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Introduction

1. Introduction

1. 1. Sexual reproduction

The typical life cycle of higher plants comprises haploid phase in which
multicellular gametophytes produce male and femgdenetes that, upon fertilization,
reconstitute the diploid sporophyte. The phylogefyland plants is characterized by an
evolutionary trend towards gametophyte reductisrjescribed by Wilhelm Hofmeister more

then a century ago (Hofmeister, 1851).

In angiosperms, the female gametophyte or embryo isastrongly reduced and
embedded in the sporophytic tissues of the ovulbe T™evelopment of the female
gametophyte includes two phases: megasporogenesis maegagametogenesis. The
megasporogenesis starts with the differentiatioa eingle cell within the ovule primordium
into a megaspore mother cell (MMC). The MMC undegyaneiosis and four haploid
megaspores are produced. Three megaspores degeaedathe fourth megaspore develops
further to become a functional megaspore (FM). Bgirimegagametogenesis the FM
undergoes three mitotic divisions, producing eightlei. After cellularization, seven cells
can be found in the mature embryo sac (ES): thecefjgflanked by two synergids, three
antipodal cells and the central cell with two nuélesed to a diploid nucleus (Figure 1). The
described type of ES is present in 70% of angiospeiMaheshawari, 1950) and is called

Polygonumembryo sac type.

The development of the male gametophyte occurdienanthers, where the pollen
mother cell undergoes meiosis to generate fourdiphicrospores. The first mitotic division
results in a vegetative and a generative cell. Vdgetative cell does not divide further, but
develops into the pollen tube, which enables tlaasport of the sperms to the female
gametophyte. The generative cell goes through @nskecf mitotic division and generates two
sperm cells. One of them fertilizes the egg celfaian a diploid embryo and the other one
fuses with the diploid central cell to form a tom endosperm (Nawaschin, 1898). Double
fertilization initiates seed development and repnés a hallmark of sexual reproduction of
angiosperms (Grossniklaus and Schneitz, 1998).offlspring genome is a complex mixture

of maternal and paternal alleles giving rise taatde genotypes and phenotypes.
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Figure 1: Schematic representation of the developmentRilggonuntype female
gametophyte (after Brukhet al.,2005)

a. Three nuclear divisions occur in a syncytiuniolon an 8-nucleate female gametophyte. One
nucleus from each pole (the polar nuclei) migrated will eventually be enclosed by the central
cell. b. Cellularization forms the typical 7-celle@-nucleate female gametophyte with two
synergid cells (blue), one egg cell (red), a bileate central cell (green) and three antipodakcell
(yellow). c. Before fertilization, the female gamphyte matures: the two polar nuclei fuse to
form the homo-diploid secondary endosperm nucléus,antipodals undergo programmed cell
death and one of the synergids degenerateBudng double fertilization one sperm cell fuses
with the egg cell to form the diploid zygote (pwhlwhile the second sperm fertilizes the central
cell to form the triploid endosperm (dark greemeTprimary endosperm nucleus divides prior to
the zygote in a syncytium.

1.2. Apomixis

In contrast to the variable phenotypes of sexufspoihg, asexual reproduction leads
to uniform genotypes, which are copies of the mogtant. The asexual reproduction can be
divided into vegetative reproduction and the repmidn with clonal seed formation
(apomixis). Apomixis, the asexual reproduction tigio seeds, occurs in more than 400 plant
species of about 40 angiosperm families (Carmafy/;19an Dijk and Vijverberg, 2005).
Apomictic offspring are genetically identical claneof the mother plant. Successful
engineering of apomixis into sexual crop plantsaasidered as a high priority goal of plant
breeding with far-reaching potential for instance the fixation of heterosis effects. The
economic and social benefits are thought to extieeske of the green revolution (Spillaee
al., 2004). For example, it was estimated that a saefnidS$ 2.5 billion per annum can be

reached if it is possible to transfer apomixisite rmlone (McMeniman and Lubulwa, 1997).
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Understanding the genetic and molecular mechanismgrlying apomixis traits in model

plants is one of the primary steps towards transigapomixis to crop plants.
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Figure 2: Comparison of the major steps in sexual and apardevelopment (modified
after Grimanelit al.,2001)

Three major elements of apomixis: apomeiosis, padfenesis and autonomous/pseudogamous
endosperm development are highlighted in yellow.

There are two major types of apomixis observedlamts, (i) sporophytic apomixis
also called adventitious embryony with autonomouotbryo development in sporophytic
tissues; and (ii) gametophytic apomixis by whicé theiotically unreduced eggs develop into
parthenogenetic embryos. Based on the identith@fipomixis progenitor cell type there are
two subtypes of gametophytic apomixis, diplospomyd aapospory. In diplospory, the
megaspore mother cell (MMC) is the progenitor ¢k#t circumvents meiosis to produce
unreduced embryo sac. On the contrary, unreducedpapous embryo sacs develop from
cell(s) adjacent to the MMC that completely omitiosés. These cells are called Aposporous
Initials (Al). Both diplospory and apospory areledlapomeiosis, because no meiosis occurs.
In both cases the non-reduced egg cells initiatdorgon development independent of

fertilization, a process called parthenogenesisnacEming endosperm development natural
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apomicts can be divided into two groups which diffetheir requirement of fertilization for
endosperm development. Whereas apomicts with aotons endosperm formation (e.g.
Hieracium Taraxacum do not depend upon fertilization of the centrall auclei, apomicts
with the pseudogamous endosperm formation regldéertilization of the central cell nuclei
(e.g.Poa pratemsisHypericun) (Figure 2) (for reviews see Nogler, 1984; Koltund 993,
Grossniklauset al., 2001; Spillanest al., 2004; Bicknell and Koltunow, 2004; Ozias-Akins,
2006). In all cases, the maternal genotype wilrdétained in the progeny developing from
seeds formed without meiotic reduction and eggfeelilization. Most apomictic species are
facultative apomicts, with a peculiar balance betwegenetic stability determined by

apomixis and flexibility caused by recombinationidg sexual reproduction.

1.3. Genetic control of apomixis

Despite the identification and description of a twemof apomictic angiosperms,
simple introgression of apomixis into related séxwmap plants by breeding seems unrealistic
due to epigenetic barriers (Savidan, 2001). Besiaesy taxa of agricultural importance do
not have apomictic relatives that are required iftrogression. Therefore, a coordinated
strategy for understanding of apomixis at the mdbeclevel is being sought by plant
reproductive biologists with the ultimate goal tengtically engineer apomixis in crop plants
(Spillane et al., 2004). However, despite of long lasting effortse knowledge about the

genetic control of apomixis is still rather limited

The molecular mapping and positional cloning ofrapas genes is hindered by the
lack of recombination within the chromosomal reggwverning apomeiosis. Earlier studies
suggested a simple inheritance of apomixis by @maiant locus (Peacock, 1992; Savidan,
1980; Leblancet al., 1995; Bicknellet al., 2000). Thus, for some apomictic plants it was
shown, that the apomixis-specific markers segregate a single locus. For example, in
Panicum maximur® AFLP markers define the apomixis locus, estichatebe 1.4 cM long
(Ebina et al., 2005). In Paspalum simplexan extensive AFLP analysis led to the
indentification of 33 apospory-specific markerstehestingly, 8 of them hybridized only to
the DNA of the apomicts, e.g. were hemizygous, eatigg that the apomixis locus lacks

sequence homology and almost likely contains regements with respect to the sexual
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genotype. For one of the markers the hemizygosias valso confirmed cytologically
(Calderini et al., 2006). The apomixis controlling locuaCL), defined by the markers, is
synthenic with a part of rice chromosome 12, witl size of the locus estimated to be 8-10
cM (Pupilli et al., 2001). Additional mapping efforts revealed tha¢ &CL may contain
translocations based on the linkage with a markanfrice chromosome 2 (Pupilt al.,
2004). The cloning and sequencing of an apomirkeliPaspalumBAC revealed large-scale
rearrangements due to insertion of transposabieegits, and small-scale rearrangements due
to deletions and single point mutations within sgmogential coding sequences (Caldegni
al., 2006). Similary, the apospory specific genomiciargASGR of Penniseturrhas been
identified to be more than 2.7 Mbp and almost bathromosome long (Goet al., 2006).
Based on several apomixis-associated RFLP mangersent only in apomicts it was shown
that the locus exhibits partial hemizygosity. Heygiasity was observed not only in the
regions containing low copy-sequences, but alsh mgions containing repetitive sequences.
Aposporous apomixis d?ennisetunandPaspalumspecies is linked with a non-recombining
region of supernumerary chromatin (Ozias-Akies al., 1998; Rocheet al., 2001;
Labombardaet al., 2002). Apomixis was also shown to be controlleddnygle locus in
Brachiaria sp. (do Valleet al, 1993; Miles and Escandon, 199®aspalum notatum
(Martinezet al, 2001),Ranunculussp. (Nogler, 1984). Interestingly, diplosporous rapas

of the Boechera holboellicomplex is considered to be associated with hoogeols
chromosome substitutions (Kantare& al., 2007). All Boecheraapomicts share a large
heterochromatic chromosome. Both the heterochrenmatiure of this chromosome and its
association with the apomictic phenotype hint anilgirities with the supernumerary

chromosome fragment &fennisetun{Kantamaet al.,2007).

In other model systems the genetic control of ap@was shown to be controlled by
two loci controlling the two components of apomixX@pomeiosis and parthenogenesis)
independently. For example apomixis kheracium was initially described as a dominant
monogenic trait (Bicknelét al.,2000). However, after deletion mapping had beenechout
the model of apomixis control was revised. Chromualodeletions were induced by gamma
irradiation of seeds. In a simplex dominant apomigontrol, deletion of a chromosome
segment carrying the dominant apomixis allele tesluh reversion to sexuality (Catanagth
al., 2006). Phenotyping of the progeny of the deleteyiplants resulted in plants that lost

apospory or plants that lost parthenogenesis antpléhat had lost both. After the fine
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mapping of these mutants two genomic regions cdagdassociated with the mutant
phenotypesioss of Apomeiosi OA) and Loss of Parthenogenes{€OP). Similarly, in
some other plants the recombination between apgspait parthenogenesis is possible. A
clearly documented case of recombination betweespy and parthenogenesis is found in
Poa pratensig(Albertini et al, 2001). InPoa, parthenogenesis can be phenotyped in the
absence of fertilization by the development of epabrafter auxin treatment (Matzk, 1991).
Using auxin treatment, parthenogenesis had beemedaps a single locus, encoding a
gualitative trait as shown by AFLP and SCAR mark@&tbertini et al, 2001a; Barcacciat

al., 1998).

Similar to the inheritance of apomixis Foa linkage between diplosporous embryo
sac development and parthenogenesis can readilyrdden in Erigeron and Taraxacum
Thus, inErigon the genetic markers formed two loci, with 11 maskeo-segregating with
diplospory defining theDiplospory Linkage Groupand 4 markers co-segregating with
parthenogenesis defining tiarthenogenesis Linkage GrogiNoyes and Rieseberg, 2000).
Similarly, in Taraxacumtwo loci, encoding diplospory and parthenogenasgsknown (Van
Dijk and Bax-Schotman, 2004). Surprisingly,Tiaraxacuma third locus, co-segregating with
apomixis has been identified and is consideredetoelsponsible for autonomous endosperm
development (van Dijlet al, 2003). Thus, it was shown at least T@raxacumthat each

component of apomixis is encoded by an independeuns.

However, the individual components of apomixis nisy controlled by multiple
genes. For example, apospory is typically treatee single qualitative trait, although it is
guantitative and can highly vary from plant to plarobably, modifiers play a role in the
regulation of penetrance of apospory in some spd&eltunow and Grossniklaus, 2003). A
comprehensive model for the control of apomictiedsdormation is proposed for the
aposporous speciddoa pratensisandincludes 5 different genes controlling apomixis and
considers the role of modifiers. Mutations of gemssch originally were responsible for the
sexual pathway as well as newly evolved genes Hmen considered to explain the

inheritance of apomixis (Matzit al.,2005).

Thus, comparison of many model systems makesficdif to draw final conclusions

about genetic control of apomixis. It is hard tdime a model which fits all apomicts.
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Whether the observed differences are due to expetah bias or to more fundamental

differences in the nature of various forms of apasis unclear.

1.4. Apomixis and asynchronous expression of the vldopmental program

Apomixis is frequently associated with a high degoé heterozygosity and polyploidy
(Nogler, 1982; Roy, 1995; Bicknell, 1997; KojimadaNagato, 1997). Interestingly, there are
few examples of diploid apomicts, one of them bé3ngcherawere some of the diploids are
sexuals and the others are pseudogamous apospapouscts. However, care should be
taken in assigning a particular ploidy to sexual agomictic reproduction because an
apparently diploid species might represent a difded ancient polyploid (Paleopolyploid)
(Uwe Praeckelt and Rod Scott, 2001). Currently ihot clear whether higher ploidy levels
are cause or consequence of apomixis (Koltunow @rabksniklaus, 2003). One possible
explanation of frequent occurence of apomictic plaigs is that a certain apomixis factor
can not be transmitted through gametes becausalléie responsible for apomixis is lethal
when present under haploid conditions (Nogler, 198@manelli et al., 1998; Noyes and
Riesberg, 2000). Another explanation suggested &yn@n (1997) is that polyploidy may
result in asynchronous expression of the genesgelg to the different genomes which are
contained within the polyploid. The asynchronoupregsion of these genes, most likely
involved in the sexual gametophyte development,hinlie responsible for the apomictic

phenotype.

