MMC megaspore mother cell nu nucellus, sy 

synergid, v vacuole. Scale bars: 20 µm 
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The INNER NO OUTER (INO) mutant description suggests that proper integument formation is also 

necessary to stimulate megagametogenesis progression. ino ovules do not develop the outer 

integument, however the inner integument seems to develop normally. ino embryo sacs are also 

gametophytically defective, since megagametogenesis cannot proceed after FG5 (Christensen et al. 

1997; Schneitz et al. 1997), indicating that both integuments are important in Arabidopsis to 

promote female gametophyte development.  

Additionally, ino mutant phenotype clearly suggests that the Arabidopsis inner and the outer 

integuments are two tissues differently regulated and with distinct origins, as also supported by 

paleobotanical evidence (Herr 1995).  

The importance of the integument to promote gametophyte formation is clearly exemplified by 

aintegumenta (ant) mutant (Fig. 1). The ANT gene encodes a putative transcription factor that 

shares homology with the floral homeotic gene APETALA2 (AP2) (Elliott et al. 1996; Jofuku et al. 

1994; Klucher et al. 1996). In ant, ovules show extremely reduced or absent integuments (Baker et 

al. 1997; Elliott et al. 1996; Klucher et al. 1996; Schneitz et al. 1997) and embryo sacs are blocked 

at FG1 stage, as was described for bel1 mutant (Fig. 1). Therefore integument defects negatively 

influence gametophyte development. The precocious expression of ant and bel1 in ovule primordia 

can explain the observed female gametophyte problems (Elliot et al. 1996; Reiser et al. 1995), 

pointing towards the existence of transcriptional cascades triggered by ANT and BEL1 (Fig. 1). 

Nevertheless also in this scenario the maternal tissues exert a strict control on the formation and 

development the haploid generation. In Table 1 there is a summary list of 20 ovule sporophytic 

mutants characterized by embryo sac defects. 

Clearly, female gametophyte development requires highly synchronized morphogenesis of the 

maternal sporophyte surrounding the gametophyte. In particular, the inner integument seems to play 

an essential role in promoting the first steps of megagametogenesis.  

Ovule gametophytic mutations that affect embryo sac commitment and formation, and mature 

female gametophyte functions (pollen tube guidance, fertilization, induction of seed development, 

or maternal control of seed development) have also been reported (Yadegari and Drews 2004). 

These mutants are recognized by reduced seed set and distorted segregation ratio, since they are not 

successfully transmitted through the egg cell. Thus, gametophytic mutations exhibit apparent non-

Mendelian segregation patterns and can only be transmitted as heterozygotes.  



 9 

 

Several forward genetic screenings (Bonhomme et al. 1998; Christensen et al. 2002; Feldman et al. 

1997; Howden et al. 1998; Pagnussat et al. 2005) have led to the identification of genes involved in 

megagametophyte development. The gametophytic mutants described to date have a common 

feature: the ovule sporophytic tissues develop normally. Therefore, it has been proposed that a 

hierarchy exists in the communication between the two generations, attributing a higher order to the 

sporophytic maternal tissues. 

This concept has also been strengthened by the characterization of the sporophytic mutant 

nozzle/sporocyteless (nzz/spl). SPL was, indeed, one of the first genes discovered to be involved in 

embryo sac formation (Schiefthaler et al. 1999; Yang et al. 1999). In particular in spl mutants, the 
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nucellus arrests its development before megasporogenesis, but the integuments seems able to 

develop normally (Sieber et al. 2004) (Fig. 1), suggesting that the nucellus is not necessary for 

proper integument formation.  

Taken together, this genetic evidence indicates that the sporophytic maternal tissues somehow 

dominate female gametophyte formation, however recently Johnston et al. (2007) proved that the 

haploid embryo sac is not passively controlled by the sporophyte. Employing a microarray-based 

comparative approach on spl and coatlique (coa) ovules, both devoid of female gametophyte, 527 

genes were found to be up-regulated in the sporophytic tissues, suggesting a mutual coordination 

between the sporophyte and the gametophyte. 

The close and strict connection between the haploid and diploid generations is also provided 

through plasmodesmata (Bajon et al. 1999), which physically link the functional megaspore and the 

surrounding nucellus cells. In mature embryo sacs, the three antipodal cells are connected by 

plasmodesmata to the nucellus and to the central cell (Mansfield et al. 1991). Considered together, 

the genetic and the morphological data indicate cross-communication between the gametophyte and 

the sporophyte in the ovule and point to the important role of the chalaza and integuments in 

mediating the exchange of information necessary for the development of the embryo sac. However, 

the nature of the messengers i.e. metabolites, small peptides, hormones remains to be elucidated. 

