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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 Binstein points out clearly how humankinexistence depends
on bees anth general on seed plargexual reroduction.

Seed formation is dependent avule development, so the study of ovule organogenesis can have a
big impact on the society.

During my Ph.D, | have focused my researchuncover the molecular network contliolg ovule
developmenin Arabidopsisthaliana.

This thesis is organized in amtroductionpart, in whichl have describewhatit is known about

ovule developmernihcluding the role of hormones.

Then, n chapter 11 hawe described the research performed to study the role of auxin and auxin
polar transport in ovule development.

Chapter 2is focalized on the study that | have performed to identify and characterized genes
involved inauxin biosynthesiduringovule developnent inArabidopsis

Chapter 3described the results obtaingthnipulating the cytokinin amount in ovul€ytokinins

have an antagonistic role respect to auxin during differentiation and development. | have studied
cytokinins pathway using specific markéiree and bygenetic approaches.

The work proposed i€hapter4 integrated thestudies on rol®f auxin, cytokinin and transcription
factors in ovule developmentand a model is proposed describe the hormonal contrai ovule
organogenesis.

In the lastchapter thdinal discussions presented with a genemerview of the resultsand the

suggestion of future experiments that could be performed in the near future.
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Abstract
In angiosperm ovuleswb independent generation coexidte diploid maternal sporbptic

generation that embeds and sustains the haploid generation (the female gametbfanye).
independent studies oirabidopsisovule mutants suggest that embryo sac development requires
highly synchronized morphogenesis of the maternal sporophyteisding the gametophyte, since
megagametogenesis is severely perturbed in most of the known sporophytic ovule development
mutants Which are the messenger molecules involved in the haglpldid dialogue? And
furthermore, is this one way communicationioa 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 idetified genes whose expression is strictly controlled by the haploid gametophytic
generation. We will mainly focus ofrabidopsisstudies since it is the species more widely studied

for this aspect. Furthermore possible candidate molecules involved in ipkad-thaploid

generations dialogue will be presented aisguksed.

Arabidopsisovule development: a morphological overview
Ovule primordia arise from the placental tissue apgear as a finger like protrusgnThree

elements, the funiculus, the cheda and the nucellus, can be distinguished along the praximal
distal axis of the developing ovybeoviding conspicuous evidence of ovule pola¢Bghneitz et al.
1995). The funiculus connects the ovule to the carpel and includes the vascular strahd, whic

channels nutrienthrough the chalaza thenucellus and the rest of tideveloping ovule.

A hypodermal cell at the tip of the nucellus differentiatdse the megasporocyte amegaspore
mothercell. After, meiotic divisionWhich occupies a criticabte early inmegasporogenesis), the
megasporenothercell originates a tetrad of haploid spores. In most flowering plants, including
Arabidopsis thaliana, three megaspores undergo prograed cell death, however the most
proximal one persist®rming thefunctional megasporgjvhich proceed into megagametogenesis
(Bajon et al. 1999; Schneitz et al. 1995).

The functional megaspore goes through three mitotic divisiomaing a mature embryo sac
composed of eight nuclei and seven cells: three antipoda) tetismedial polar nuclei, and one
egg cell surrounded by two synergids (Mansfield et al. 1991). dBvelopment of thdemale

gametophyteof Arabidopsisthalianais a morphologically weltlescribed multistep process (from

FG1 to FG7 also known as megagatogenesigChristensen et al. 1997).



The switch from radial symmetrical to bilateral symmetrical primordia is accompanied by
integument initiation and is coordinated with proxiimhstal axis developmenBélasubramanian

and Schneitz 20Q05Grossniklaus and Schneitz 199eiser et al. 1995Schidthaler et al. 1999;
Schneitz et al. 1995). Integuments develop from chalazal epidermallcedisgiosperms there are
species whose ovules have no integuments (ategmic ovuleSastades Brown et al. 2010), one
integument (unitegmic ovules,g.,Wang and Ren 2008) or two integuments (bitegmic ovules) as
in Arabidopsisthaliana (Fig. 1) The integuments envelop the nucellus almost completely except
for the micropyle. After fertilization the integuments will give rise to the seed coat (RobiBgans

et al. 1992). According to several authors the integumemdg as ai pr ot ecti ve nuce
(GrossHardt et al 2002Taylor et al 2009), however increasing evidence indgtiey are rather
involved in communication between the two generations. Hu& communication occurs and

which are the probable messengstill controversial.