Another hypothesis, involving asynchronous develepimwas proposed and
supported by many authors (Moggy, 1992; Spillanal.,2001; Koltunow and Grossniklaus,
2003; Ozias-Akins, 2006). Since apomixis has ewblvem a sexual background (Holsinger,
2000), it can be considered to be a short cirduihe sexual pathway of reproduction due to
the omission or deregulation of parts of the sexielelopmental program, which may be
caused by mutations in the existing genes or tlpea@ance of new genes (Spillagieal.,
2001; Tuckeet al.,2003; Sharbett al.,2009). Indeed, during the development of apomictic
seeds, a subsequent developmental event is iditiiore the previous one is completed. For
example, meiosis and embryo sac formation whiclallsdollow each other, may occur at

the same time: the Aposporous Initial initiates gyobsac development without entering
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meiosis or after premature meiotic abortion andlearcrestitution (Grossniklaus, 2001b).
Similarly, parthenogenetic embryogenesis occursnoftrior to anthesis and often before the
fertilization of the central cell in pseudogamousomicts. Therefore, apomixis can be
interpreted as a relaxation of the spatial and tealpconstraints on the reproductive
developmental processes (Grossniklatal.,1998). This led to the suggestion that apomixis
might be triggered by reproduction specific gen@regsion programmes activated at the
wrong time and/or at the wrong place (Koltunow a@dossniklaus, 2003). Therefore,
expression and ultimate function of genes that aitical for the sexual developmental

program are expected to be misregulated in apomicts

1.5. Endosperm development of apomictic plants

The endosperm development is very important forth lapomictic and sexual seed
development. The relative contributions of the matkand paternal genomes to endosperm
development in an apomictic plant differ signifidgnfrom the relative contributions in the
sexual plant. For a sexual plant the ratio of thelp is characteristic: 2 maternal genomes
and 1 paternal genome are combined in the tripbmidosperm. In sexual plants genome
dosage is often critical for seed development. &ample in a crop plant like maize, the
deviation from the 2m:1p ratio leads to seed abor{Birchler, 1993). In apomictic plants the
ratio can vary. Many apomicts have modificationgha structure of female gametophyte or
in fertilization behavior to restore the normaldate and avoid seed abortion. For example,
the Panicumtype of embryo sac contains four nuclei insteatheftypical eight, so that there
is only a single unreduced polar nucleus and notriuaclei in the central cell as usual. This
leads to 2m:1p ratio in endosperm after fertilizatiin Ranunculus auricomulsoth sperms
fertilize the unreduced central cell (Rutishaud®54), resulting again in 2m:1p ratio. There
are also apomicts with an endosperm, which hagsi@ other then 2m:1p and still produce
viable seeds. For example Tmipsacum dactyloidea single sperm fuses with an unreduced
central cell to produce 4m:1p endosperm (Haig anestdby, 1991). Or in autonomous
apomicts, such allieracium or Taraxacum the violation of the maternal: paternal ratio is
extreme, since there is no contribution from théenpart and the ratio is 8m:0p. So, for some
apomictic plants an alteration of the 2m:1p ragemas to be uncritical, most likely due to an

alteration of the imprinting system. Such altenasionight be due to the modification of DNA

8
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methylation, which remove the developmental blonkeadosperms with insufficient, or no,
parental genomes owing to the bypass of meiogse@ndogamous apomicts or the absence of

fertilization in autonomous apomicts (Spielnetral.,2003).

1.6. Epigenetic controlof gpomixis

In recent years, hypotheses concerning geneticradownf apomixis have been
extended to incorporate epigenetic mechanisms dweral reasons (Lohe and Chaudhury,
2002; Koltunow and Grossniklaus, 2003). Firstlyentfication of a plethora of transposons
and associated repetitive sequences surroundingpbmixis loci indicated that these loci
could be associated with inherent epigenetic moations such as DNA methylation (Lohe
and Chaudhury, 2002; Koltunow and Grossniklaus3208econdly, genes that cause mutants
of sexual genotypes to express features of parfemesis and autonomous endosperm
development encode essential epigenetic regulatorslved in DNA and/or histone
methylation (reviewed in Kdhler and Makarevich, @P0In addition, there are instances
where epialleles could behave in a dominant mafirwre and Chaudhury, 2002). Therefore,
master gene(s) controlling apomixis might be thhgetof epigenetic modifications or these
regulatory factors could reciprocally control epigec marks. Taken together, an epigenetic
model as a basis for apomixis would be able to d¢oenbarlier hypotheses involving mutant
alleles, dominant genes, hybridization and polyptdiLohe and Chaudhury, 2002; Koltunow
and Grossniklaus, 2003).

1.7. Towards the identification of candidate gene®r apomixis

Two main approaches are being pursued to iden#fidiclate apomixis genes. The
first is mapping of the apomixis loci in apomicptants and differential expression analysis
between apomictic and sexual plants. The secontbag@lp includes the analysis of sexual
reproduction in a plant model systems sucl@bidopsisor maize, to identify genes that, if

mutated or deregulated, display elements of apaniBpillaneet al.,2004).



Introduction

Mapping of the apomixis loci in apomictic plants hindered due to the lack of
recombination around the responsible loci. Thusy yew candidate genes were proposed
based on this method. One of the well-characteapesnixis loci is théASGRof Pennisetum
syn. Cenchrus The partial sequencing (0.5 coverage) A&GRrevealed several genes that
may play a role in apomictic development. In td&l unique genes were identified that
displayed a wide range of functional classificasioAs the most probable candidatBAaBY
BOOM:-like gene was suggested (Goet al.,, 2006). However, no functional analysis
confirming the role of the identified gene has bdene. Similar, a short region of tA€L of
Paspalumwas sequenced. Interestingly, th€L contained a truncated allele of a gene, which
exhibited similarity to Arabidopsis At3g04610 (Pillippersonal communication). This gene
was characterized to be involved in the regulatibfiowering initiation. No further function
connected to apomixis has been detected. A morailetttmolecular mapping of the
locus/loci controlling apomixis, followed by its xded characterization is necessary to
identify possible candidate apomixis genes. Dudoteering of the sequencing costs this
approach, although cumbersome, is perhaps the pnasising strategy to identify key genes

for apomictic reproduction in wild apomictic spexig€alderiniet al.,2007).

Another approach to identify candidate genes foonagis in apomictic plants
includes comparisons of differential gene expressiduring sexual and apomictic
development. Several studies have been performedddntify genes based on their
differential expression in apomictic and sexuahfdaVielle-Calzadat al., 1996; Pessinet
al.,, 2001; Akiyamaet al., 2005; Sharbekt al., 2009). Like other approaches, also this
experimental strategy meets certain difficultieststfy, the development of sexual and
apomictic ovules within a single plant might be radyonous. This partially excludes the
direct comparison of transcriptional programmed, rhight be overcome by precise staging
of the ovule development and sufficient number epetitions. Secondly, the female
gametophyte is deeply imbedded in the surroundpogyophytic tissues. This might lead to
the dilution of apomixis-related transcripts, a kdeon which can be overcome by
microdissection based methods. Due to this expeatimheproblems, only few of the
mentioned above studies resulted in defined catalidgnes for apomixis. Only four
differentially expressed genes were identified aalkcted as candidate genes for apospory:
APOSTART inPoa (Albertini et al., 2005), ASG-1 inPaspalum(Chen et al.,2005) and
Pca21, Pca24 frorennisetum(Singhet al., 2007). The first three mentioned genes were

10
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shown to be higher expressed in apomicts than xuade at the early stages of ovule
development. Pca24 was shown to be specific fomags. Interestingly, both APOSTART

and ASG-1 genes are also expressed in the antbargydnicrosporogenesis. However, no
further functional analysis demonstrating the rofethese genes in apomixis has been

published.

In addition, apomictic and sexual pathways shamaite gene expression patterns
(Vielle-Calzadeet al., 1996; Tuckeret al.,2003; Albertiniet al., 2005). According to Matzk
et al. (2005), once the Aposporous Initials are selectbd, cascade for gametogenesis
proceeds as during sexual development, expressimtasgenes during the process. Thus,
recent studies in aposporous apomicts sudPaapalumandPanicumprovided evidence that
the aposporous initial cells would show the idgniit functional megaspores. However, there
is a temporal and spatial shift in expression betw@&posporous initial cells and the
megaspore mother cells (MMCs) (Tuckar al., 2003; Albertiniet al., 2005; Cheret al.,
2005). Similarly, Tuckeet al. (2003) observed that the developmental expressicgome
FERTILIZATION INDEPENDENT SEEIS) genes and tissue specific marker genes were

equally shared between apomictic and sekliataciumspecies.

Since apomixis might be a short circuit of the s#xpathway, genes that are involved
in sexual plant reproduction were considered tgdmml apomixis candidate genes. Following
this approach, several mutants Arfabidopsisand maize have been identified that display
components of apomixis, such as absence of meipsithenogenesis and autonomous
endosperm formation (Huang and Sheridan, 1996; @had., 1996; Sheridaret al., 1996;
Chaudhuryet al., 1997; Kohleret al.,2003b; Guittoret al., 2004; Barrell and Grossniklaus,
2006). While mutations in the three FIS (fertilipat independent seed) gendisl/mea
(medea) fis2 andfis3/fie mimic autonomous development of the central @ebdme extent,
none of these mutations induces full differentiated autonomous endosperm (Vinkenaig
al., 2000). In addition, there is little or no develggm of the egg, becau$dS genes are
acting relatively late (Chaudhusgt al.,1997). Recently dyadmutant (Ravet al.,2008) was
described to mimic apomeiosis. Unfortunately, o@12% of dyad ovules generate viable
gametes, which makes it practically unusable fagireeering apomixis. Another attempt to
engineer apomixis was made by D’Erfurth al., 2009, where apomeiosis was partially

mimicked. The mutations of three genesdl, Atspoll-1, Atreg&volved in meiosis were
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combined. However, the F2 progeny was tetraploid #me ploidy doubled with each

generation. It is unclear if it is possible to cdetely mimic apomeiosis without the genome
doubling. Therefore, in contrast to the originapbthesis that apomixis arose from sexuality
due to a mutation in a regulatory gene, additivieat$ of several mutations could be

necessary for apomixis.

1.8.Hypericum perforatum as a model system to study apospory

St. Johns wort Hypericum perforatumlL.) is a yellow-flowering perennial herb,
growing from a rhizome (Figure 3). Stems are 1 te€ high, erect, with numerous branches
above, glabrous, somewhat 2-ridged, rust-coloredvarody at the base. Leaves are opposite,
sessile, entire, elliptic to oblong, about 12 mmamger and glabrous with transparent spots
throughout and black marginal dots. Flowers arecthin diameter, bright yellow, numerous
in flattopped cymes, with 5 petals with occasiomahute black dots around the edges. The
sepals are pointed, with glandular dots in theudssStamens are numerous, arranged in 3
groups. Seed pods are 2mm long, rust-brown, 3ecelépsules, each with numerous seeds
(Lomer and Douglas 1998, Whitsen al., 2000). The namélypericumis derived from the
Greek wordshyper(above) anceikon (picture), in reference to the traditional usehd plant
to ward off evil, by hanging plants over a pictiumghe house. The species napsforatum
refers to the presence of small oil glands in #devés that look like windows, which can be
seen when they are held against the liglypericum perforatunproduces pharmaceutically
important metabolites with possible antidepressamticancer, antiviral, antifungal and
antimicrobial activities (Di Carleet al, 2001; Agostiniset al, 2002; Miskovsky, 2002;
Schemppet al, 2002; Dulgeret al, 2005; Fenneet al, 2005; Ferrazt al, 2005; Francis,
2005; Malaty, 2005). St John's wort is today mastely known as herbal treatment for major

depression.
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Figure 3: Hypericum perforatuniThome, O.W. 1885)

A. rhizome and stenB. branch with flowers]1. flower bud2. opened floweB. androecium and
gynoeciumé4. stamens gathered in a fasciblestamen, anther with black glands, 6. three carpels
grown together, abaxial secti@nripe fruit 8. fruit with seed capsule, axial secti®nseed capsule
and seeds

However, here it is of importance thatypericum perforatumis a tetraploid,
facultative aposporous and pseudogamous apomictofyd 939; Matzlet al., 2001, 2003).
Apomixis in this species was first described in pih@neering work of Noack (1939), but only
recently characterized in great detail at bothitigividual plant and the population level by
Matzk et al. (2001) and Barcacciat al (2006). InH. perforatumindividuals, embryo sacs
may be either reduced (meiotic) or unreduced (apogis) and both types of egg cells may
be either fertilized (gamic) or develop partenodgeadly (agamic), resulting in six possible
categories of progeny (Matzit al, 2001). MoreoverH. perforatumecotypes are usually
polyclonal, being not dominated by a single genetyand characterized by different levels of
differentiation among multilocus genotypes (Barcacgt al, 2006). The more ubiquitous

apomictic pathway is typically characterized by thegaspore mother cell entering meiosis,

13



Introduction

followed by embryo sac degeneration. In its viginih the basal part of the nucellus or, more
frequently, in the deeper part of the chalaza,naatiz cell becomes an Aposporous Initial and
divides mitotically to form alieraciumtype unreduced embryo sac (Noack, 1941; Barcaccia
et al, 2006). The facultativeness of apomixis in thieaes indicates that sexual and
aposporous embryo sacs can initially coexist, alghoit is unclear iH. perforatumwhether

the degeneration of the sexual embryo sac hasetigdrasis or results from competition with

the aposporous initial or embryo sac (see Barcatah, 2007).