The control of the maternal tissues starts very early, before MMC (megaspore mother cell) 

differentiation. There are maize and rice mutants where multiple cells acquire archeospore fate. The 

rice MULTIPLE SPOROCYTE1 (MSP1), for instance, encodes a leucine rich repeat receptor-like 

kinase (LRR-RLK) and mediates feedback inhibition from the megasporocyte, thus preventing 

neighboring cells from entering the germline (Nonomura et al. 2003). OsTDL1A (Oryza sativa 

TAPETUM DETERMINANT1) controls germline specification (Zhao et al. 2008), and it is 

expressed like MPS1 in the nucellus.  

ARGONAUTE 9 (AGO9) and other components of 24-nucleotide small interfering RNA (siRNA) 

biosynthetic pathways restrict the acquisition of gametic identity by nucellus cells (Olmedo-Monfil  

et al. 2010). AGO9 is also not detected in the germline but restricted to neighboring somatic cells, 

suggesting that non-autonomous movement of siRNAs into the gamete precursors may be 

implicated in controlling their specification.  

The movement of signals both apoplastically (peptide, ligands and hormones) and symplastically 

(small RNAs and hormones) might decide the fate of somatic cells, inducing them to acquire 

gametic cell fates. But again which are these signal molecules, and again which are their receptors 
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or ligands? Old and new literature data are re-evaluating the role of hormones in ovule 

morphogenesis. 

Hormones as messengers in sporophyte-megagametophyte crosstalk 

Plant hormones also play fundamental roles in regulation of developmental processes. Hormones 

integrate information from environmental and endogenous signals into the developmental pathways 

(Gray 2004) that actively participate in intra- and inter-cellular communication. 

Hormones are small molecules derived from various essential metabolic pathways (Santner and 

Estelle 2009). Several molecules are annotated as plant hormones: abscisic acid (ABA), indole-3-

acetic acid (IAA or auxin), brassinosteroids (BRs), cytokinin, gibberellic acid (GA), ethylene, 

jasmonic acid (JA) and salicylic acid. In the last decade, considerable progress has been made in 

understanding hormone biosynthesis, transport, perception and response and the identification of 

many hormone receptors, which highlight the chemical specificity of hormone signaling.  

Collectively hormones regulate every aspect of plant life, from pattern formation during 

development to responses to biotic and abiotic stress.  

Recently some laboratories have begun to correlate hormone and ovule formation. Although these 

studies have focused on the role of just a few hormones, such as ethylene, auxin and cytokinins, in 

ovule organogenesis these hormones are clearly important to ovule development. 

Ethylene  

Little information is available about ethylene and ovule development, although genetic and 

morphological observations suggest an active role for ethylene during ovule development.  

For instance, it is has been shown that ovule development is severely compromised in tobacco 

plants where pistil-specific ethylene production is abolished. In particular, when ACC (1-

aminocyclopropane-1-carboxylate) oxidase, a key enzyme for ethylene metabolism, is either 

silenced or inhibited by silver thiosulfate, tobacco ovule development is arrested and 

megasporocytes are unable to start or complete their formation. An observation that is consistent 

with the importance of ethylene in gametophytic development is that applications of exogenous 

ethylene can restore megasporogenesis or megagametogenesis in treated plants (Yang and 

Sundaresan 2000). 

In Arabidopsis the ethylene-response mutant ctr1 (constitutive triple response1) shows distorted 

segregation ratios as a consequence of embryo sac defects (Kieber and Ecker 1994; Drews et al. 
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1998). The CTR1 gene encodes a Raf-like Ser/Thr protein kinase involved in ethylene signal 

transduction (Kieber et al. 1993).  

In addition, evidence from orchids supports the close relationship between ethylene and 

megagametogenesis. Indeed, it has been shown that ethylene biosynthesis inhibitors induce ovary 

and gametophyte formation (Zhang and OôNeill 1993). 

Information regarding ethylene and its role in ovule development is still fragmentary, thus future 

research will be needed to understand whether ethylene is either mainly involved in specific aspects 

of ovule gametophyte or sporophytic tissue formation, or if it plays a major role in diploid/haploid 

generation cross-talk. 