Ovule defective mutants provide a tool to understand ovule development
Several ovule defective mutantisave beenidentified during forward genetic screenings

(Bonhomme et al. 1998Christensen et al. 200ZFeldman et al. 1997Howden et al. 1998
Pagnussat et al. 2005; Schneitz et al. 1997; Sundaresan et al. 1995) which can be assigned to twa

major classes: sporophytic and gametophytic mut&ubifisonBeers et al. 1992

The ovule sporophytic mutantdescribed 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; RobirBeers et al. 1992; Schneitz et B97).0ne of

the more intriguing mutasidescribed idelll (bell; RobinsorBeers et al. 1992In bell ovules a
large structure appears at the position normally occupied by the integyfignis thatconsists of
epidermal and subepidermal cells thabvg above the nucellus aracquire carpel identityas
suggested by the transcription of carppécific genegBrambilla et al. 2007)BEL1 encodesa
homeodomain transcription factor (Reiser et al. 1%85hinsorBeers et al. 199Zhat isexpressed

in the chalaza.bell embryo sacs are unable to develop, since #reyblocked at FG1(Fig. 1)
(Christensen et al. 1997; Schneitz et al. 199hjs phenotype indicates that ovule sporophytic
maternal tissues exert control on the developing haploid generamigble 1).
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Fig. 1Wild type ovule and female gametophyte developnaantt. bellandnzz/spimutant ovules.

A-E Auxin and cytokinin distribution during wild type ovule formation, the corresponding embryo sac stages are
indicated. Expression domains @&R5, TAAL YUCCA and IPT1 are colored in green, pink, blue and yellow,
respectively; in violet those regions whef&)CCAsand TAAlare ceexpressed. Amrangeline delimits the female
gametophyte, whereas yellow lines show PIN1 polarized distributiondellau cells.F bell mutant ovule, in which
the arrested FG1 embryo sac is delimited by an orange Gingnt mutant ovule without integuments (the absent
integuments are drawn in grey). spl (nzd mutant ovule at later stages, the integuments develapgenly, but not
the archeospore (the nucellus is indicated in whif&yows indicate crosstalk occurring between the female
gametophyte and the sporophytic maternal tissueantipodal cells, cc central cell, ec egg aafl,endotheliumfg
female gametphyte, f funiculus, ii inner integument, ou outer integumiii,C megaspore mother ceiu nucellus, sy
synergid,v vacuole. Scale bars: 20 pm
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TheINNER NO OUTERINO) mutant description suggests that proper integument formation is also
necessary to stintate megagametogenesis progressim. ovules do not develop the outer
integument, however the inner integument se&ndevelopnormaly. ino embryo sacs are also
gametophyticallydefective, since megagametogenesis cannot proceed after FG5 (Christaisen e
1997; Schneitz et al. 1997indicating that both integuments are importamtArabidopsisto

promote female gametophyte development.

Additionally, ino mutant phenotype clearly suggests that Arabidopsisinner and the outer
integuments are twodsues differently regulated and with distinct origias also supported by

paleobotanial evidence (Herr 1995).

The importanceof the integument to promote gametophyte formation is cleadgmplified by
aintegumentalant) mutant(Fig. 1) The ANT gene acodesa putative transcription factor that
shares homology with the floral homeotic g&RETALA2(AP2) (Elliott et al. 1996; Jofuku et al.
1994; Klucher et al. 1996). lant, ovules show extremely reduced or absent integuments (Baker et
al. 1997; Elliottet al. 1996; Klucher et al. 1996; Schneitz et al. 1997) and embryasduscked

at FG1 stage, as was describedletl mutant(Fig. 1) Therefore integument defects negatively
influence gametophyte developmenhe precocious expression aritandbdl 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).
Nevertheless also in this scenario the nmatktissues exert a strict control on the formation and
developmenthe haploid generation. In Table 1 thereasummarylist of 20 ovule sporophytic

mutants characterized by embryo sac defects.

Clealy, female gametophyte development requires highly lsymized morphogenesis of the
maternal sporophyte surrounding the gametophyte. In partitdainner integument seems to play

an essential role in promoting the first steps of megagametogenesis.

Ovule gametophytic mutationthat affect embryo sac comtment 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 byueed seed set and distorted segregation ratio, since they are not
successfullyiransmitted through the egg cell. Thus, gametophytic mutations exhibit apparent non

Mendelian segregation patterns and can only be transmitted as heterozygotes.