Apomixis occurs in about 97% of the plants of tlatunal populations (Noack, 1939),
composed mainly of tetraploids n24x=32), although diploid (2=2x=16) and hexaploid
(2n=6x=48) chromosome numbers have also been reportetzkMa al, 2001; Robson,
2002). The occurrence of different ploidy levelsnmst likely caused by the dynamic
reproductive system iHypericum Haploidization and polyploidization are the cansences
of parthenogenesis of meiotic egg cells and fedtion of aposporous egg cells, respectively
(Barcacciaet al, 2007).Hypericumhas the smallest genome amongst the studied afsomic

(637Mbp, _http://data.kew.org/cvalues/databasel)htmihich is four times bigger than

Arabidopsisgenome and 1.3 times bigger than rice. It is alibditmes smaller than the
genomes of other studied apomicts suciTasmxacum(1250 Mbp) ancHieracium (>1054
Mbp). A versatile mode of reproduction, rangingniraomplete sexuality to nearly obligate
apomixis, along with a relatively small genome sarel a relatively short generation time,
make St. John’s wort an interesting model systemapomixis research (Matait al, 2001;

Barcaccieet al, 2007).

1.9.ARIADNE belongs to E3 ligases

As described later in the thesis, t(hNRIADNEgene which is a part of thdéypericum
apospory-specific locus identified in this studydngs to ARIADNE family of E3 ligases.
Members of this family have been described to bmlired in the regulation of protein
degradation. The degradation of proteins is essditi many aspects in plant physiology and
development. The major proteolytic pathway for piotbreakdown is the ubiquitin / 26S
proteasome pathway, which requires a cascade ofm@® including ubiquitin-activating

enzymes (E1), ubiquitin-conjugating enzymes (E2) ahiquitin-protein ligases (E3; Figure
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4). The initiation reaction starts with the actioat of ubiquitin by the ATP-dependent
ligation of E1. This activated ubiquitin is transtd to the E2 enzyme. Using the activity of
E3 ligase, the ubiquitin moiety is attached to slubstrate. E3s have the highest diversity,
they interact directly with the target protein aark responsible for the specificity. The
attachment of ubiquitin to the substrate lead$é&recognition and degradation of the target

protein.

®a®
@@hd

DUBs

265

proteasome %
p 9 Amino

ATP

TRENDE in Plant Soignoe

Figure 4: The ubiquitin/26S proteasome pathway (after Viars2003).

The pathway begins with the ATP-dependent actiwadibubiquitin by E1, followed by transfer to
an E2, and finally attachment of the ubiquitin e target protein with the help of an E3. Once a
conjugate is assembled bearing a chain of multidequitins, it is recognized by the 26S
proteasome and degraded in an ATP-dependent pradgsseviation: K - lysine, Ub — ubiquitin,
DUBs - deubiquitinating enzymes.

Remarkably, inArabidopsis thalianaabout 5% of the proteome are involved in the
ubiquitin/26S proteosome pathway, making it one tbé most elaborate regulatory

mechanisms in plants (Vierstra, 2003). The biggesup of E3 ligases is the RING-finger
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group. Some RING-finger containing E3 proteins jaaet of E3 ubiquitin ligase complexes
such as SKP1, Cullin/CDC53, F-box protein. Thesamexes were shown to be involved in
many aspects of plant development, such as thdateguof auxin (Grayet al., 2001) and
jasmonate signaling (Xiet al.,1998), flower morphogenesis (Samatlal., 1999), circadian
rhythms (Nelsoret al.,2000; Somerst al.,2000; Dieterleet al.,2001), leaf senescence (Woo
et al.,2001), R gene mediated pathogen resistance (Aetséih,2002; Azevedet al.,2002),
embryogenesis (Sheet al., 2002) and gametophyte development'B@en et al., 2004;
Honyset al.,2004; Liuet al.,2008). The ARIADNE (ARI) class of RING-finger peihs are
characterized by the presence of an N-terminat@acidcluster, followed by a C3HC4 RING-
finger motif, a central in between RING-finger (IBBr B-box, and a second C3HC4 RING-
finger structure. At the C terminus, these protdiage a potential coiled-coil domain and a
leucin-rich region. The specific functions of gemetonging to theARIADNEfamily are not

known at the moment.

16



Aims of the project

1.10. Aims of the project

Apomixis is one of the most intriguing questionspddint biology with an expected
economic impact similar to that of the green retiolu The major aim of this project was to
contribute to the understanding of apomixis, as alenof asexual seed formation in the
natural apomicHypericum perforatumThe work of F. Matzk (2001) describing 6 diffetren
reproductive pathways and the availability of vasiopopulations and ecotypes served as
basis for establishinglypericumas a novel model system to study apomixis. Inptiogect |

concentrated the efforts on one component of apsmapospory.
The following aims were pursued:

1. Cytological characterization of the ovule developm&ithin aposporous and sexual

plants

2. Elucidation of the genetic control of apomixis hem the segregation of the trait in

several populations derived from directed crosses

3. ldentification of the apospory-specific locus im$le populations and in the collection

of wild accessions

4. Molecular characterization of the apospory-specibbicus and the corresponding

sexual locus
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2. Materials and methods

2.1. Material
2.1.1. Plant Material

SpeciesHypericum perforatum
For the detection of DNA markers linked to aposporyHypericum perforatuma

screening was performed by genomic AFLP analysiagud0 apomictic and 6 sexual
genotypes clearly characterized for a contrastimglenof reproduction by means of FCSS
(Flow Cytometric Seed Screen, see 2.1) (Maklal, 2001). The 16 genotypes originated

from different germplasm sources, collection sgebotanical gardens in Europe (Table 1).

Plant code Germplasm origin Mode of reproduction|  Rbidy
aTo cv. Topaz (Poland) apomictic 4n
aAn Breeding stock (Germany) apomictic 4n
aNo Breeding stock (Germany) apomictic 4n
aMi Minster (Germany) apomictic 4n
aSie Siena (Italy) apomictic 4n
aCa Caen (France) apomictic 4n
aWr Wroclaw (Poland) apomictic 4n
aWa Warszawa (Poland) apomictic 4n
aKs Kaunas (Lithuania) apomictic 4n
av4 Vacrotot (Hungary) apomictic 4n
sR1 Selection from cv. Topaz sexual 2n
sP1 Padova (Italy) sexual 2n
sP2 Padova (ltaly) sexual 2n
sVl Vacrotot (Hungary) sexual 2n
sV2 Vacrotot (Hungary) sexual 2n
sV3 Vacrotot (Hungary) sexual 2n

Table 1 Origins of the 10 apomictic (a) and 6 sexuaHgpericum perforatunaccessions

used for the AFLP analysis

A triploid segregating population (59 plants) wdstained by crossing completely
sexual diploid plants with obligate apomictic tplad plants. To exclude ploidy effects, a
tetraploid segregating population (72 plants) wlae abtained. For this purpose, an obligate
sexual plant (R1) was tetraploidized with colchéciand crossed with a tetraploid obligate
apomict (To). Two resulting sexuals were furtherssed with various obligate apomicts (see

the crossing scheme in Figure 5).
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Diploids

SR1(2n=2x=16) X sV1(2n=2x=16) - 1(sR1 x aV1) (2n=3x=24)
sP2(2n=2x=16) 1(sR1 x aP2) (2n=3x=24)

Triploids

SR1(2n=2x=16) 1(sR1 x aNo) (2n=3x=24)

sV1(2n=2x=16) X aNo(2n=4x=32) -> 1(sV1 x aNo) (2n=3x=24)
sV3(2n=2x=16) X aTo(2n=4x=32) = 1(sV3 x aNo) (2n=3x=24)
sP2(2n=2x=16) 1(sP2 x aTo) (2n=3x=24)

Tetraploids
SR1(2n=2x=16)
!
polyploidization
(colchicine)
!
SR1G(2n=4x=32) X aSi(2n=4x=32) > 4(sR1G x aSi) (2n=4x=32)
aTo(2n=4x=32) 4(sR1& aTo) (2n=4x=32)
(latteas renamed to gF

‘”No) (2n=4x=32)

skh1(2n=4x=32) aNo(2n=4x=32) 4(gFx aAn) (2n=4x=32)
sh2(2n=4x=32) X aAn(2n=4x=32) - 4(skh1 x aSi) (2n=4x=32)
aSi(2n=4x=32) 4(sP x aNo) (2n=4x=32)

4(sk2 x aAn) (2n=4x=32)

Figure 5: Generation of a population segregating for the naddeproduction: crossing

scheme

Additionally, Hypericumwild populations from Europe and North America tzaming
tetraploid apomicts and diploid sexuals were s@denith genomic markers. The origin of

the populations and the number of plants are pteden the Table 2.

Origin | Nr of plants
Apomicts, tetraploid
Tuscola IL US 39,8 88,28
Green Lake W1 US 43,85 89,3
Point Beach W1 US 44,26 87,56
Kewaunee MI US 44,61 88,11
Gillett WI US 44,84 88,61
Rideau River ON Canada 45 75, 62
Menominee MI US 45, 21 87. 75
Wausaukee W1 US 45, 45 87, 63
Carney MI US 45,6 87,03
Iron Mountain MI US 45, 83 88, 08
Tecumseh MI US 42 89, 66

N[ IFRPINIERPOTINININN|©
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Table 2: Origin of the wild populations used for the apogpaltele quantificatiorvia

Cazadero CA US 38, 55 123, 13

Covelo CA US 39,78 123,25

Holiday CA US 40,61 122,3

Gasquet CA US 41,84 122,63

Mt Shasta CA US 41,3 122,25

Abrams Lake Rd CA US 41,33 122,25

Weed CA US 41,43 122,38

Corvallis OR US 44,61 123,2

Granera Spain 41,73 2,06

Bolzano Italy 46,51 12,15

Clapier France 44,1 7,41

Adliswil Switzerland 47,3 8,56

Praha Czech 50,08 14,46

Suu Ravine Kyrgizstan 42.65 74.51

RPINIPWIRLFPWWINININ|ARP|>

Sexuals, diploid

Italy

=
w

Hungary

~

Russia

w

Bulgaria

(€3]

total

©
o

pyrosequencing

Genus:Arabidopsisthaliana

Arabidopsis thaliana Lcv. ,,Columbié diploid

Arabidopsis thaliana Lcv. ,,Columbid tetraploid (From Prof. Geelen, Ghent University)

2.1.2. Bacterial strains

Bacterium strain

features

Escherichia colDH5a

Escherichia coliXL1Blue

q r c
lac[F'proABlaclZAM15, Tn10, (Ted] (Jerpsetlet al.,1992)

Escherichia colDB3.1 Invitrogen

Agrobacterium tumefaciens
pGV 2260 in C58C1 (Deblaest al.,1985)
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2.1.3. Plasmids

Vector features source

pDONR 201 Kanamycin Gateway donor vector Invitrogen

pBluescript SK(+)  Ampicillif Stratagene

pCR2.1 Ampicilli, Kanamycih Invitrogen

pCC1BAC Chloramphenicol EPICENTRE Biotechnologies
pUbiH-Nos Ampicillid GeneCloningService
pNOS-ABM Ampicillin’ GeneCloningService

p6N Streptomycin, Hygromycin GeneCloningSesvic

pGEM-T vector

2.1.4. Media

Ampicillin

Promega

LB (1 L):10g NaCl, 5 g Tryptone, 5 g Yeast extract (pH 7.4)

TBY (1L):5¢9 MgSQ?HZO, 5 g NaCl, 10 g Tryptone, 5 g Yeast extract (p#) 7

YEB (1L):05¢g MgS(4)'7H20, 5 g Beef extract, 5 g Peptone, 5 g SucroseY &agt extract

(pH 7.0)

All solidified media contain 1.5% Difco-agar.