Auxin 

Auxin is involved in a wide spectrum of functions such as: apical dominance, fruit ripening, root 

meristem maintenance, hypocotyl and root elongation, shoot and lateral root formation, apical 

dominance, tropisms, cellular division, elongation and differentiation, embryogenesis, vascular 

tissue differentiation and all types of organogenesis (Laskowski et al. 1995; Reinhardt and 

Kuhlemeier 2002; Benkova et al. 2003). Auxin regulates also ovule development; already in 2000 

Nemhauser and co-workers demonstrated that transient application of N-1-naphthylphthalamic acid 

(NPA, an auxin efflux inhibitor) causes significant loss of ovules. These data have been recently 

confirmed by Nole-Wilson et al. (2010), which associate ovule loss with severe reduction of local 

auxin biosynthesis. Arabidopsis inflorescences treated with NPA show a great inhibition of TAA1 

(TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1) (Stepanova et al. 2008; Tao et al. 

2008; Nole-Wilson et al. 2010), a gene that encodes for a tryptophan aminotransferase and is 

critical for the synthesis of auxin via the indole-3-pyruvic acid (IPA) pathway (Stepanova et al. 

2008; Tao et al. 2008). TAA1 is expressed in developing ovule integuments as they are initiated 

(Nole-Wilson et al. 2010) (Fig. 1). Consistently, in ant ovules, where integuments are severally 

affected, TAA1 expression is highly reduced, thus implying a functional interaction between 

sporophytic tissues and megagametogenesis via auxin biosynthesis. 

Interestingly, Pagnussat and co-workers (2009) have recently reported that auxin gradients control 

female gametophyte cell identity (Fig. 1). In particular, the distribution of auxin was monitored by 

DR5-driven expression in the synthetic reporters DR5::GFP and DR5::GUS (Ulmasov et al. 1997) 

(Fig. 1). At FG1 stage, the GUS signal was shown to be strong in the nucellus, outside the 

developing embryo sac, and starting with the FG3 stage GUS staining could be detected inside the 

forming embryo sac (Fig. 1). 
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In addition, DR5::GFP activity could be detected up to the FG5 stage, with a maximum at the 

micropylar end of the female gametophyte. After cellularization, the DR5::GFP signal was also 

detectable in all cells of the female gametophyte (Fig. 1). According to the proposed model, such a 

gradient is formed and maintained by PIN1 (PINFORMED1) and by in loco biosynthesis (Fig. 1). 

Auxin, unlike other hormones, has the unique capability to be transported in a polar way, with PIN-

FORMED (PIN) proteins playing a major role as auxin efflux facilitators (Petrasek et al. 2006). 

With respect to ovule development, PIN1 is initially detected at the FG1 stage and its distribution 

suggests the presence of an auxin flux from the funiculus to the nucellus, able to establish an auxin 

maximum at the distal tip of the ovule primordial during the early stages of megagametogenesis 

(Pagnussat et al. 2009) (Fig. 1). However at later stages, PIN1 is not detected in either the female 

gametophyte or in the adjacent sporophytic tissues, indicating that the auxin revealed inside the 

forming embryo sac is locally synthesized  

In addition, YUCCA (YUC) genes, which encode the putative flavin monooxigenases involved in 

auxin biosynthesis (Cheng et al. 2006), have been shown via GUS assays (YUC1::GUS and 

YUC2::GUS) to be transcribed at the micropylar region of the nucellus, outside the embryo sac, 

from the FG1 stage (Fig. 1). Afterwards they are also expressed at the micropylar pole of the 

megagametophyte from FG2 stage till cellularization (Fig. 1). Taken together, it appears that 

YUCCA genes are not ubiquitously expressed, but they are rather subject to strict spatio-temporal 

controls (Zhao et al. 2001; Cheng et al. 2006).  

Indeed it is clear that ovules are quite active organs with respect to auxin metabolism and the role of 

this small molecule with respect to ovule development remains to be fully elucidated.  

Cytokinins  

Auxin action is counteracted by cytokinins, which promote cell proliferation and differentiation, 

together with the control of several developmental processes, such as organ formation and 

regeneration, senescence (Gan and Amasino 1995; Kim et al. 2006), apical dominance (Shimizu-

Sato et al. 2009; Tanaka et al. 2006), root proliferation (Werner et al. 2001, 2003), phyllotaxis 

(Giulini et al. 2004), vascular development (Mahonen et al. 2000), response to pathogens (Siemens 

et al. 2006), nutrient mobility (Séquéla et al. 2008), and increased crop productivity (Ashikari et al. 

2005). Despite their biological importance, the basic molecular mechanisms of cytokinin 

biosynthesis and signal transduction have been uncovered only in recent years. 