Table 1 Arabidopsis ovule sporphytic mutants that show also gametophytic defects

Gene name

Encoded protein

Ovule phenotype

Reference

ANT (AINTEGUMENTA)

BEL1 (BELLI)

INO (INNER NO OUTER)

ATS (ABERRANT TESTA
SHAPE)

LUG (LEUNIG)

TSL (TOUSLED)

HLL (HUELLENOS)
UNC (UNICORN)

SUB (STRUBBELIG)
BAG (BLASIG)
MOL (MOLLIG)
LAL (LAELLI)

DCLI/SINI(DICER-LIKE1/
SHORT INTEGUMENTI)

ACR4 (ARABIDOPSIS
CRINKLY4)

stk shpl shp2
(SEEDSTICK,

SHATTERPROOFI,
SHATTERPROOEF2)

stk shpl shp2 bell
(SEEDSTICK,

SHATTERPROOF1.
SHATTERPROOF2, BELLI)

er-105 erll-2 erl2-1/4
ERECTA, ERECTA-LIKE 1,
ERECTA-LIKE 2

SIN2 (SHORT INTEGUMENT2)

tsol

kanl kan2 (KANADII,
KANADI2)

Transcription regulator belongs
to the AP2-domain protein

Homeodomain protein belongs to
BEL homeodomain family

Transcription factor belongs to
YABBY protein family

Transcription factor belongs to
KANADI (KAN) family

Glutamine-rich protein similar to
transcriptional corepressors

Nuclear serine/threonine protein
kinase

Mitochondrial ribosomal protein

Not available

Receptor-like kinase
Not available
Not available
Not available

Encodes a Dicer homolog

Membrane-localized protein with
similarity to receptor kinases

MADS-box proteins bind to
CArG-box DNA sequence

Receptor-like kinases belong to
ERECTA family

Mitochondrial DAR GTPase

Putative DNA-binding protein

Transcription factors belong to
KANADI (KAN) family

No integument formation

Aberrant structure instead of the
integuments

Formation of the inner but not of the outer
integument

The inner and outer integuments are
replaced by a single integumentary
structure

Protruding inner integument

A protruding inner integument and usually
reduced outer integument

Integuments fail to elongate

Formation of a protrusion at the base of the
outer integument

Aberrant outer integument formation
Aberrant integuments

Integuments with enlarged cells
Protruding inner integument

Short integuments as a result of reduced
cell elongation (meiosis does not occur)

Disorganized integument growth

Integument conversion into carpel-like

structure

Integument conversion into carpel-like
structure

reduced cell proliferation in the
integuments

short or absent integuments

aberrant integuments

aberrant integuments

Baker et al. (1997)

Robinson-Beers et al.
(1992)
Gaiser et al. (1995)

Leon-Kloosterziel et al.
(1994)

Schneitz et al. (1997)
Roe et al. (1997)

Schneitz et al. (1997)
Schneitz et al. (1997)

Schneitz et al. (1997)
Schneitz et al. (1997)
Schneitz et al. (1997)

I et al. (1997)

Robinson-Beers et al.
(1992) Schauer et al.
(2002)

Gifford et al. (2003)

Schneitz

Pinyopich et al. (2003)

Brambilla et al. (2007)

Pillitteri et al. (2007)

Broadhvest et al. (2000)
Hill et al. (2006)

Hauser et al. (1998)
Eshed et al. (2001)

Several forvard 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 destuibdge 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 concepthas also been strengthened by the characterization of the sporophytic mutant
nozzle/sporocytelegazzspl). SPLwas, indeed, one of the first gerdiscovered to be involved in
embryo sac formation (Schiefthaler et al. 1999; Yang €249. In particdar in spl mutants, the



nucellus arrests its development befonegasporogenesidut the integuments seems able to
develop normally (Sieber et al. 200ig. 1), suggesting that the nucellus is not necessary for

proper integument formation.

Taken togethr, ths genetic evidence indicatehat the sporophytic maternal tissues somehow
dominate female gametophyte formation, however recently Johast@ain(2007) proved that the
haploid embryo sac is not passively controlled by the sporophyte. Employingy@amaybased
comparative approach @pl andcoatlique(cod) ovules, both devoid of female gametophyte, 527
genes were found to be -upgulated 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. 1998)ich physicallylink the functional megaspore and the
surrounding nucellus cells. In mature embryo s#élee three antipodacells are connected by
plasmodesmata to the nucellus and to the central cell (Mansfield et &). C#@sideredogether

the genetic and the morphological data indicate ecossmunication between the gametophyte and
the sporophyte in the ovule and poito the important role of the chalaza and integuments in
mediating the exchange of information necessary fodéwvelopment of thembryo sac. However,

the nature of the messengees metabolites, small peptides, hormorersains 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 (MSR1fpr instance, encodes a leucinehriepeat receptdike

kinase (LRRRLK) and mediates feedback inhibition from the megasporocyte, thus preventing
neighboring cellsfrom entering thegermline (Nonomura et al. 2003RsTDL1A (Oryza sativa
TAPETUM DETERMINANT)1 controls germline specificatio (Zhao et al. 2008)and it is
expressed like MPS1 in the nucellus.

ARGONAUTE 9 (AGQO9) and other components ofri4cleotide small interfering RNA (SIRNA)
biosynthetic pathways restrict the acquisition of gametic identity by nucellus cells (Ot

et al. 2010)AGO9is also not detected in the germline but restricted to neighboring somatic cells,
suggesting that neautonomous movement of siRNAs into the gamete precursors may be

implicated in controlling their specification.