Rich medium for Arabidopsis (1L): 4.3 g MS micro- and macrosalt mixture, 10 g

Sucrose, 10 ml Vitamin solution, 8 g Agar (0.8%;, dates) (pH5.8)

Vitamin stock (100ml): 10 mg Thiamine x HCI, 5 mg Pyridoxine K5 mg Nicotinic acid,
5 g MES, 1g Inositol

Infection medium (1L): 2.652 g MS micro- and macrosalt mixture, Surrose, 10 ml

Arabidopsisvitamin solution (pH5.7), add 0.04% Silwet L-77

2.1.5. Kits

Invitek, Berlin, Germany

GE Healthcare, London, UK

Invisorb Spin Plant MKit

InviTrap Spin Plant RNA Mini Kit

RediprimeTM Il DNAelling Kit

Hybond N+ membrane
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Fermentas, Vilnius, Lithuania

Qiagen, Hilden, Germany

Roche, Mannheim, Germany

Invitogen, Carlsbad, CA, USA
Clontech, Palo Alto CA, USA

Macherey-Nagel, Diren, Germany

Biotage AB, Upsala, Sweden

22

Revert AidTM H Mm#&irst Strand
cDNA Synthesis Kit
Restriction enzymes
dNTP stock solutions
Dreanilaq Pfupolymerases
T4 DNA ligase
Taq DNA polymerase
QIAquickR Gel Extraction Kit
QIAprepR Spin Miniprep Kit
PCR Purification Kit
DNasel
Expand Long Template PCR System
Dual Promoter TA flfyg Kit
Universal Genome\aikit
Advantage2 Polymerase
NucleoSpin 96FFlas
Pyro Gold Reagents
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2.2. Methods

2.2.1. Flow Cytometric Seed Screen (FCSS)

The mode of reproduction iklypericum plants was investigated using the Flow
Cytometric Seed Screen (FCSS), a method which altbe discrimination of apomixis from
sexual reproduction based on the seed DNA contdr@mbryo and endosperm (Matekal.,
2000) and was performed as described previouslyzlvet al, 2001). Nuclei of single seeds
were isolated by crushing the seeds with sandpeper glass petri dish containing 1 ml
staining buffer (100 mM Tris-HCI, 5 mM Mg&I85 mM NacCl, 0.1% Triton x100, 1 mg/ml
DAPI, pH 7.0). Cellular debris was removed by #tton of the released nuclei through nylon
tissue of 3Qum mesh width. One ml of staining buffer was added tne tubes were stored
on ice in the dark for 1-2 h. Then the DAPI-staimedlei suspensions were processed using a
Facstar Plus flow cytometer and sorter (Becton-Di&bn, San José, CA, USA) equipped
with an argon ion laser in UV mode. Classificatmfnsexual and aposporous genotypes was
done on the basis of the cellular DNA contentsnrbe/o and endosperm cell in seeds. In
diploid genotypes sexual reproduction is leads dtiypéoid embryo and a triploid endosperm.
Seeds of tetraploid genotypes exhibit four distploidy ratios of embryo and endosperm. (i)
4C embryo and 6 endosperm cells are a product of sexually prodsesdis from reduced,
double fertilized embryo sacs; (ii)lCAembryo and 10 endosperm cells are derived from
apomictically produced seedsa unreduced embryo sacs and pseudogamous endosperm
formation; (iii) 2C embryo and € endosperm are a product of apomictically produsmsts
from reduced and parthenogenetically developed wmnland pseudogamous endosperm
formation; (iv) 8 embryo and 10 endosperm are derived from apomictically produced

seedssia unreduced fertilized embryo and pseudogamous gedos

2.2.2 Cytohistological technics to analyse sporogesis and gametogenesis

Flower buds were sampled at different developmesttades, according to the length,
and divided into a total of seven stages. Forehngth of the flower bud, the distance between
the insertion point of the external carpels tordeeptacle and the apex of the flower bud was

considered. Flower buds ranging from a minimum afm and a maximum length of 11 mm
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were analyzed for each plant. Pistils were dissedtem flower buds under a Zeiss
Discovery.V20 (Carl Zeiss Microlmaging, Germanygrsbmicroscope prior to subsequent
staining procedures. Ovules were subsequently desd@nto a microscope slide and cleared
with chloral hydrate:water:glycerol (8:2:1) prioo bbservation. Pistils were alternatively
cleared and stained following the protocol repotigdStellyet al., (1984) with some minor
modifications. Briefly, the tissues were fixed idA& (3.7% formalin, 5% acetic acid, 50%
ethanol) overnight at 4°C, and then hydrated in 50% and 100% progressive water :
ethanol solutions for 30 min each. Samples weleedawith pure Mayer's hemalum for 48
hrs, placed in 2% acetic acid for 24 h, and thelnydeted in 25%, 50%, 70%, 95% and
100% progressive ethanol solutions for 40 min eaAfter dehydration, samples were cleared
with absolute ethanol : methyl salicylate solutiq@sl and 1:2, v/v) and twice with pure
methyl salicylate (10 min per step). Ovules wemntmounted with one drop of pure methyl
salicylate and coverslipped. Cytohistological olsagons were made using a Zeiss Axioplan

(Carl Zeiss Microlmaging, Germany) microscope urldEE optics, using a 100X objective.

Decolorized aniline blue (DAB; 0.005% w/v) was usteddetect the presence of
callose as described by Worratlal.,(1992). Ovules were dissected from fresh pisiieatly
into DAB : glycerol (1:1, w/v) under a Zeiss Disavy.V20 (Carl Zeiss Microlmaging,
Germany) stereomicroscope. After ovule isolatiammpgles were coverslipped and observed
under UV light using a Zeiss Axioplan (Carl ZeisgcMImaging, Germany) microscope with
a 365-40Qum filter set.

2.2.3 Basic cloning methods and sequencing

Insert preparation: PCR products were purified using QIAquick PCR ifeation Kit or
were separated on agarose gel and eluted fromethieyguse of PCR Product Isolation Kit.
Restriction enzymes and nucleotides were remove@IAquick Nucleotide Removal Kit.

Purified fragments were used for the ligation reeerct

Vector preparation: Plasmid extraction and purification was done gsihagen Spin Kit or
by Qiagen Plasmid MAXI Kit or according to the fgsteparation method described by
Holmes and Quigley (1981). The standard molecutaricg methods (restriction, digestion,
ligation, DNA gel electrophoresis) were performedading to Sambrooét al.,(1989).
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Transformation of E. coli: The transformation dt. coliwas performed using the heat-shock

procedure (Coheet al.,1972).

DNA sequencing DNA sequencing was performed at the IPK-Gaterslebe BigDye
terminator cycle sequencing chemistry (Applied Bgiems, Foster City, CA, USA) and the
3730x1-DNA sequencer.

2.2.4. AFLP and CAPS marker analysis

Total genomic DNA was isolated using the InvisoginSPlant Kit (Invitek, Berlin,
Germany) and the AFLP analysis was performed asritbesl by Potokinaet al, (2002).
Fluorescence labelledPst-anchored primers with two selective nucleotideS'- (
GTAGACTGCGTACATGCAGNN-3) and Msd-anchored primers with three selective
nucleotides (5GATGAGTCCTGAGTAANNN-3) have been wused for selective
amplification. Fragment sizes were determined bynmarison with a size standard
(Genescan-500 Rox, Applied Biosystems Inc., FdSigr, CA, USA) supplemented with five
additional DNA fragments ranging from 568 to 812. lfpels were analyzed with the
GeneScan software version 3.0 (Applied Biosystams Foster City, CA, USA).

To isolate specific amplicons they were separated4®% polyacrylamide gels,
visualized by silver-staining (Bassaet al, 1991), excised from the dried gel and eluted
overnight by shaking in sterile water. An aliqudttbe eluate was used to re-amplify the
fragment by PCR. The following PCR conditions haeen used: denaturation at 94°C for 5
min, 30 cycles at 94°C for 1 min, 55°C for 1 mirdaf2°C for 2 min and a final extension
step at 72°C for 10 min. Amplicon sequences wedteeeibobtained directly after elution from

a 1.5% agarose gel or after subcloning into a pGE&ctor (Promega, Madison, WI, USA).

For the conversion into a CAPS marker, site-spegifimers (5TAAAGGAGTATC
TGAAAAGTGAGG-3 and 3CAGGCAGCACGAGAATCTA-3) were designed on the
basis of the sequence data obtained from the eké&iE&P amplicon. The PCR reaction was
done in 20ul containing 50 ng genomic DNA, 1Waqg DNA polymerase, 1x PCR buffer
(Qiagen, Hilden, Germany), 10 pmol of each primed 8.25 mM dNTPs. Following PCR

conditions were used: initial denaturation at 946€C5 min; 30 cycles of 94°C for 30 s, 60°C
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for 30 s, 72°C for 1 min, and a final step at 726€10 min. Restriction was done in a volume
of 20 ul overnight at 37°C with 68caRl, 1x EcoRl buffer and 15ul of the PCR product. The

CAPS marker status was analyzed on a 2% agarose gel

2.2.5. BAC library characterization and screening

One-month-old seedlings of a diploid sexual plaerevused for DNA isolation. A
BAC library was generated by the company Amplicotpiiess (Pullman, USA) based on
partial Hindlll digestion and cloning in the vector pCC1BAC (EENTRE Biotechnologies,
Madison, Wisconsin, USA). A total of 26,000 BAC w©é&s were obtained representing
approximately a 6-fold coverage, assumirnidy@ericumgenome size of about 630 Mhpe(,
1C=0.650 pg, http://www.rbgkew.org.uk/cval; 1 pg=98%Hp, Bennett and Leitch, 1995).
Insert sizes were determined for 72 randomly seteBIAC clones. The inserts were liberated
by Notl digestion and sized by PFGE (1% agarose gel, UB&, 12.5°C, 6V/cm, 5 s initial
and 15 s final pulse time, 16 h). The BAC librargsasspotted on Hybond N+ membranes (GE
Heathcare, London, UK) using the MicroGrid Il rob@@ioRobotics, UK). The marker
sequence containing probe was labelled Witha dCTP using random hexamer priming
(Feinberg and Vogelstein, 1983). Hybridization amashing conditions were according to
Church and Gilbert (1984). Hybridization was pemied overnight at 6%. The membrane
was washed twice with 2x SSC/0.1% SDS, twice wkISEC/0.1% SDS, and once with 0.5x
SSC/0.1% SDS at 86 for 15 minutes each. The signal was detected A$-B° MS 2325
imaging plate from Fujifilm and was read by FLA ®lphosphoimager. Positive BAC clones
were tested for the presence of the prolze PCR with the CAPS primers and used for
fingerprinting of the 3and 5 ends according to Luet al, (2003). The fingerprinting reaction
was performed in triplicate usin@anHl, EcdRl, Xba, Xhd, and Hadll restriction
endonucleases. Capillary electrophoresis of theestiegl DNA, labelled with SNaPshot
labeling solution was carried out on an ABI 373h&e Analyzer (Applied Biosystems Inc.,
Foster City, CA, USA) and fragment analysis andtigoassembly was done using the
software packages Gene Mapper V4.0 (Applied Bi@syst Inc., Foster City, CA, USA),
FPPipeliner V2.0 (BioinforSoft LLC) and FPC V9.&anger Institute).
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2.2.6. BAC clone sequencing

The BAC clone H25H09 was chosen for sequencingadmex it contained the marker
sequence approximately in the middle. BAC DNA wsddted using a Plasmid Purification
Maxi Kit with the low-copy plasmid/cosmid protoc(@iagen). For subcloning BAC DNA
was randomly sheared using a GeneMachines HydrmogGemomic Solutions, Ann Arbor,
MI, USA) and fractioned by size on 0.8% agarose ehgments of 1-2 kb were purified,
blunted using the Klenow fragment of DNA polymer@Bsermentas, Vilnius, Lithuania) and
ligated into the pBlueskriptSK (Stratagene) veclidie sequencing was done on a 3730x1-
DNA sequencer (Applied Biosystems Inc., Foster C®A, USA). The sequences were
assembled using Sequencher 4.0 (Gene Codes Caopoidt, USA) software set to a
minimum overlap of 20 bp and 95% match requiremBaimaining gaps were closed with
primers derived from the flanking sequence. Thalfessembly contained 1,253 sequences
coveragingthe assembly 6.1 times on average. Ttwrawy of the assembly was confirmed
by comparingin silico and experimental restriction digests for eight eféght restriction
endonucleaseE£€CdRV, Ack51, Apd, BanHl, Sadl, Spd, Xhd, Smd). The size of large
fragments was determined by pulse field gel elgtiooesis as described above and by
conventional agarose electrophoresis for smallgrfrents. The band sizes were evaluated
with the TotalLAB TL120 software and compared te tlestriction patterns predicted based

on the sequence.

To detect the collinearity between thigypericumand poplar the 25H09 BAC was
blasted against a database containing poplar gerassemblies using the BLASTN and

BLASTX scripts adapted for PEARL (L. Altschmied,rpenal communication).