In plants it is possible to manipulate cytokinin homeostasis by acting on the control of its synthesis 

and degradation (RŢģiļka et al. 2009; Werner et al. 2003). For instance, IPT 
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(isopentenyltransferase) gene products are involved in cytokinin biosynthesis and catalyze the rate-

limiting step of the biosynthesis pathway, whereas cytokinin catabolism is executed by CKX 

(cytokinin oxidase) enzymes (Sakakibara 2006). 

How cytokinin perception occurs is still not fully understood, but it is known that the signaling 

pathway is based on His-Asp multi-step phosphorelays that involve histidine kinase (HK)-type 

receptors, histidine phosphotransfer proteins (HP), and response regulators (RRs). In the widely 

accepted model cytokinins interact with the cytokinin receptor histidine protein kinases (AHK2, 

AHK3 and AKH4/CRE1/WOL) (Kakimoto 2003) activating them inducing autophophorylation. 

Than the phosphoryl group is transfer to the Arabidopsis histidine phosphotransfer proteins (AHPs). 

Once these proteins enter into the nucleus in a phosphorylated state, they donate the phosphoryl 

group to type-B ARRs (Arabidopsis Response Regulator). The phosphorylated type-B ARRs act as 

transcriptional activators, promoting rapid induction of cytokinin-associated target genes, included 

also the typeA-ARR genes that in turn act as negative regulators of the ARR-B type. (Muller and 

Sheen 2007). 

With respect to ovule development, little information is currently available, since manipulation of 

cytokinin metabolism severely affects plant fertility. For instance, fertility reduction is induced by 

over-expression of cytokinin oxidase, which regulates cytokine stability (Werner et al. 2003). 

Moreover, the loss of function plants for three Arabidopsis SENSOR HISTIDINE KINASES genes 

AHK2 AHK3 AHK4/CRE1 (Riefler et al. 2006) phenocopy the mutants silenced in the HISTIDINE 

PHOSPHOTRANSFER genes (AHP1,2,3,4,5), involved in the cytokinin signaling (Hutchison et al. 

2006), showing consequent reduction in fertility associated with the production of larger embryos 

and seeds. Furthermore, the disruption of Cytokinin-Independent 1 (CKI1), that encodes cytokinin-

related kinase also causes gametophytic lethality (Deng et al. 2010; Pischke et al. 2002).  

Interestingly, megagametophyte defects could be observed in the Arabidopsis mutants arr7 and 

arr15 (Arabidopsis Response Regulator7 and 15; Leibfried et al. 2005), although they have not 

been deeply characterized. The A-type ARR7 and ARR15 act in a negative feedback loop of the 

cytokinin signaling pathway. Moreover, in ovules lacking a functional embryo sac, such as 

coatlique and sporocyteless mutants, ARR7 and other ARR-A type genes (ARR4, ARR5, ARR6) are 

over-expressed (Johnson et al. 2007), suggesting a transcriptional gametophytic control of 

sporophytic cytokinin, which further supports the existence of reciprocal cross talk between these 

typically haploid and diploid tissues.  
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Finally, the observation that isopentenyl transferase 1 (AtIPT1), involved in cytokinin biosynthesis, 

is strongly expressed in the chalazal part of the ovule indicates that the source of cytokinins, 

perceived by the gametophyte, is located in the sporophyte (Fig. 1). 

Taken together, the data reported above indicate that, as with auxin, the correct balance of the 

cytokinins is important for ovule organogenesis, although further analyses are needed to fully 

elucidate this aspect.  

Conclusions 

Despite all of the evidence accumulated in the last twenty years (briefly summarized here), more 

studies will be necessary to completely dissect the molecular basis of crosstalk between the female 

gametophyte and the surrounding sporophytic tissues. Current information, based mainly on 

characterizations of ovule mutants, clearly indicate the existence of a cross-talk between the two 

generations. Recent evidence points out that hormones might be critical controlling molecules 

involved in this communication, however they more comprehensive study of all the hormones is 

needed and several questions must still be addressed. 

Comparative studies among different species could be a very powerful tool to understand how this 

communication evolved and how selection has acted upon it over time. 
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CHAPTER 1 

The role of PIN1 in female gametophyte development. 
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Summary  

Land plants alternate a haploid generation, which is the gametophyte that forms the gametes, with 

the diploid sporophytic generation that in seed plants protects the gametophytes. The ovule 

represents the structure where the two generations coexist: the haploid embryo sac harbouring the 

egg cell, which is protected by the diploid maternal integument(s).  