The movement of signalboth 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 aredpwrse
1C



or ligands? Old and new literature data areevaluating the role of hormones in ovule

morphogenesis.

Hormones as messengers in sporophyteegagametophyte crosstalk
Plant hormoneslso play fundamental roles iregulation ofdevelopmental process Hormones

integrate informatiorfrom environmental and endogenous signals theedevelopmental pathways

(Gray 2004 xhatactively participag in intra- and intercellular communication.

Hormonesare small molecules derived from various essential mktapathways (Santner and
Estelle 2009). Several molecules are annotatqulaag hormones: abscisic acid (ABA), indedle

acetic acid (IAA or auxin), brassinosteroids (BRs), cytokinin, gibberellic acid (GA), ethylene,
jasmonic acid (JA) and salicylic acith the last decadesonsiderablgrogress hebeen made in
understandindhormone biosynthesis, transport, perception and response and the identification of
many hormone receptor&hichhighlight 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
studieshave focused otherole of justafew hormones, such as ethylene, auxin and cytokinins, in

ovule organogenesthese hormonearecleaty importar 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 pistipecific ethylene production is abolished. In particulahen ACC (t
aminocyclopropand-carboxylate) oxidasea 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 form&trowbservation that is consistent

with the importance of ethylene in gametophytic development isajatications of exogenous
ethylene can restore megasporogenesis or megagametogeneseated plants(Yang and
Sundaresan 2000).

In Arabidopsisthe ethyéneresponse mutanttrl (constitutive triple responsg¢ishows distorted

segregation ratios as a consequence of embryo sac defects (Kieber and Ecker 1994; Drews et al.
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1998). TheCTR1 gene encodes a Rke Ser/Thr protein kinase involved in ethylene sign
transduction (Kieber et al. 1993).

In addition, evidence fromorchids suppors the close relationship between ethylene and
megagametogenesis. Indeed, it has been shown that ethylene biosynthesis inhibitors induce ovary

and gametophyte formation (Zhaagh d OO Nei | | 1993) .

Information regarding ethylene and its role in ovule development is still fragmentary, thus future
research will baneeded to understand whether ethylene is either mainly involved in specific aspects
of ovule gametophyte or sporophytissue formation, oif it plays a major role in diploid/haploid

generation crostalk.

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

meristem maintenance, hypocotyl and root elongation, shoot &mcllaoot 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. 2008uxin regulates also ovule development; already in 2000
Nemhauser and eworkers demonstrated that transient application-dfiaphthylphthalamic acid
(NPA, an auxin efflux inhibitor) causes significant loss of ovules. These data have been recently
confirmed by NoleWilson et al. (2010), which associate ovule loss with severe reduction of local
auxin biosynthesisArabidopsisinflorescences treated with NPA show a great inhibitiof AAL
(TRYPTOPHAN AMINOTRANSFERASE @RABIDOPSI$) (Stepanova et al. 200 ao et al.

2008; Nole-Wilson et al. 2010)a gene thaencocks for a tryptophan aminotransferase asd
critical for the synthesis of auxin via the ind@gyruvic acid (IPA)pathway(Stepanova et al.
2008; Tao et al. 2008 AAlis expressed in develmg ovule integuments as theye initiated
(Nole-Wilson et al. 2010)Fig. 1) Cosisently, in ant ovules, where integuments are severally
affected, TAAL expression is highly reduced, thus implying a functional interaction between

sporophytic tissues andegagametogenesis via auxin biosynthesis.

Interestingly, Pagnussat and-eorkers (2009) have recently reported that auxin gradients control
female gametophyte cell identifi#ig. 1). In particular, the distribution of auxin was monitored by
DR5-driven expression in the synthetic report®&5::GFP andDR5::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 desidéethe
forming embryo sa¢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,iR&::GFP signal was also
detectable in all cells of éhfemale gametophy{&ig. 1) According to the proposed model, swich
gradient is formed and maintained by PIN1 (PINFORMED1) andhbgco biosynthesigFig. 1)
Auxin, unlike other hormones, has the unique capability to be transported in a polar thaiNvi
FORMED (PIN) proteins playing a major role as auxin efflux facilitators (Petrasek et al. 2006).
With respect to ovule development, PIN1 is initially detecteth@FG1 stage and its distribution
suggests the presence of an auxin flux from the @mscto the nucellus, able to establish an auxin
maximum at the distal tipf the ovule primordiaburing the early stages of megagametogenesis
(Pagnussat et al. 200@ig. 1). However at later stages, PIN1 is not detected in either the female
gametophyteor in the adjacent sporophytic tissues, indicating that the auxin revealed inside the
forming embryo sac i®cally synthesized

In addition, YUCCA(YUC) geneswhich encock theputative flavin monooxigenases involved in
auxin biosynthesis (Cheng et al0db), have been shown via GUS assayd(l::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
megagametophytérom FG2 stage till cellularizatiorfFig. 1) Taken together, it appears that
YUCCAgenes are not ubiquitously expressed, but they are rather subject to strictesppoaal
controls (Zhao et al. 2001; Cheng et al. 2006).