2.2.7. BAC clone annotation

The total BAC sequence of 141.941 kb was used femegannotation. Gene
predictions are based on consensus gene modeledl&®m several sources of evidengb.
initio gene predictions were carried out applying thgmms Fgenesh+ with a dicot markov
model and GenelD (Paret al, 2000) using matrices specific fArabidopsisand tomato.
Due to the lack of alypericumEST database, TIGR transcript assemblies (Clatdal.,
2007) of related species of ti&aliceae(Populus sp) and theEuphorbiaceae(Manihot
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esculentaand Euphorbia esulpas well asArabidopsis thaliangproteins (TAIR version 7)
were aligned as heterologous experimental evidetecéise genomic sequence. Alignments
were computed as optimal spliced alignments apglyihe program GenomeThreader
(Gremmeet al, 2005). Consensus gene models were derivedtmgfinitial gene models to

a reference protein database (UNIREF90; Sueelal, 2007). Manual inspection of the
consensus gene models retained a total of 4 transpelated and 24 protein coding genes as
candidate gene set of BAC Hp25H09. The annotatibthe BAC clone was done in
cooperation with G. Haberer (MIPS, Munich).

General sequence data handling was performed ukangrograms BLASTN and
TBLASTX (Altschul et al, 1990) and the NCBI databases. The SeqEd progea(WBl
Applied Biosystems Inc., Foster City, CA, USA) ar®kquencher 4.0 (Gene Codes

Corporation MI, USA) software were used for seqeeaditing.

2.2.8. Detection of single nucleotide polymorphisms

The corresponding 23 annotated genes on the sespid3&C were amplified from
four aposporous and four sexual plants using tiragos given in Table 2. The mixture of
Dream Taq (Fermentas, Vilnius, Lithuania) ané®fu (Fermentas, Vilnius, Lithuania)
polymerases were used to minimize the amplificatiostakes. The amplicons were cloned in
the pCRr2.1 vector (Invitrogen, Carlsbad, CA, US#iH at least 16 colonies per gene were
sequenced to analyse single nucleotide polymorghesma haplotype structure. The plasmid
isolation was done in a 96 well-plate format ushhgcleoSpin 96 Flash (Macherey-Nagel,
Duren, Germany). The haplotypes were evaluatedherpolymorphisms with MEGA 4.1

(Tamuraet al.,2007) software.
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Amplified region Fragment
name BAC-position Forward primer Reverse primer length
ARIADNE 61782 - 64755 GGGACCCAAAAACTCTCCTC GCAGTGAACTCAACCGCATA 2973
ARIADNE promoter 61075 - 64755 TTTCTTCCTGTCCTTGTACCG GCAGTGAACTCAACCGCATA 3680
ARIADNE- truncated 63169 - 65015 | TAAAGGAGTATCTGAAAAGTGAGG | CCATGAACCAAGGCACAAC 1846
HK1 7538 - 8192 CAGGTGGAAAAGTTGGGAGA TTTGAGCTCCACTCGTTCCT 654
HK2 31500 - 32162 CTGTTCTTGTCGGGCACATA CTCATTAATGTGCGCTGCTG 653
GK1, GK2 37103 - 37718 AAGCTGCTTCTAGTTGTGCACTT | GTAGCGGCAGGAGCTATGAC 615
ExP1 78262 - 79000 GACTTTCGCGTACGTCCTGT GAAGAAGCCGCAGAGGTAGA 738
PAT1 53041 - 53774 GGAGGTCAACGATTTCAGGA CTGCACCTCACAGCCAGATA 733
WRKY 55854 - 56394 GCATTCTCGTGCTTCTCCTC AAGAGCATGGATCGTGGAAC 512
DGCR 60011 - 60424 CGAGCGAGGATAATGAGAGC CCCCTTCTCACCATCCCTAT 413
NPH3 68725 - 69315 GCATCGAGTCGTTAGCCTTC TCTCCATGGTAGCCAACTCC 591
TK 75087 - 75512 GCAGCAACCTCGTGAACTTT GATGGAAAGATCGTGGTCGT 425
RNP 81181 - 81613 GTTTATGCCCATCCCATGAC GGAGGTTTGGCATCAACTGT 432
AUXR 89472 - 89907 ACGTGGAGCTTGGTCTTGTT TTGCACCACCGTCACTTCTA 435
MO25 106317 - 106804 CTGGACGATCACCAATCTCA CCATCGTTCTATCCCACACC 487
RING H-2 125473 - 125803 TCTCCTCTCCCGAAAGTTCA GGTCTTCTCGGTGTCGTTGT 330

Table 2 Primer sequences used for BAC Hp25H09 charaetisoiz.

Gene symbols, position within the BAC sequenceduseward and reverse primers and the
resulting fragment lengths for all genes presenth@enBAC are given. HK1,2 - histidine kinases,
GH1,2 - glycosyl hydrolases ExP1 - expressed pmpteAT1 - a member of the GRAS gene
family, WRKY - a WRKY transcription factor, DGCRleypothetical protein, ARI - an ubiquitin-

mediated E3-ligase, NPH3 — a plastidal phototropsponsive protein, TK - a thymidine kinase,
RNP - a heterogeneous nuclear ribonucleoprotein{RY an auxin-response protein, Mo25 - an
unknown protein of the Mo-25 family, RINGH2 - RINfihger protein of the H2 class .

2.2.9. Allele quantification by pyrosequencing

Primers for pyrosequencing were derived using tiNP Sorimer Assay Design

Software (version 4.0) from Biotag AB (Uppsala, Sem). The primers used are given in

Table 3. After PCR with genomic DNA, pyrosequencimgs carried out according to the

manufacturer’s standard protocol with Pyro Gold dg&eds (Biotage AB) on a Pyrosequencer

PSQ96HS96A 1.2 machine (Biotage AB) The allele frequenvas estimated using the

manufacturer’'s software.

SNP no. Forward primer Reverse primer (biotinilated) Sequencing primer
SNP 06 GGACCCAAAAACTCTCCTCTCA CTCGTCGGAATCCATAGCTC GCTTCTGGTAATTAGGGT
SNP 24,25 | TGGGACGTGAGTAAGTTGCATGAT | TGTCCACAAGAAGAAGCCGAATA | CGACGAGGAAGCAGTG

Table 3: Pyrosequencing assays developedHpARI
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2.2.10. Genomic Southern

For southern hybridization 5 pg of genomic DNA weligested withEcoRI and
blotted onto a Hybond N+ membrane (GE Heathcaredbo, UK). The marker sequence
containing probe was labelled witfP-« dCTP using random hexamer priming (Feinberg and
Vogelstein, 1983). Prehybridization was performe@%2C for 2 hours and hybridisation was
done at 65°C overnight. After hybridisation the nbeame was washed twice with 2x
SSC/0.1% SDS, twice with 1x SSC/0.1% SDS, and avitle 0.5x SSC/0.1% SDS at 85
for 30 minutes each. The signal was detected by -BAMS 2325 imaging plates from
Fujifilm. Band intensities (PSL/mfhwere quantified with a phosphoimager FUJIX Ba8®0
(Fuji Photo Film, Tokyo, Japan). After backgrountaction the intensities of the 583 bp
and 394 bp bands were added and compared to #resityt of the 978 bp band.

2.2.11. Genome walking

The Genome Walker Universal Kit (Clontech, PalooAICA, USA) and Advantage 2
Polymerase mix (Clontech) was used for genomic mglkollowing the instructions of the

manufacturer. Two rounds of walking have been daieg primers given in Table 4.

Primer name Gene walking round 1 Gene walking round 2
5 Gene specific primer | CGCCATGGAACACCAATGGCAATGATCCA | TGTCTTTGCCTAGCCATGACAGAATC

end | Gene specific primer | GTCTGGTTGGATTAAGCCAAGAAATC TCGGTCTGATACCCGAAGGCAGTAAG
3 Gene specific primer | CGCGTTTAACTTTGGAGTTCTTTCAGG CTTAGTTCATGGCAAGAGCATCGGAG
end | Gene specific primer | TCGAAATCCTCTCACTAACACACAGGT GACATGGAAAATGGTGCAAACCCTAG

Table 4: Primers used for genomic walking

2.2.12. Expression analysis

Total RNA was isolated from pistils 4-5 mm and @81 and leaves using Invitek
RNA Isolation Kit (Invitek, Berlin, Germany). Thegastils correspond to megasporogenesis
and megagametogenesis, respectively, as deternbyextaging analysis (Gallat al., in
press). For the production of the first strand cDMlAg of total RNA was treated with
DNAasel (Invitrogen, Carslbad, CA, USA) followed By PCR with RevertAid H Minus M-
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MuLV Reverse transcriptase (Fermentas, Vilnus,uathia) using random hexamer primers at
42°C for 60 minutes. The primers TCCGACGAGGACGTGTAMY and
TTATAATGACGGAGGGGATGCT were designed to amplify both sexual and aposporous
alleles, and the amplicon was digested vttoRV (Fermentas, Vilnus, Estonia). The PCR
step was performed using the programme: 94°C, 2itexsn 35 cycles, at 94°C for 30 seconds,
60°C for 30 seconds and 72°C for 60 seconds wifimna elongation step at 72°C for 5

minutes, with Qiageiiaqg polymerase (Qiagen, Germany).

2.2.13. Generation of transgenic lines

The regions containingdpARI gene andHpARI promoter withHpARI gene were
amplified usingTaqandPfu polymerases mixture (Fermentas, Vilnus, Estomal) @oned to
Ava andHindll restriction sites into pUbiH-Nos (GeneCloningdee, Hamburg, Germany)
pNOS-ABM (GeneCloningService, Hamburg, Germanypeesively. The ligation was done
in 10 ul volume, with 50 ng vector, 200 ng PCR producgll2T4 DNA ligase (Fermentas,
Vilnus, Estonia) and ul T4 DNA ligase buffer at 14°C overnight. The pladmpositive for
the inserts were selected afferal andHindll restriction. The cloning cassette was cut out by
Sfil enzyme (Fermentas Vilnus, Estonia) and ligated the binary p6N vector. The positive
clones were selected wisfil enzyme and sequenced to check the correctnebe oéading

frame and absence of mutations.

The constructs were introduced into thgrobacterium tumefaciersdrain GV2260 by
freeze-thaw transformation (Chezt al., 1994). Transformation of Arabidopsis was done
according to the protocol of (Clough and Bent 19%8ants ofArabidopsis thalianacotype
Columbia were grown for three weeks under short day candt(8 hours light, 16 hours
dark) and transferred to long day (16 hours lighthours dark). After three weeks, the
emerging bolts were cut to induce growth of secondalts. Bacteria were grown till
OD600>2.0, harvested by centrifugation and reswdgernn three volumes of infiltration
medium supplemented with 0.01% Silwet L-77 (Unioarliidde Chemicals and Plastics).
Inflorescences were dipped into tAgrobacterium tumefacier(strain GV2260) suspension
for about 1 minute. After short shaking they wereubated horizontally in covered bowls for

24 hours to keep a high humidity. After 24 houngytwere uncovered and set upright. Seeds
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were harvested from dry siliques, sterilized aratqa on selection plates containing MS basal
medium (Murashige and Skoog, 1962) complementett wit% sucrose and 0.8 % agar
(Sigma M-9274) and the appropriate pmL selective antibiotic. After two weeks, viable

plants were transferred to soil, grown up and tkBeeds collected. Transgenic plants were

analyzed by PCR to confirm the successful transition.
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3. Results

3.1. Segregation of apospory and parthenogenesis

In order to examine if apospory and parthenogersegjsegate as independent traits in
Hypericum a crossing scheme involving diploid and tetrapl@exual and tetraploid
apomictic lines was established. Four apomictiedifAn, No, Si, To) used as pollinators in
segregation studies exhibited from 83% to 100% pm@ys and from 80% to 100%

parthenogenesis (Table 5).

Line Mode of reproduction (%)
Apospory | Parthenogenesis Apomixis
aAn 95 86 85
aNo 100 ~100 ~100
aSi 88 81 81
atTo 83 80 78

Table 5 Selection of lines with highest expression ofrapas used in the crosses

Both the diploid sexual parents (sR1, sP1, sP2, s¥P, sV3) and the tetraploid
sexual parents (sE, sh2, sR1C) were propagated separately (Table 6 hiostheme of the
crosses see material and methods, Figure 5). Tinesewere confirmed to be obligate sexual,
neither apospory nor parthenogenesis were detdnye8CSS. The crossing of obligate
sexuals resulted in obligate sexuals (Table 6)gesiing that the parents are most likely

homozygous at the loci responsible for sexual $exdation.

In triploid F; plants resulting from a cross between tetraplq@dnaicts and diploid
sexuals, the ratio of aposporous and sexual pleassapproximately 3:1 (44:15, see Table 6),
showing a clear dominance of apospory at the idplevel. This ratio is intermediate
between 1:1 and a 5:1 gamete segregation to bectexpehen assuming either one or two
dominant allelesAaaa simplexversusAAag duplex genetic constitution) of one responsible
locus in the tetraploid male parents, assuming bettessive allelesa§) for the diploid

female parents.