The establishment and regulation of auxin concentration gradients determined by the presence of 

the efflux carrier PIN-FORMED (PIN), plays an important role in developmental processes, 

including ovule development. It has been shown previously that PIN1 is the only efflux carrier 

expressed in the ovule during the early stage of development.  

To study the role of PIN-FORMED 1 (PIN1) in Arabidopsis thaliana developing ovules we have 

perturbed PIN1 expression using a specific RNAi under the control of the STK ovule specific 

promoter. The transgenic plants obtained have a female gametophytic defect that could be rescue by 

expressing YUCCA4 under a specific female gametophytic promoter.  

Our experiments suggest that PIN1 expression and cellular localization in the ovule, is essential for 

correct auxin efflux into the early stages of female gametophyte development.  

 

Introduction  

In flowering plants, the gametophytes are comprised of only a few cells embedded within the 

diploid sexual organs of the flower. The formation of the female gametophyte is divided into two 

main steps, megasporogenesis and megagametogenesis (Schneitz et al., 1995; Christensen et al., 

1997). During megasporogenesis, the Megaspore Mother Cell (MMC), easily recognisable for its 

size in the ovule sub-epidermal layer, undergoes meiosis and produces four haploid megaspores. 

Three of them will degenerate, while the one that lies at the ovule medial region (the chalaza) turns 

into a functional megaspore (FM) and this marks the FG1 stage of megagametophyte development. 

Subsequently, the FM undergoes three consecutive mitotic divisions (FG1-FG4) that lead to the 

formation of the mature embryo sac (FG5) (Schneitz et al., 1995; Christensen et al., 1997). 

Recently it has been shown that auxin plays a key role to determine embryo sac cell fate (Pagnussat 

et al., 2009). Auxin is partially transported to the ovule from the placenta tissue (Benkova et al., 

2003) however it is partially synthesized in loco by WEI 8/TAA1 or YUCCA pathways (Woodward 

and Bartel, 2005; Pagnussat et al., 2009). The responses to auxin are determined also by the 

capacity of cells to regulate auxin influx and efflux, thus generating a concentration gradient across 

cells. The formation of an auxin gradient involves many proteins among which the polar plasma-



 23 

membrane localized PIN (PIN-FORMED) proteins. According to accepted and well-documented 

models the directionality of intercellular auxin transport depends on the polar subcellular 

localization of transport components such as the PIN proteins (Wisniewska et al., 2006). In 

Arabidopsis thaliana there are eight members of PIN family named PIN1-8 (Teale et al., 2006). 

However, it has been shown that only PIN1 is expressed from early stage of ovule development 

(Benkova et al., 2003). Pin mutants are affected in the polar auxin transport (Okada et al., 1991). In 

particular pin1 mutant plants are progressively defective in organ initiation and phyllotaxy, which 

leads to a pin-shaped inflorescence devoid of flowers (Okada and Shimura, 1994; Galweiler et al. 

1998). Furthermore, the polar auxin transport inhibitor treatments of wild type plants phenocopy 

loss-of-function pin mutations (Friml et al., 2003). More evidences that PINs act as efflux auxin 

carrier are given by PINs expression in yeast and mammal cells (HeLa) which showed an increase 

of auxin efflux, regardless of the fact that these systems do not contain any PIN-related genes nor 

do they have auxin related signaling or transport machinery (Petrasek et al., 2006).  

Our work assigns a new developmental role to polar auxin transport (PAT) in the progression of 

female gametogenesis since PIN1 down regulation using ovule specific promoter affect embryo sac 

formation. The importance of cross talk between the diploid and haploid generations has been 

reported several times, however the identity of the molecular signal that directs such 

communication is not known. Hereby we discuss the role of the sporophytic PIN1 in the 

progression of gametophytic generation.  

Results 

PIN1 localization and auxin distribution in Arabidopsis wild -type ovules  

Auxin distribution, as for other hormones, is a balance between production, inactivation and 

transport. PAT plays a central role to generate a precise and dynamic regulation of auxin gradients. 

PAT requires a set of carriers that control uptake into the symplast and subsequent efflux into the 

extracellular apoplast (Morris et al., 2004). In particular PIN proteins are involved in cellular efflux 

of this phytohormone (Petrasek et al., 2006). Notably auxin distribution within tissues has often 

been inferred from the analysis of PIN protein orientation across tissues coupled to patterns of auxin 

accumulation revealed using synthetic auxin-responsive reporter lines (Kieffer et al., 2010). 