Indeed it is clear that ovulese quite active organgith 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 diferatitiation,
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 proliferatiderqer 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). Despitetheir biological importance, the basic molecular mechanisms of cytokinin
biosynthesis and signal transduction have been uncowahgdh recent years.

In plants it is possible to manipulate cytakimnomeostasiby acting on the control of its synthesis
and degradati on (RTgil ka et al . 200 9T We r

13



(isopentenyltransferase) gene products are involved in cytokinin biosynthesis and catalyze the rate
limiting step of the biosynthesis pathway, whereas cytokinin catabolism istedeby CKX

(cytokinin oxidase) enzymes (Sakakibara 2006).

How cytokinin gerception occurs is still not fully understood, but it is known that the signaling
pathway is based on HAsp multistep phosphorelays that involve histidine kinase (Hige
receptos, histidine phosphotransfer proteins (HP), and response regulators (RRs). In the widely
accepted model cytokinins interact with tbgokinin receptor histidine protein kinases (AHK2,
AHK3 and AKH4/CRE1/WOL) (Kakimoto2003 activating them inducing autbpphorylation.

Than the phosphoryl group is transfer to Arabidopsishistidine phosphotransfer proteins (AHPS).
Once these proteins enter into the nucleus in a phosphorylated state, they donate the phosphoryl
group to typeB ARRs (ArabidopsisResponse &julator) The phosphorylated tyg® ARRs act as
transcriptional activators, promoting rapid induction of cytokimésociated target genes, included
also the typeAARRgenes that in turn act as negative regulators of the-BRype.(Muller and

Sheen 200y

With respect to ovule developmetittle information is currently available, since manipulation of
cytokinin metabolisnseverelyaffects plant fertility. For instance, fertility reduction is induced by
overexpression of cytokinin oxidase, which redak cytokine stability (Werner et al. 2003).
Moreover, the loss of function plants for threebidopsisSENSOR HISTIDINE KINASHfgnes
AHK2 AHK3 AHK4/CREXRiefler et al. 2006) phenocojtlge mutants silenced in théiSTIDINE
PHOSPHOTRANSFERenesAHP1,23,4,5, involved in the cytokinin signaling (Hutchison et al.
2006) showingconsequent reduction fiertility associated with the production of larger embryos
and seeds-urthermore, the disruption @ytokininindependent ICKI1), thatencodescytokinin-
related kinasalsocauses gametophytic lethality (Deng et al. 2010; Pischke et al. 2002).

Interestingly, megagametophyte defects could be observed iAr#imdopsismutantsarr7 and
arrl5 (ArabidopsisResponsdregulator7and 15; Leibfried et al. 2005)although they have not
been deeply characterized. Thetype ARR7and ARR15act in a negative feedback loop of the
cytokinin signaling pathway. Moreover, in ovules lacking a functional embryo saxt) as
coatligueandsporocytelessnutants ARR7and othe ARRA type genesARR4, ARR5ARRg are
overexpressed (Johnson et al. 2007), suggesting a transcaiptyametophytic control of
sporophytic cytokininwhich further suppors the existence of reciprocal cross talk betweesdhe

typically haploidanddiploid tissues.
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Finally, the observation that isopentenyl transferas&t/PT1), 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 locatethe sporophytéFig. 1)

Taken together, the data reported above indicate thatyith auxin, the correct balance of the
cytokinins is important for ovule organogenesis, although further analyses are needed to fully

elucidate this aspect.

Conclusions
Despite allof the evidence accumulated in the last twenty y@anigfly summarizechere) more

studies will be necessary tmmpletely dissect the molecular basisisstalk between the female
gametophyte and the surrounding sporophytic tissues. CGuimésrmation basedmainly on
characterizations aobvule mutard, clearlyindicatethe existence o& crosstalk between the two
generations. Recent evidence psinut that hormones might beritical controlling molecules
involved in ths communicationhowever theymore comprehensive study afl the hormoness

neededand 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 selectl@sactedupon it over time
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Summary
Land plants alternate a haploid generation, which is the gamgtothat 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 llye diploid maternal integument(s).

The establishment and regulation of auxin concentration gradients determined by the presence of
the efflux carrierPIN-FORMED (PIN), plays an important role in developmental processes,
including ovule development. Ital been shown previously that PIN1 is the only efflux carrier

expressed in the ovule during the early stage of development.