Among the  progenies from crosses between tetraploid seXgdl€, R1, R2) and

tetraploid apomicts (An, No, Si, To), 34 plants evexposporous with different levels of
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penetrance and expressivity and 38 plants wereasesonfirming a 1:1 segregation ratigf (
= 0.222) between these two modes of reproductioastMf the aposporous plants (27)
showed high expression of apospory (71% to 100%) amy a few plants (7) scored
intermediate values (20% to 38%) (See table 1&chhent). The ratio close to 1:1 between
sexual and aposporous progeny plants indicatesm@lest genetic constitution of one

responsible locus in the tetraploid male parents.

Cross | Plants | APO+/PAR+| APO+/PAR- | APO-/PAR+|  SEX
Diploid
2(sR1 x sP2) 11 0 0 0 11
2(sP2 x sV1) 13 0 0 0 13
Total 24 0 0 0 24
Triploid
1/2(sR1 x aNo) 16 7 5 0 4
1(sV1 x aNo) 25 12 6 1 6
1(sV3 x aNo) 4 3 1 0 0
1(sP2 x aTo) 14 6 4 0 4
Total 59 28 16 1 14
Tetraploid
4(sk1 x aAn) 8 2 0 0 6
4(sk1 x aSi) 4 0 1 0 3
4(sk1 x aNo) 10 8 0 0 2
4(skh2 x aAn) 10 3 0 1 6
4(sh2 x aNo) 24 12 4 0 8
4(sR1G x aSi) 16 2 2 0 12
Total 72 27 7 1 37

Table 6. Segregation analysis of the directed crossed#fefent ploidy

In addition to apospory, the degree of parthenogjerveas determined and found to be
zero or rather low (0- 53%). No intermediate orthéxpression of parthenogenesis was found
among the triploids and only a few exceptions wayserved among the tetraploig fants.
The ratio of plants with and without (0%) partheangsis was 29 (28+1) : 30 (16+14) in
triploids and 28 (27+1) : 45 (7+38) in tetraplo{d®ble 6 and 7), which is close to a 1:1 ratio
(¥’ = 3,556) and suggests a simplex genetic constituif the responsible locus in the male
parent. Plants with a high expression of both apgspnd parthenogenesis are rare after
crossing obligate sexual and highly apomictic parem total only three such plants were
found among 155 individuals (Table 15, attachmefke occurrence of 16 triploid and 7

tetraploid k plants which exhibit apospory without parthenogenas well as one triploid
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and tetraploid plant each that exhibit parthenogesnavithout apospory, suggests the
independent genetic control of both apomixis congombs inHypericum

To test whether recombination between aposporypamthenogenesis had occurred, a joint
segregation analysis was performed. This showedrafisant deviation from the expected
1:1:1:1 ratio at both the triploid and tetraplosdéls (Table 6). Therefore, both these traits are
still associated inHypericum Furthermore, | observed that the recombinatiGgudency
between apospory and parthenogenesis was aboutwi®the estimated genetic distance
between the corresponding loci being 20.1 cM af@rection with Kosambi’s mapping
function (Table 7). Thus, the two dominant allelessponsible for apospory and

parthenogenesis were linked in the coupling phage €is-type linkage).

Ploidy of | Apomixis Recombinants Sexuals
progenies | Apo*/Par” | Apo’/Par’ | Apo/Par” | Apo’/Par Total
3n 28 16 1 14 59
4n 27 7 1 37 72
Overall 55 23 2 51 131
Ploidy of Overall Chi-square values
Overall #PoVvs
progenies | Apo *Vs) | par ™V$) | Apo *VS) | pgr *VS) Par)
3n 44 vs.15 29 vs. 30 9.577* 0.017 ns 24.864***
4n 34 vs.38 28vs. 44 | 0.222 ns 3.556 ns 47.333***
Overall 78vs.53 | 57vs.74 4.771 ns 2.206 ns 57.061***
Recombination frequency: 19.08%
Genetic distance (Kosambi mapping function): 20.1 cM

Table 7: Statistical calculations of sexual and aposp@sesfic allele segregation in triploid

and tetraploid offspring

Symbols: Apo-Apospory, Par-Partenogenesis ns- igificant at P=0.01; *-significant at
P=0.01; ***- significant at P=0.001
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3.2. Cytohistological observations of apospory iRlypericum perforatum

3.2.1. Plants selected for the cytohistological sties and their mode of reproduction

Based upon the flow cytometric profiles of singkeeds, the four tetraploid (4C)
accessions collected from different geographicgiores were all determined to be facultative
apomicts, with 79% to 98% of the analyzed seedsapeession developed as a result of an
aposporous event and 73% to 90% of the seedsqasier a parthenogenesis event (Table
8).

Plant Origin Mode of reproduction Ploidy

name Apospory, % | Parthenogenesis, %
HO6_1915 | Iron Mountain M | 98 90 4n

(USA)

HO6_2751 Bolzano, Italy 87 3 n
H06_2849 Badia Polesine, Italy /9 82 an
H06_2974 Cerbere, France 98 6 il
H06_2842 Badia Polesine, Italy O 0 on
(FLxAM/4 | bk Gaterslebeh | O 0 il
(RICXTO)L/1 | \pk_Gaterslebeh | O 0 “n
(Fi2xAn1/7 | |pk_Gaterslebeh | O 0 “n
(F12xNo)1a/5 | |pk_Gaterslebeh | O 0 o

Table 8: Geographic origin and flow cytometric charactelimaiof unreduced gamete

formation (apomeiosis) fidr perforatumused in embryological analysis

 Induced tetraploid plants via colchicine treatmehtseeds (for the scheme of crosses see
Material and Methods Figure 5)

3.2.2. Ovule development and gamete formation inseal Hypericum

Early developmental stages of the ovule are showrFigure 1. As the ovule
primordium reaches approximately 15 cells in lepgtle emerging integument undergoes
periclinal division. Integument growth delineaté® tmain funicular, chalazal and nucellar
domains within the ovule (Figure 6). Thigpericumovule is bigtemic as both outer and inner
integuments differentiate from the middle regiontloé proximal - distal axis of the ovule

(Figure 6 and 7). At this stage the nucellus isualize cells in length and is composed of one
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epidermal layer, enclosing one to two hypodermdliroos of cells (Figure 6). | found the

number of hypodermal cells to be variable betweeneas of the same plant, with no obvious

correlation with reproductive behavior (Figure 703,

Figure 6: Early phase of ovule development in sexual andpp@uH. perforatumplants

A-B. Ovules at stage 1-ll (staging according to r&itz et al, 1995): A- Inner integument
initiation in the abaxial side of the ovule (atstlstage the epidermal layer is distinguishable from
the internal sub-epidermal tissue); B - The develept of adaxial inner integuments is anticipated
with respect to the abaxial side; C-D. - Outer gnt@ent initiation shortly follows the inner
integument protrusion (C); the archesporial celbisated next to the epidermids at the tip of the
nucellus (C) and forms a sub-epidermal MMC (D).oAwheads: sites of integument formation.
Arrow: MMC. All scale bars = 17 pm.
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As the internal integument starts to form, the emidarchesporial cell differentiates
just beneath the most apical epidermal cell. Nermediate division of the archesporial cell
prior to MMC differentiation was observed (Figurg €allose deposition patterns within
sexual ovules fully resemble the pattern previowsgcribed by Rodkiewicz (1970) for the
monosporicPolygonumtype of embryo sac formation (Figure 8 B-E). Theofescence is
strongly localized at both poles of the MMC, withegcent-like accumulation that finally
encompasses the complete internal surface of th@~agure 8 B). The first meiotic division
and cytokinesis lead to marked callose depositighinvthe middle cell wall (Figure 8 C),
and at this time little or no callose is presenthum the proximal-distal apex of the dyad.
Moreover callose is clearly detectable within tloeiyg tetrad stage (Figure 8 D and E), being
strongly accumulated among newly originated mega&spd_ate tetrads are distinguishable
from younger ones by the massive accumulation dyspocharides around all but the
functional megaspores. As irrabidopsisand maize, only the most proximal megaspore
survives and undergo further development (Figuie E). The complete degeneration of the
most micropylar megaspores is accompanied by treetoof megagametogenesis which
involves the enlargement of the functional megasporgive rise to the one nucleate embryo

sac (Figure 7 E).

The first mitotic nuclear division of the one nuwstie embryo sac leads to the formation
of a two nucleated embryo sac (early 2N ES sta®. positioning of the two nuclei within
the embryo sac is strictly defined as they are gbnd@detectable in the proximal and distal
sides of the cell. Prior to the second mitotic siwn, the embryo sac markedly increases in
length, almost reaching the most micropylar sidéhefovule (late 2N ES stage; Figure 7 F).
The second nuclear division of the proximal andadlisuclei is highly synchronized and
results in the formation of a four nucleate embsgo with two nuclei oppositely localized at
each side of the cell (Figure 7 G). A precise aadserved pattern of nuclear positioning
within the cell is observed at this stage, sugggsthat this is under strict control. More
specifically, the nuclei are positioned one abdwe dther with respect to the chalazal pole of
the micropylar/chalazal axis, while the nuclei gallg are located side by side at the
micropylar end (Figure 7 G). The third nuclear sion closely follows the second one to

generate the final eight nucleated embryo sac (8NFigure 7 H and 1). As cytoplasm and
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Figure 7: Megasporogenesis and megagametogenesis progr@ssexuaHypericum

For each panel the micropylar (m) and chalazal Sifde of the ovules are reported. A-D.
Megasporogenesis. A: MMC; B: Dyad; C: Tetrad; D:n€tibnal megaspore (fM). E-L.
Megagametogenesis. E: 1N ES; F: 2N ES; G: 4N E&: BN ES spanning the time point of
antipodal degeneration; L: mature ES. Degeneratfdhe most micropylar megaspores is marked
with the white arrow head. Nuclei within megaspoaesl embryo sacs are marked with black
arrow heads, except in J and L where the blacknahieads in the chalazal region marks the
degenerating antipodals. oi: outer integumentjniter integument; il: inner layer; el: external
layer; pn: polar nuclei; a: antipodal; s: synergd;egg cell. 1ES, 2ES, 4ES, 8ES: one nucleate,
two nucleate, four nucleate and eight nucleate gosaic repectively. All scale bars = 8 um.
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organelle partitioning take place, two antipodaisl ssynergids originate from the most
externally localized nucleus, while all other catogints of the mature embryo sac are derived
from the more centrally localized nuclei (Figurédy. The mature, fully cellularized embryo
sac is composed of the three antipodals, a bi-atedlecentral cell and the egg cell positioned
beneath the two most micropylar synergids (Figuitd.7Synergids and egg cell are clearly
characterized by inverted localization of the lavgeuole and nucleus one with respect to the
other (Figure 7 L). Indeed, while synergids aradglty characterized by a distal nucleus and
a proximal vacuole, the egg cell is characterizgdthe presence of a distally-localized
vacuole and a proximal cytoplasmic area (Figure Black arrowheads). Such organization
of the egg cell results in the proximity of thedarnucleus of the germ cell to the secondary
nucleus of the central cell, the latter being digtlbcalized within the large auxiliary cell
(Figure 7 L). | observed that degeneration of thigpadal cells always precedes polar nuclei
fusion (Figure 7 H, 1) and that secondary nucleusnftion always precedes synergid cell

degeneration and fertilization of the embryo sagyfe 7 J, K).

3.2.3. Aposporous embryo sac induction and develomnt

Significant deviations from the sexual pathway weleserved within aposporous
ovules. Isolated ovules from apomictic individualgere typically characterized by an
archesporial cell that eventually produced a MMC iclwh apparently mimics the
developmental timing observed in sexual individu#ls shown in Figure 9 (panels B-D),
even if megaspore-like enlarged cells seem to esegot within the hypodermic layer, meiosis
frequently stops at the two to four megasporesestagrthermore, if distinguishable from the
surrounding cells, such megaspores typically carrgmall nucleus and exhibit signs of
degeneration (Figure 9 A-C). Moreover, the ovuleapmmictic individuals are characterized
by novel callose deposition patterns compareddedtof sexuals, and very rarely show dyads
or tetrads (Figure 8). Furthermore, FCSS analysisfiened that apomictic individuals
retained low frequencies of sexual seed formatiable 8), and thus the possibility that my
observations of dyads and tetrads reflect mei@asiger than aposporous apomeiosis cannot be

ruled out.
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Figure 8: Callose localization detected by DAB stainingsekual (A to E) and aposporous (F

to L) ovules at pre-meiotic andiotie developmental stages

A Pre-meiotic ovule: no callose is deposited witthia nucellus; B: MMC; C: Dyad; D-E Tetrads:
the middle cell wall is the major site of callossamulation at this developmental stage. Panels F
and G show one ovule isolated from an apomictiéviddal, photographed under normal and UV
light (for callose visualization): fluorescence psesent in unconventional sites of deposition.
Callose deposition is frequently localized in nameentional sites (H, K), with spread or spotted
distribution (I, J, L). Panels J and L furthermabow two sexual-like patterns of callose
localization whereby flanking cells also accumutatallose (compare with E-L). All scale bars =
13 pm.
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Flgure 9 Embryo sac development within aposporous ovules

Micropylar (m) and chalazal (c) sides of the ovudes reported for each panel. A-C: aposporous
initial differentiation and enlargement; E-J: coeytic growth of the aposporous initial which
finally gives rise to an embryo sac; K-M: egg cagliparatus with supernumerary cells (K-L) or
nuclei (M). From A to F, the cellular layer in whigche Al differentiates is clearly detectable.
White arrows indicate the expected site of megasgsrlocalization, while black arrows mark the
nuclei detectable within coenocytic megagametoghyse synergid; e: egg cell; sn: secondary
nucleus; pn: polar nucleus; All scale bars =8 pm.
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In contrast to sexual ovules, aposporous ovules dcaracterized by diffuse
fluorescence signals in place of the clearly deficallose deposition normally associated
with meiosis progression, and brightly-stained Engells were frequently observed in both
hypodermal and epidermal areas of the nucellusrevs@orogenesis is not likely to take place
(Figure 8). In addition to megasporogenesis arriénst, number and morphology of cells
involved with aposporous seed production deviaimfthat which is characteristic for normal
development. These cells are clearly recognizabtbe apomeiotic embryo sac, and share a
number of traits: i) exclusive to apomeiotic ovul@sdifferentiation from the epidermal layer
of the nucellus; iii) cell size considerably incsed with respect to the neighboring cells; iv)
large vacuoles frequently present along both sideke cell and a dense cytoplasmic middle
region; v) clearly defined large nucleus. Moreowder aposporous ovules (i.e. larger ovules
isolated from longer flower buds) were frequentharkacterized by the presence of a large
developing coenocyte clearly developing from theneatarget area of the nucellus.
Considering these morphological traits and the egpypaability to escape their conventional

cell fate, these cellular types were defined asppus initials.