Among the eight Arabidopsis PIN encoding genes, we focused on PIN1 since it is the only gene 

expressed during early stages of ovule development as previously reported by Pagnussat and 

collaborators (2009). In particular we looked at early ovule development stages to visualize the 

membrane localization of the PIN1 protein. Besides PIN1, only PIN3 is expressed in developing 
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ovules at later stages. PIN3 is expressed in the funiculus starting from ovule at stage FG3 

(supplemental data S3). 

Immunolocalization experiments (Figure1A) and analysis of transgenic plants containing the 

PIN1::PIN1:GFP construct revealed that PIN1 is localized at the lateral-apical membranes of 

diploid cells in the nucellus of developing ovules (Figure 1B and 1C). PIN1 was also detected in the 

inner integument primordia (Figure 1B) and in the funiculus after embryo sac cellularization.  

The membrane localization of PIN1 is known to anticipate the formation of auxin maxima (for 

review see Moller and Weijers 2009) and its position together with its typical basal lateral 

localisation strongly suggest that auxin fluxes are directed from the epidermal cell layer of the 

nucellus towards the new forming female gametophyte.  

 

Figure 1 PIN1 expression pattern and auxin distribution in wild-type ovules. 

(a) PIN1 immuno-localisation experiments with an anti-PIN1 antibody. PIN1 is detectable in the ovule primordium. (b) 

and (c) CLSM analysis of PIN1::PIN1:GFP ovules at stage FG1 and FG2, arrowheads indicate PIN1 polar localisation, 

PIN1 is localised at the lateral-apical membranes of the epidermis cells around the nucellus. Wild-type DR5rev::GFP (d 

and f) and DR5rev::3XVENUSN7 (g). GFP signal is first detected in the epidermis at the distal end of the ovule 

primordium at FG0 (d), such signal persists from FG1 till FG3 (f) DR5rev::GFP signal is also detected in the forming 

ovule vasculature (asterisks in e and f). In d, e, and f cell membranes were stained with FM® 4-64 FX. fg, female 

gametophyte; ii, inner integument; oi, outer integument; f, funiculus. Scale bars: 20 µm 
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To study the distribution of auxin in developing ovules we have used plants carrying the auxin-

responsive reporter DR5rev::GFP (Friml et al., 2003; Benkova et al., 2003) which provides a 

convenient tool to study auxin distribution in developing organs (Ulmasov et al., 1997). In wild-

type plants the GFP signal appears at the distal tip of the ovule primordium starting from FG0 

(Figure1D), and from FG1 auxin is also detected in the funiculus pro-vascular cells (Figure1E). 

Such pattern is maintained until the nucellus progressively degenerates and is substituted by the 

endothelium (Figure1F). The localization of auxin maxima in the sporophytic nucellus of stage FG0 

and FG1 ovules is further confirmed by analysing DR5rev::Venus-N7 transgenic plants (Heisler et 

al., 2005), where the DR5rev synthetic promoter drives three tandem copies of VENUS, a rapidly 

folding YFP variant, fused to a nuclear localization sequence. These analyses clearly show that 

auxin accumulates at the micropylar pole of the nucellus till FG3 (Figure1G). Using this promoter 

we couldnôt detect any GFP signal inside the developing embryo sacs, in disagreement with 

Pagnussat and co-workers (2009).  

PIN1 plays an important function in the megametogenesis  

To understand the role the PIN1 auxin efflux transporter in the formation of the female 

gametophyte, we have analysed in detail five pin1PIN1 heterozygous plants (Gabi-KAT line 

GK_051A10). In these plants, the seed set is normal and all ovules, half of which contain a pin1 

female gametophyte, were successfully fertilized by wild-type pollen in reciprocal crosses. In 

agreement with this observation we recovered in the offspring 50% PIN1/pin1-1 and 50% wild-type 

plants (85 plants analysed) excluding any gametophytic effects for PIN1 loss of function. This is not 

surprising because PIN1 is not expressed in forming and formed female gametophyte (Pagnussat et 

al., 2009).  

To uncover the role of sporophytic expressed PIN1 we have introduced in DR5rev::GFP plants a 

PIN1 RNAi construct under the control of the SEEDSTICK (STK) ovule specific promoter (Kooiker 

et al., 2005). STK promoter is active in all the stages of ovule development and in all tissues.  