To study the role oPIN-FORMED 1 (PIN1)in Arabidopsisthaliana developing ovules we have
perturbedPIN1 expression using a spdacifRNAI under the control of th&TK ovule specific
promoter. The transgenic plants obtained have a female gametophytic defect that could be rescue by

expressingr UCCA4under a specific female gametophytic promoter.

Our experimentsuggest thaPIN1 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 (Sehakit2995; Christensest al.,

1997). During megasporogenesis, MegasporeMother Cell (MMC), easilyrecognisable for its

size in the ovule subpidermal 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 afunctionalmegaspore (FM) andis marks the FG1 stage of megagametophyte development.
Subsequently, the FM undergoes three consecutive mitotic divisionsHEG)Lthat lead to the
formation of the mature embryo sac (FG5) (Schneitzal., 1995; Christenseret al., 1997).
Recently it ha been shown that auxin plays a key role to determine embryo sac cell fate (Pagnussat
et al.,2009). Auxin is partially transported to the ovulenfr the placenta tissue (Benkoetal.,

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

and Bartel, 2005Pagnusdaet 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 giadt involves many proteins among which the polar plasma
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membrane localized PIN (P#IRORMED) proteins. According to accepted and wieltumented
models the directionality of intercellular auxin transport depends on the polar subcellular
localization of trasport components such as the PIN protdWssniewskaet al., 2006) In
Arabidopsisthaliana there are eight membea$ PIN family namedPIN1-8 (Tealeet al., 2006).
However, it has been shown that ofliN1 is expressedrém early stage of ovule developmt
(Benkovaet al.,2003) Pin mutants are affected in the polar auxin transport (Okadh,1991). In
particularpinl mutant plants are progressively defective in organ initiation and phyllotaxy, which
leadsto a pinshaped inflorescence devoid ofvilers (Okada and Shimura, 1994; Galweiler et al.
1998). Furthermore, the polar auxin transport inhibitor treatments of wild type plants phenocopy
lossof-function pin mutations (Frimlet al., 2003). More evidences that PINs act as efflux auxin
carrier are yen 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 amngl&Bd genes nor

do they have auxin related signaling or transport machinery (Petttdek006).

Our work assigns a new developmental role to polar auxin transport (PAT) in the progression of
female gametogenesis sineiN1 down regulation using ovule specific promaogifect embryo sac
formation. The importance of cross talk between thoml 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 Arabidopsiswild -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 regulatimmajradients.

PAT requires a set of carriers that control uptake into the symplast and subsequent efflux into the
extracellular apoplast (Morrist al.,2004). In particular PIN proteins are involved in cellular efflux

of this phytohormone (Petrasei 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 atpdsponsive reporter lines (Kieffet al.,2010).

Among the eightArabidopsisPIN encoding genes, we focused BIN1 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 dgveént stages to visualize the

membrane localization of the PIN1 proteBesides PIN1, onlyIN3 is expressed in developing
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ovules at later stage PIN3 is expressed in the famlus starting from ovule at stage FG3

(supplemental data S3).

Immunolocalizaibn experimets (FigurelA) and analysis of transgenic plants containing the
PIN1::PIN1:GFP construct revealed that PIN1 is localized at the latmpalal membranes of
diploid cells in the nucellus of developing ovules (Figure 1B and 1C). PIN1 was asteden 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 ®e Moller and Weijers 2009and its position togther 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 wildtype ovules.

(a) PIN1 immunaclocalisation experiments with an aftIN1 antibody. PIN1 is detectable in the ovule primordi(m.

and €) CLSM analysis oPIN1::PIN1:GFPovules at stage FG1 and FG2, arrowheads indicate PIN1 polar localisation,
PIN1 is locaised at the lateradpical membranes of the epidermis cells around the nucellus:tyggdDR5rev::GFP(d

and f) and DR5rev::3XVENUSNYQg). GFP signal is first detected in the epidermis at the distal end of the ovule
primordium at FGOd), such signal peists from FG1 till FG3f) DR5rev::GFPsignal is also detected in the forming
ovule vasculature (asterisks énandf). In d, e,andf cell membranes were stained with FMR64 FX. fg, female
gametophyte; ii, inner integument; oi, outer integument; fclulos.Scale bars: 20 pm

24



To study the distribution of auxin ideveloping ovules we have used plants carrying the auxin
responsive reporteDR5rev::GFP (Friml et al., 2003; Benkovaet al., 2003) whichprovides a
convenient tool to study auxin distributiom developing organsUimasovet al., 1997) In wild-

type plants the GFP signal appeatsthe distal tip of the ovule primordium starting frdt®0
(FigurelD) and from FG1 auxin is also detected in the funiculusvascular cell§FigurelE).