Als are typically elliptical in shape, frequentlyrop-shaped, and clearly
distinguishable from the square shaped neighbogpigermal cells (Figure 9 A-C). Early
developmental steps of Als are characterized bydtia growth in length and width, and the
concomitant displacement of the surrounding, moljlgodermic, tissues (Figure 9 B, C).
Furthermore, the neighboring cells are frequentiesded in development, or appear as
degenerating megaspores (Figure 9 B-D). Interdgtitige increase in size and particularly in
length of the Als was comparable to that of enlaggexual embryo sacs, achieving three to
four times the length of surrounding cells prioraimy nuclear division (compare Figure 2 E
and Figure 9 C, D). The first nuclear division betcentrally localized nucleus of the Al
results in the formation of a binucleate coenocytbBpse nuclei are localized towards the
apex of the cell in a pattern similar to the eadyual 2N ES (Figure 9 E). After this nuclear
migration, a second and third nuclear division Uguakes places within the embryo sac
(Figure 9 F-J). Frequently the second and thirdstins seem to be asynchronous and lead to
unconventionally-nucleated coenocytes when compdcedhe sexual 4N and 8N ES

morphologies (compare Figure 7 and Figure 9).
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Two main types of deviation from the developmemaitern of sexual embryo sacs
were observed within aposporous coenocytes. Epgtsporous embryo sacs may contain an
odd number of nuclei, resulting in three, five ande nucleate cells (Figure 9 F, H, K, L).
Second, the positioning of nuclei within the embsaxr frequently does not resemble the
Polygonumtype, and results, for instance, in the presencevofto six nuclei in the most
micropylar pole of the embryo sac (Figure 9 F-Mhil¥ these deviations in the distribution
of nuclei are linked with asynchronous cell divisiat is unclear whether this is a cause or
consequence of it. The 4N ES stage is additionettigracterized by a coenocyte which

frequently possessed four nuclei localized in the torners of the embryo sac (Figure 9 G).

The localization pattern of nuclei within the aposps embryo sac following the
third mitotic division frequently differs from thah sexuals. However, as cellularization
proceeds, the identification of most cell types wassible considering their position and
morphological traits. Normally, one or two antipbdalls are proximally localized in the
embryo sac, but they rarely resembled the charstitetriangular morphology observed in
sexual ovules (Figure 9 G-J). Furthermore, degé¢ioaraof the antipodal cells within
aposporous embryo sacs frequently occurs earligrnespect to the sexual ones. The egg cell
is always easily detectable soon after cellulawratand as observed in sexual ovules, it is
localized at the most micropylar side of aposporowsiles and is characterized by a
pronounced proximal nucleus and a large distal el@c@Figure 9 K, L). Based on cell
morphology and positioning within the megagametédphgvules bearing multiple egg cells
in the same embryo sac were observed in apospbrdgusot in sexual ovules. Hence, in the
most extreme cases, the embryo sac contains deg@gesynergids and supernumerary
nuclei (Figure 9 M) or cells (Figure 9 K and L). & possibility that eventual supernumerary
egg cells are functional could not be ruled outdntrast, synergids are frequently difficult to

localize or atypically shaped and close to degeiwergFigure 9 J-M).

Apomictic individuals typically have ovules bearihgrge degenerating cells, and
sometimes an enormously enlarged nucleus or neusict all, all of which suggest embryo
sac degeneration. One to four Als were recordetinvihe same nucellus, which eventually
led to multiple enlarged coenocytes within the samale. The developmental stages of
multiple Als were frequently unsynchronized. Morenvthe developmental stages of

multiple aposporous embryo sacs frequently dematestra distal-proximal gradient, with the
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larger coenocyte reaching the micropylar axis i newly differentiated Als enlarging in
the chalazal proximal side. In contrast, no obviadaxial - abaxial developmental gradient
was observed. The formation of multiple Als witline same ovule further enabled to identify

the target area of Al differentiation as the epmlarcell layer of the nucellus.
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3.3. Development of CAPS marker co-segregating widgpospory

3.3.1. A genomic AFLP marker discriminatesHypericum genotypes with contrasting

modes of reproduction

To gain insight into the genetic control of aporaixn Hypericum genomic AFLP
marker display was performed on apomictic and deye&iaotypes from unrelated ecotypes as
well as on hybrid progenies segregating for aposp®he initial screening based on 10
apomictic and 6 sexual genetically unrelated gerexdy(Table 1, material and methods)
clearly differentiated for their reproduction mo¢kposporous and sexual), as assessed by
means of FCSS analysis. Genomic DNA fingerprinbhghese 16 genotypes was performed
using AFLP technology with 3@°st/Msd primer combinations. As expected, many
polymorphic markers were observed between plantglistinct geographical origin and
genetic background. Only one AFLP marker was idiedtias an apospory-specific candidate
since it was shared by all 10 apomictic genotypss ia was absent in all 6 sexual ones
(Figure 10). The reliability of this AFLP marker svéurther confirmed by its consistent co-
segregation with the aposporous mode of reprodudtioa F1 progeny set of 40 plants.
Discovery of this AFLP marker formed the initialdimfor characterization of the associated

apospory locus.

3.3.2. Developing a CAPS assay with a marker tighytico-segregating with apospory

The AFLP marker was converted into a more easitgadable PCR-based marker.
Primers derived from the sequence of the AFLP beeick used to amplify the corresponding
genomic region. Sequence analysis of this amplieoealed the presence of two sequences
in the amplicon distinguished by the presence geabe of arEcadRl site. A test digestion
with EcarRl confirmed that the 223 bp amplicon was eithdit ggto two fragments of nearly
the same sizes (105 bp and 118 bp) or it remaimeligastable byEcoRI. This sequence
polymorphism allowed the conversion of the AFLP keaiinto a CAPS marker. | noticed that
a trace amount of sexual alleles were presentas@pous plants, as shown by a faint band

of 105/118 bp along with the major band of 223 pgel (Figure 11). | was unable to
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distinguish the origin of this faint band when tr@geny test was performed. Later, when |
extended the sequence of the apospory-specifics]dcaoticed that the primer sequences
allow a preferential amplification of the apospaallele when present in combination with
but the sexual alleles (Figure 19). Neverthelels, itlentified CAPS marker allowed to

faithfully distinguish between aposporous and sema@des of reproduction.
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Figure 10. AFLP marker detected based on 10 apomictic asekBal accessions originated

from Europe.
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1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 18 20 21 22 23 24 25 26 27 28

AASAASSAS AAAMASSAAASAAS MAAS

1 1(sR1xaNo0)1/1 99% 11 1(sV1xaNo)1/2 94% 21 1(sV1xaNo)1/23 10%
2 1(sR1xaNo0)1/2 99% 12 1(sV1xaNo0)1/3 100% 22 1(sV1xaNo0)1/25 100%
3 1(sR1xaN0)1/3 7% 13 1(sV1xaNo)1/4 100% 23 1(sV1xaNo)1/27 100%
4 1(sR1xaNo)1/4 100% 14 1(sV1xaNo)1/5 90% 24 1(sV1xaNo)1/28 0%
5 1(sR1xaNo0)1/5 98% 15 1(sV1xaNo)1/6 100% 25 1(sV1xaNo)2a/1 100%
6 1(sR1xaNo)2/1 0% 16 1(sV1xaNo)1/7 0% 26 1(sV1xaNo)2b/2 100%
7 1(sR1xaNo0)2/2 0% 17 1(sV1xaNo0)1/10 0% 27 1(sV1xaNo)2h/3 100%
8 1(sR1xaNo0)2/4 95% 18 1(sV1xaNo0)1/17 100% 28 1(sV1xaNo)2b/4 0%
9 1(sR1xaNo0)3/5 0% 19 1(sV1xaNo0)1/19 100%
10 1(sV1xaNo)1l/1 99% 20 1(sV1xaNo0)1/20 95%

Figure 11 AFLP derived CAPS marker in 28 arbitrarily chosexual (S) and aposporous

(AHypericumlines

The presence of thecoRI undigestable 223 bp fragment and the absent@ofragment strictly
co-segregate with the aposporous and sexual mddeproduction, respectively. The individual
plant identifier and the degree of apospory, measlry FSSC (%) are given for each plant
individually.

In order to test the association between the CAPSken and the mode of
reproduction, the analysis was extended to alllalvke R populations of directed crosses, for
a total of 157 tetraploid, triploid and diploid pta. The presence of tli&coR| undigestable
223 bp fragment “A” (for Apospory) and the absentéhis fragment “S” (for Sexual) strictly
co-segregates with the aposporous and sexual modesproduction, respectively. As
summarized in Table 9 and given in detail in Tablédttachment) all aposporous and sexual
individuals, as characterized by FCSS analysisewerrectly classified on the basis of the
CAPS marker analysis. Na kdividual was identified with a potential genetecombination

between the apospory-linked marker and the apodpaity

Next | asked if this apospory specific marker lomibnked with parthenogenesis too.
| observed that at least 16 plants of the tripfaichilies and 9 plants of the tetraploids which
were confirmed to exhibit the marker state “A” fapospory but scored zero percent
parthenogenesis in FCSS (labelled with # in Talle(ditachment)). Therefore, the CAPS
marker strictly co-segregates with apospory but with parthenogenesis, the second

important component of apomixis. Therefore, thecdbed CAPS marker can be considered
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to be an apospory-specific marker and should allogvdissection of both components of

apomixis inH. perforatum

Cross No. of FCSS Marker state
plants SEX | APO SEX | APO | n.d.
Diploid
2(sR1 x sP2) 11 11 0 11 0 0
2(sP1 x sV1) 13 13 0 13 0 0
Triploid
1/2(sR1 x aNo 16 5 11 5 11 0
1(sV1 x aNo) 25 7 18 7 18 0
1(sV3 x aNo) 4 0 4 0 4 0
1(sP2 x aTo) 14 4 10 4 10 0
Tetraploid
4(skh1 x aAn) 8 6 2 6 2 0
4(sh1 x aSi) 4 3 1 3 1 0
4(sk1 x aNo) 10 2 8 2 6 2
4(sk2 x aAn) 10 7 3 7 3 0
4(sk2 x aNo) 24 8 16 8 14 2
4(sR1G x aSi) 16 12 4 12 4 0
Total 155 78 75 78 73 4

Table 9 Mode of reproduction detected based on FCSS #&RSdnarker analysis in the

segregating population of controlbedsses
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3.4. Cloning and molecular characterization of apg®ory-linked genomic

region

3.4.1. Cloning of the apospory-linked genomic regmo

While the identification of the apospory markereddunderstanding of the genetic
behaviour of the corresponding locus, | wantedxtermed this work to fully understand the
molecular nature of the locus. First, the markertaming sequence was used as query for
BLASTX analysis. This revealed a high similaritytivigenes coding for the ARIADNE-
subclass of RING-finger proteins (Jacksetnal, 2000; Mladeket al, 2003). For a detailed
molecular characterization of this genomic locusBAC library was constructed from a
diploid sexual plant. The average insert size weterchined in 72 randomly picked BAC
clones. The BAC DNA was digested wittotl and the insert size was estimated using Pulsed
Field Gel Electrophoresis. The insert size rangethf60 to 270 kb, the average size of the
inserts was 121 kb. The fraction of BACs containamginsert of more than 100 kb was 83%
(Figure 12). With the size of the haplditpericumgenome being 635.7 Mbp, the BAC
library covers the genome aproximately 6 times. péeentage of BAC clones without insert

was 1.4%.