Among the 50 DR5rev::GFP T1 plants containing the pSTK::PIN1i construct, 18 were characterised 

by an abnormal seed set with a significant percentage of their ovules (from 29% to 63%) unable to 

complete proper development (five siliques for each of these plants were analyzed). Analysis of the 

F2 population (F1 pollen has been used to pollinate wild-type plants) using BASTA selection 

showed that 15 out of the 18 plants analyzed, had only one T-DNA copy (or more T-DNA copies in 

linkage segregating as single locus; data not shown). Optical microscopic analysis showed that 
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ovules from these 15 transgenic plants were blocked at the FG1 stage of megagametogenesis (10 

lines) or at the FG3 stage (5 lines) (Figures 2A and 2B) characterised by a high percentage of ovule 

abortions (Table S1). These data and the observation that PIN1/pin1-1 heterozygous plants have 

normal seed set clearly suggest that the observed gametophytic defects in pSTK::PIN1RNAi lines 

have a sporophytic origin.  

To verify that the phenotype was due to the reduction of PIN1 levels, we performed real time-PCR 

analysis on carpels of the T2 segregating plants using, as reference genes, either UBIQUITIN10 or 

18S RNA (Figure 2C). This analysis revealed that compared to sibling wild-type plants, PIN1 

transcript levels were reduced by 2 to 5 fold in those STK::PIN1i plants that showed embryo sac 

developmental defects (Figure 2C). Interestingly, analysis of the DR5rev::GFP reporter in the PIN1 

silenced lines showed that those ovules that were unable to complete megagametogenesis 

maintained an auxin maxima at the distal edge of the blocked embryo sacs, while such 

accumulation was not observed in wild-type sister FG5 ovules (Figure 2D).  

Starting from early stage of ovule development auxin is locally produced by at least one of YUCCA 

protein and TAA1. The YUCCA (YUC) family of flavin mono-oxygenases
 
encodes key enzymes in 

Trp-dependent auxin biosynthesis (Zhao et al., 2001; Cheng et al., 2006). TAA1 encode tryptophan 

aminotransferase, essential for indole-3-pyruvic acid (IPA) branch of the auxin Trp-dependent 

biosynthetic pathway. 

The expression of TAA1 and YUCCA4 during ovule development has been analysed using 

transgenic line expressing reporter genes GUS/GFP under YUCCA4 or TAA1 promoters. YUCCA4 

promoter starts to be active at FG2 (Figure 2E, and 2F) whereas TAA1 promoter is active during 

early stages of ovule development in the chalaza region and in particular in inner integument 

primordium (Figure 2G - I). At FG1, GFP driven by TAA1 is expressed in the inner layer of the 

inner integument. These observations suggest a ovule local auxin source that start to be active 

before FG1. 

The phenotypes described for pSTK::PIN1i transgenic plants was obtained also by an independent 

experiments where PIN1 silencing was achieved using an artificial micro RNA (Schwab et al., 

2006), under the control of the ovule specific promoter pDEFH9 (DEFICIENS like 9, DEFH9) 

(Rotino et al., 1997). DEFH9 is an Antirrhinum majus ovule specific gene, and its promoter is 

active in Arabidopsis ovules during all stages as shown in supplemental figure S2. 
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Figure 2. PIN1 down regulation affects ovule development 

(a) and (b) female gametophyte defects caused by PIN1 silencing. Female gametophytes a rrest their development at 

FG1 and FG3. (c) Real-time experiment to verify the reduction of PIN1 expression level in pSTK::PIN1RNAi, two 

couples of PIN1 specific primers were employed (orange and green). (d) Auxin GFP signal is still present at the distal 

edge of a blocked embryo sac in pSTK::PIN1RNAi plants, no signal is detected in normal mature embryo sac (asterisk). 

(e)YUC4 promoter is not active before FG1. (f) Since FG1 is active at the tip of the inner integument since. (g-i) WEI8 

promoter is active since the arising of the primordia in the chalaza (g), and since FG0 in the inner integument and inside 

of the funiculus (h and i). fg, female gametophyte; ii, inner integument; oi, outer integument; f, funiculus. Scale bars: 20 

µm.  

Ectopic expression of YUCCA4 in the forming embryo sac rescues the early gametophytic 

defect. 

Our data clearly suggest that PIN1 expression and localization is necessary for female gametophyte 

development probably due to the establishment of an auxin gradient from the diploid tissues of the 
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nucellus to the developing gametophyte. However to demonstrate that our hypothesis is correct we 

are planning to express YUCCA4 in early stage of female gametophyte under AGL23 promoter. 

AGL23 is a MADS box gene that is expressed starting from FG1 and play an important function 

during early stage of female gametogenesis (Colombo et al., 2008). In alternative we would like to 

express YUCCA4 under STK promoter that is active also during early stages of female gametophyte 

development. If our hypothesis is correct, the expression of YUCCA4 in the developing 

gametophyte could complement the auxin efflux defect due to the down regulation of PIN1 in the 

transgenic plants. This experiment is in progress.  