Such patter is maintained until the nucellus progressively degenerates and is substituted by the
endotheliumFigurelF) The localization of auxin maxima in the sporophytic nucellus of stage FGO
and FG1 ovuless further confirmed by analysingR5rev::Venus\7 tranggenic plantgHeisleret

al., 2005),where theDR5revsynthetic promoter drivethree 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 pofethe nucellus till FG3Figure1G).Using this promoter

we coul dnét det ect any GFP signal inside th

Pagnussat and asorkers (2009).
PIN1 plays an important function in the megametogenesis

To understand theole the PIN1 auxin efflux transporter in the formation of the female
gametophyte we have analysed in detail fiygeinlPIN1 heterozygous plants (GaliAT line
GK_051A10). In these plantsheseed set is normal and all ovules, half of which contgama
female gametophyte, were successfully fertilized by itk pollen in reciprocal crosses. In
agreement with this observation we recovered in the offspringPI0&/pinl-1 and 50% wildtype
plants (85 plants analysed) excluding any gametophytic eff@d®N 1 loss of functionThis isnot
surprisng becausd’IN1 is not expressed in forming and formed female gametofRygrussatet

al., 2009)

To uncover the role of sporophytic expressed PIN1 we have introdud@d5rev::GFPplantsa
PIN1 RNAI constuct under the control of thHeEEDSTICKSTK) ovule specific promoter (Kooiker

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

Among the 5SMR5rev::GFPT; plants containing thpSTK::PINliconstruct, 18 wereharacterised

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 adligate wildtype plants) using BASTA selection
showed that 15 out of the 18 plants analyzed, had only ddA copy (or more TDNA copies in

linkage segregating as single locus; data not shown). Optical microscopic analysis showed that
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ovules from thesd5 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 observatiorPtNdtpinl1 heterozgous plants have
normal seed set clearly suggest that the observed gametophytic def@8HBKINnPIN1IRNAIlines

have a sporophytic origin.

To verify that the phenotype was due to the reductidplNfl levels, we performed real tirfeCR

analysis on carpelsf the T, segregating plants using, as reference genes, &lBkQUITIN1O or

18S RNA(Figure 2C). This analysis revealed that compared to sibling-typle plants,PIN1
transcript levels were reduced by 2 to 5 fold in th83&::PIN1iplants that showedmbryo sac
developmental defects (Figure 2C). Interestingly, analysis dDR&rev::GFPreporter in thé?IN1

silenced lines showed that those ovules that were unable to complete megagametogenesis
maintained an auxin maxima at the distal edge of the bibak@mbryo sacs, while such

accumulatiorwas not observed in witype sister FG5 ovules (Figure 2D).

Starting from early stage of ovule developmauxin is locally produced by at least one of YUCCA
proteinand TAAL1. TheYUCCA(YUQ) family of flavin moneoxygenasegencodes key enzymes in
Trp-dependent auxin biosynthesis (Zhetaal.,2001; Chenget al.,2006). TAAlencodetryptophan
aminotansferase, essential for inddeyruvic acid (IPA) branch of the auxifrp-dependent

biosynthetic pathway.

The expresion of TAAL and YUCCA4 during ovule development kabeen analysed using
transgenic line expressing reporter genes GUS/GFP 0fdéCA4or TAAL promotes. YUCCA4
promoter stagto be active at FG2 (Figure 2E, and 2F) wherBasl1 promoter is active during

early stages of ovule development in the chalaza region and in particular in inner integument
primordium (Figure 2G 1). At FG1, GFP driven byfAAlis expressed in the inner layer of the
inner integumentThese observations suggestovule local auxin soce that start to be active
before FG1.

The phenotypes described {8 TK::PINlitransgenic plants was obtainal$oby an independent
experiments wher®IN1 silencing was achieved using an artificial micro RNA (Schwalal.,
2006), under the control dhe ovule specific promotggDEFH9 (DEFICIENS like 9, DEFHP
(Rotino et al., 1997). DEFH9 is an Antirrhinum majusovule specific gene, and its promoter is

active inArabidopsisovules during all stages as shown in supplemental figure S2.
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(c)

transgenic pin1RNAI  sibling w.t.

Figure 2. PIN1 down regulation affects ovule development

(a) and p) female gametophyte defects causedPby1 silencing. Female gametophytesrast their development at
FG1 and FG3.d) Realtime experiment to verify the reduction BIN1 expression level ipSTK::PIN1RNAI, two
couples ofPIN1 specific primers were employed (orange and greg@i)Auxin GFP signal is still present at the distal
edge of a blocked embryo saca8TK::PINIRNAplants, no signal is detected in normal mature embryo sac (asterisk).
(e)YUC4promoter isnot activebefore FG1(f) SinceFG1is active athe tip of the inner integument sinceg-i) WEI8
promoter is active since the arising of the primordia in the chéfpizand since FGO in the inner integument and inside
of the funiculus i andi). fg, female gametophyte; ii, inner integument; oi, outer integument; f, funicsbade bars: 20

pm.