DISCUSSION 

PIN1 promotes early stages of megagametogenesis 

In developing ovules, PIN1 membrane localization anticipates the auxin maxima, that is established 

at the distal part of the ovule primordia. Moreover PIN1 polar localization is in line with auxin 

accumulation sites. Soon after their formation ovules become able to produce auxin. In situ 

hybridization experiment showed the expression of TRYPTOPHAN AMINOTRANSFERASE OF 

ARABIDOPSIS1 (TAA1/WEI8), which encodes an enzyme critical for the synthesis of auxin via the 

indole-3-pyruvic acid (IPA) (Stepanova et al., 2008; Tao et al., 2008). TAA1 is expressed within the 

ovule anlagen and later on in developing ovule integuments (Nole-Wilson et al., 2010). 

Furthermore we have analyzed transgenic plant containing the WEI8::GFP construct showing that 

WEI8 promoter is highly active during ovule development. Our data are consistent with the in situ 

hybridization data previously described.  

De novo auxin production is highly localized and local auxin biosynthesis is strategic to shape local 

auxin gradients, essential for proper plant development. The importance of dynamic gradients is 

strengthened by the tight temporal and spatial regulation of auxin biosynthesis, for instance the 

expression of YUC genes and TAA1/WEI8 genes is restricted to a small group of discrete cells 

(Cheng et al., 2006; Stepanova et al., 2008). In later stages of ovule development it has been 

reported that also female gametophytes can produce auxin due to the expression of YUC1 and 

YUC2 (Pagnussat et al., 2009). According with the model, we propose (Figura 3) the local 

sporophytic auxin synthesis plays an important function in female gametophytic progression. 

According to our model the efflux of auxin synthesized in the sporophyte is control by PIN1 efflux 

carrier which is essential for the progression of female gametogenesis. 

In PIN1pin1 plant the mutated allele segregates in a mendelian fashion, thus excluding PIN1 

gametophytic function consistent with the fact that PIN1 is expressed only in the sporophytic tissue 

of the developing ovule (Pagnussat et al., 2009; this manuscript). Based on the genetic analysis of 
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PIN1pin1 mutant we have silenced PIN1 under an ovule specific promoter STK that is active in the 

integuments, in the funiculus and during gametogenesis.  

 

Figure 3 Auxin biosynthesis and transport in ovule 

Schematic picture of the ovule at different stages of development (a) primordia, (b)FG0, (c) FG1. Auxin maxima (in 

green) are detected at the distal tip of developing ovules since the primordium formation (a). Arrows indicated possible 

auxin fluxes, which point towards the forming embryo sac, as strongly suggested by PIN1 (in red) polar localization. At 

early stages auxin is produce in loco by TAA1 a which expression domains are indicated in blue. mmc, megaspore 

mother cell; fg, female gametophyte; ii, inner integument; oi, outer integument; f, funiculus. 

In ovule at st1-II, PIN1 basal and lateral localization in the nucellar cells (figure 1 F-I) suggests a 

direct contact with the megaspore mother cell that harbours. This peculiar expression patterns is 

maintained till FG3, thus we can argue that auxin is directed towards the megaspore mother cell and 

the new emerging female gametophyte. Moreover our PIN1 silencing experiments have shown that 

this auxin flux its extremely important to promote gametogenesis. In agreement with Pagnussat and 

co-workers we could not visualised any PINs expression and this observations indicate the absence 

of auxin efflux from the nucellus. The phenotypic analysis of our transgenic lines show that PIN1 

silencing blocks embryo sac development at FG1 or FG3 stage. However just one transgenic line 

shows defects at later stages. In this transgenic plant the two central cell polar nuclei are unable to 

fuse, therefore the central cell cannot be fertilised. This defective phenotype supports the idea that 

PIN1 is not the major player after FG2. This is also in agreement with the presence of YUC1 and 

YUC2 inside the later stages forming embryo sacs.  

In conclusion, we propose that auxin has an essential role in ovule organogenesis, and that it 

influences all stages of ovule development. In particular we have proved that the sporophyte and the 

polar auxin transport are central players in the formation and regulation of auxin gradients.. Our 

model is supported by genetic and molecular evidences, and it is also very well supported by its 

auxin maxima position and PIN1 basal-lateral polar localization in the nucellar cells surrounding 

the archeospore and the forming embryo sacs.  


































































