Ectopic expression ofYUCCA4 in the forming embryo sac rescues the early gametophytic

defect.

Our data clearly suggest thRtN1 expression and locaktion is necessary for female gametophyte
development probably due to the establishment of an auxin gradient from the diploiddfsthees
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nucellusto the developing gametophytdowever to demonstrate that our hypothesis is correct we
are planning to»@ressYUCCA4in early stage of female gametophyte und&L23 promoter
AGL23is a MADS box gene that is expressed starting from FG1 and play an important function
during early stage of female gametogené€olomboet al.,2008). In alernative we wouldike to
expressy UCCA4under STK promoter that is actiaésoduring early stages of female gametophyte
development.If our hypothesis is correct, the expression YWCCA4 in the developing
gametophyte could complemethie auxin efflux defect due to thewlo regulation of PIN1 in the
transgenic plantsThis experiment is in progress.

DISCUSSION

PIN1 promotes early stages of megagametogenesis

In developing ovulesR2IN1 membrane localization anticipates the auxin maxihe is established

at the distal parof the ovule primordia. Moreover PIN1 polar localization is in line with auxin
accumulation sitesSoon after their formation ovules become able to produce alximsitu
hybridization experiment shad the expression oTRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS (TAA1/WEI§, which encodes an enzyme critical for the synthesis of auxin via the
indole-3-pyruvic acid (IPA) Stepanovat al.,2008; Tacet al.,2008. TAAlis expressed within the
ovule anlagen and later on in developing ovule integumentse{Ndson et al., 2010).
Furthermore we have analyzed transgenic plant containing/ei8::GFP construct showing that
WEI8 promoter is highly active during ovule development. Our data are consistent withsthe
hybridization data previously described.

De novoauxin 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 regulatioauxin biosynthesis, for instance the
expression ofYUC genes andrAAJWEI8 genes is restricted to a small group of discrete cells
(Cheng et al., 2006; Stegpanovaet al., 2008). In later stages of ovule development it has been
reported that also femalgametophytes can produeeixin due to the expression ¥JC1 and
YUC2 (Pagnussaet al., 2009). According with the model, & promse (Figura 3) the local
sporophytic auxin synthesis pRyn important function in female gametophytic progression.
Accordingto our model the efflux of auxin synthesized in the sporophyte is control by PIN1 efflux

carrierwhich is essential for the progression of female gametogenesis.

In PIN1pinl plant the mutated allele segregates in a mi@mldashion, thus excluding PIN1
gametophytic function consistent with the fact that PIN1 is expressed ot sporophytic tissue

of the developing ovule (Pagnussatal.,2009;this manuscript)Based on the genetic analysis of
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PIN1pinlmutant we have silenced PIN1 under an ovule sipgmiomoter STK thais active in the

integuments, in the funiculus and during gametogenesis.

(a) A/;;. l “
mme -X\‘

Figure 3 Auxin biosynthesis and transport in ovule

Schematic picture of the ovule at different stages of developmeptifordia, p)FGO, €) FG1.Auxin maxma (in

green) are detected at the distal tip of developing ovules siageimordium formationa). Arrows indicated possible

auxin fluxes, which point towards the forming embryo sac, as strongly suggested by PIN1 (in red) polar localization. At
earlystages auxin is produde locoby TAAla which expression domains are indicatetlire mmc, megaspore

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

In ovule at still, PIN1 basal and lateral localization the nucellar cells (figure 1-F suggests a

direct contact with thenegaspore 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 emeging female gametophyte. Moreover &IN1 silencing experiments have shown that

this auxin flux its extremely important to promaametogenesi¢n agreement wh Pagnussat and
co-workers we could not visualideiny PINs expression and this observatimaicate the absence

of auxin efflux from the nucellus. The phenotypic analysis of our transgenic lines shawiNtat
silencing blocks embryo sac development at FG1 or FG3 stage. However just one transgenic line
shows defects at later stages. In thiggggenic planthe two central cell polar nuclei are lhato

fuse, therefore the central cell cannot be fertilised. @hfective phenotype supports the idea that
PIN1is not the major player after FG2. i$hs alsoin agreement with the presence of YUaid

YUC?2 inside thdater stage$orming 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 fbemationand regulation of auxigradients. Our

model is supported by genetic and molecular evidences, and it is also very well supported by its
auxin maxima position and PIN1 basateral polar localizatiomn the nucellar cells surrounding

the archeospore and the forming embryo sacs.
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