Number of BAC clones
H
o

4 — ] —
2 4
0 1

50-70 70-90 90-110 110-130 130-150 150-170 170-190 190-210 >210

Insert size, bp

Figure 12 Distribution of insert size in thdypericumBAC library
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The number of clones required to anchor the taggeé was estimated according to the
following equation (Clarke and Carbon, 1976):
P =1-(1-L/G)'

with

P- probability to obtain the target gene
N- number of clones in the library

L- length of an average clone insert in bp
G- haploid genome size in bp

For the given library with 27648 BAC clones (N), average insert size 121X1p (L) and
for Hypericumwith the genome size 635.7%1Bp (G), the probability to obtain any single
copy gene of interest is higher then 99.4%.

The stability of BAC clones is often taken as givéa test if the BAC clones from the
Hypericum BAC library are stable on prolonged gtowepeated inoculation and 24h-growth
during 7 days was performed for 10 randomly pickkxhes. The DNA-fingerprint pattern
determined on growth days 1, 3 and 7 was foundetairtaltered, suggestinigat the BAC

clones are relatively stable and thus faithfullijee the genomic structure.

To identify BAC clones containing the marker regitimee BAC library was screened
with the CAPS marker amplicon as a probe. Amongst24 detected BAC clones only the
eight BACs with the highest signal in hybridizatimere confirmed to yield a PCR amplicon
with CAPS marker primers. To characterize the pasiBAC clones the BAC DNA was
digested with a single restriction enzyme and tdibeid with the CAPS marker amplicon.
Similar restriction pattern proved that they belaongthe same group and thus the same
genomic region (Figure 13 A). Alternatively, thespitve BACs were characterized by
fingerprinting, which showed the relative positiohthe BACs to each other (Figure 13 B).
The fingerprinting analysis demonstrated that ithem belong to a single contig, suggesting
that they represent a single genome region. Baseleofingerprinting pattern and taking into
account that all of the BACs contain the CAPS miatke approximate position of the CAPS
marker within the genomic region represented byBA€s can be deduced. It is situated in
the region flanked by the 5’ end of BAC 24D23 anei3d of BAC 41F23 (Figure 8B). The
BACs that contain the CAPS marker in the middle 26&109, 29H09. Additionally, the
length of the positive BAC clones was estimatechiAEGE (Table 10). | chose to sequence
BAC 25H09 with an insert size of 140 kb, sinceiitsert is much longer than that of BAC
29H09 (97kb).
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Figure 8: Characterization of the positive BAC clones

A. Hybridization of the positive BAC clones afteingle enzyme restriction with the probe
containing CAPS marker. B. Fingerprinting analysisthe positive BACs. All eight BACs
positive for CAPS marker belong to the same genoagon. The region flanked by the 5’ end of
BAC 24D23 and 3’ end of 41D23 contain the CAPS raardnd is marked in grey. The BAC
25H09 marked with the red circle was selected éguencing.
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BAC address Length, kb

24D23 97

2509 140
29H09 97
41F23 130
56M02 100
60F10 80
67P04 155
68H16 160

Table 10: Length and hybridization signal intensity of thA® clones positive for the marker

region

3.4.2. Sequencing of BAC 25H09

For the sequencing of the BAC 25H09 the BAC DNA wsmeared into 1-2kb
fragments and subcloned. A PCR screening of thdteessublibrary revealed that 91.2% of
the clones contained an insert. Clones with inskntger then 700bp were selected for
sequencing. In total 1253 reads were obtained withaverage read length of 700bp after
quality trimming and vector removal. The completeB&equence is 141,941 bp long. On
average the assembled sequence is covered 6.1Mirtlea minimum coverage of 3 fold for
3.25% of its length (Figure 14). The sequence capera uniformly distributed through the
BAC suggesting the correctness of assembly anchabs# duplication within the BAC.

20 |
15 |

10 |

0 20 000 40 000 60 000 80 000 100 000 120 000 140 000
Position, bp

Figure 14: Sequence coverage of the BAC 25H09

To further evaluate the correctness of the asserttidyBAC was digested with eight
restriction endonuclease&dqoRV, Ac®5l, Apd, BanHI, Sadl, Spd, Xhd, Smd). The

generated restriction patterns were identical éopitterns predicted from the assembled
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Figure 10: Restriction patterns of the assembled BAC secrienc

A. PFGE gel for high weight fragments, B. Agarosé fgr low weight fragments. Two fragments which
could not be explained by in silico digestion ararked with circle.
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sequence (Figure 15). Out of 179 predicted fragmesmt 179 could be confirmed
experimentally. Two extra fragments, which could be explained byn silico digestion
were obtained after restriction witpd. They show lower intensity in comparison to other
bands and are probably due to partial digestiorrelher, the sequences of the BAC ends of

the all positive BACs were included in the assenasnlg confirmed the fingerprinting data.

Annotation revealed the presence of 24 predictegegen the BAC clone. Assuming
26.000 genes for an average angiosperm genome &hgbericumgenome size of about
635.7 Mbp (Matzket al., 2001), the average number of genes expected o25tH89 BAC
would be only 5.8. This indicates that the genoregion represented in BAC 25H09 is gene
rich with one gene per 6.17 kb. The average GC abtmtethe total BAC is rather low with
38.8%. GC content is higher in the coding regiodd.2 %). The main sequence
characteristics and functional classification ¢ #tnnotated genes are given in Table 11. The
predicted genes on the BAC include for instanceQA®S-marker containing gene for an E3
ligase of the ARIADNE family surrounded by genes ethéncode proteins with similarity to
DGCR14, NPH3, PAT1, WRKY transcription factor, Auxisponse protein, EMB2761,
threonine-tRNA ligase, histidine kinases as welfas retrotransposons (Figure 16). The list
of predicted genes on the BAC 25H09 together withrhost similar genes based on BLAST

hits are given in Table 12.

25H09 BAC sequence Functional classificatiasf
characteristics the annotated genes on BAGHEO09
Number of genes 23 Transcription factor 3
Gene density 1 gene/6.17kbp Binding protein 4
Average exon length 1328bb Enzyme 5
Average intron length 230bp Retrotransposon 4
Average gene length 1883bp Unknown 6
Exons per genes 3.75 (range 1 t0(10) Pseudogene 3
Microsatellites number 86

Retrotransposon number 4

Table 11 The main sequence characteristics of the BAC 25&t@Bfunctional classification

of the annotated genes

55



Results

GH1 RT2 GH2 PAT1 DGCR ARI-T

HK1 RT1 HK2 ExP1 WRKY ARI
1] 1] 1 0 | n i Hl EEI W
— > > < > > < > = = > —

[ I I I I I I I | I I I I I I
10000 20000 30000 40000 50000 60000 70000

TK RNP RimL Mo25 PG RT4

RT3 AUXR ExP2 TtRNAS RINGH2
(] I ] n i N1 | H |
- —-< > > < —> — > —
[ [ [ [ [ [ [ [ [ [ [ [ I [

80000 90000 100000 110000 120000 130000 140000

Figure 16. Annotation scheme of the ARIADNE-marker contaghgenomic region of a

diploid sexual plant

The line represents the insert sequence of 25H0G BA1 941 bp) with encoding exons shown
as black rectangles. The annotated genes inclgdigline kinases (HK1,2), glycosyl hydrolases
(GH1,2), retrotransposons (RT1,2,3,4), an exprepsetein (ExP1), a member of the GRAS gene
family (PAT1), a WRKY transcription factor (WRKY)a hypothetical protein (DGCR), an
ubiquitin-mediated E3-ligase (ARI), a truncated sien of the E3-ligase (ARI-T), a plastidal
phototropic-responsive protein (NPH3), a thymidikimase (TK), a heterogeneous nuclear
ribonucleoprotein (RNP), an auxin-response prof8loXR), a GCN5-related N-acetyltransferase
domain containing protein (RimL), a membrane pro{&xP2), an unknown protein of the Mo-25
family (M025), a threonine-tRNA ligase also knowsiembryo defective gene 2761 (TtRNAS), a
polygalaturonase (PG) and a RING finger proteirthefH2 class (RINGH2).

Best hit in

Symbol Description Best hit E value | Arabidopsis
HK1,2 Histidine kinase AHK?2 Arabidopsis thaliana 0.0 At5G35750
GH1, 2 Glycosyl hydrolase family protein 17 EF144®Dbpulus trichocarpa 1.00E-40| At5G35740
RT1 Ty-1 copia retrotransposon AC1518Bdlanum demissum 3.00E-23 -
RT2 Retrotransposon AP0063B8tus japonicus 2.00E-47 -
ExP1 Expressed protein XM_00232046épulus 3.00E-60| At2G04900
PAT1 PAT1 like protein CR95500dedicago truncatula 0.0 At5G48150
WRKY WRKY related Arabidopsis thaliana 1.00E-70| At2G04880
DGCR hypothetical protein AMA47816dtis vinifera 1.00E-173 At3G07790
HpARI ARIADNE protein Arabidopsis thaliana 0.0 At2G31510

XM_002310407 Populus
ARI-T ARIADNE protein (truncated) trichocarpa 2.00E-69 At2G3151(Q
NPH3 Similar to NPH3 family protein Arabidopsis thaliana 0.0 At5G48130
TK Thymidine kinase AM49279Zea mays 3.00E-187 At3G07800
RT3 Retrotransposon APO0082U6tus japonicus 2.00E-24 -
RNP Putative hnRNP BT013750 Solanwodpersicon | 2.00E-142 At2G31860
AUXR Auxin-response related AMA478160tis vinifera 6.00E-167 At2G04850
RimL RimL/ Acetyltransferase domain protejirabidopsis thaliana 8.00E-55| At2G04845
ExP2 Membrane protein, acethyltransferase AJ30Sa0énum tuberosum | 3.00E-111 At3G07810
Mo25 Mo-25 like protein BT013201 Solanugtbpersicon | 6.00E-11§ At5G47540
TtRNAS | EMBRYO DEFECTIVE 2761) Thre-tRNA ligasg Arabidopsis thaliana 0.0 At2G04842
PG Polygalacturonase Arabidopsis thaliana 3.00E-123 At3G14060
RINGH2 | RING-H2 finger protein AMA48417W0itis vinifera 3.00E-76| At5G05810
RT4 Retroelement polyprotein AC135308ysa sativa 7.00E-29 -

Table 12 Used symbols, putative functional descriptiorstd®_AST hit, E-value and most
similar Arabidopsis genes of theatated genes on BAC HP25H09
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Simple Sequence Repeats (SSRs) were identifidteisequence of BAC 25H09 with
the aim to develop microsatellite-based molecularkers which would distinguish the traits
of apomictic and sexual reproduction. Moreover, rosatellites may also be used to study
gene dosage, to identify duplications or deletians a particular genomic region).
Microsatellites with a minimum length of 8 (monofeatide and dinucleotide), 9
(trinucleotide), 12 (tetranucleotide) or 15 (pentealrotide) nucleotides were considered. In
total 86 microsatellites were detected, the majaftthem were located in intergenic regions
and introns. Only 4 microsatellites were locatedhwi the genes. Nearly half of the
microsatellites are of the mononucleotide T/A typalle 13). This type is approximately two
times more frequent iklypericumBAC than in theArabidopsisgenome (Casacubert al.,
2000). The dinucleotide microsatellites in contrase two times rarer irHypericum
compared withArabidopsis More then half of the SSRs (51) are less themudeotides
long, however 26 SSRs are 12 - 19 nucleotides landg 9 SSRs are longer then 20
nucleotides. An octamer repeat of 32 nucleotides Anmer, 24mer, 37mer and 110mer
tandem repeats consisting of two repetitions eaehalso present within the BAC. The six
longest microsatellites were selected for furthealgsis. Although all of them were

polymorphic, none of them were diagnostic for thedenof reproduction.

MS type Nr of MS | kb/MS| | MS type Nr of MS | kb/MS
Mononucleotide (T/A) 47 3.0/ |trinucleotide 13 10.9
dinucleotide 25| 57| |TCCIGGA 3| 473
GA/TC 11| 12.9| |TAA/TTA 2 71.0
TA/AT 11| 12.9| |AAT/ATT 1| 141.9
CAIGT 3| 47.3| |GTT/AAC 2 71.0
tetranucleotide 0 CAT/ATG 1| 1419
pentanucleotide 1| 141.9| |AGATCT 2| 710
TTGICAA 1| 141.9
TGA/TCA 1| 141.9

Table 13 Microsatellites irHypericumBAC 25H09
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3.4.3. Collinearity between Poplar LGXIV andHypericum 25H09 BAC

The most closely related plant speciesHypericum perforatunwith a completely
sequenced genome Bopulustrichonocarpa.Both belong to the ordévialphigiales so it is
of great interest to determine, if synteny betwkgpericumBAC and poplar genome can be
detected since this may aid further mapping stuciié¢$ypericum Poplar has a genome size
comparable talypericum(~520Mbp) distributed over 19 chromosomes. Usih@8TN for
sequence comparison, significant similarities wienxend for two regions on the BAC, the
largest of them being over 23 kb long (Figure THese regions correspond to two regions on
LGXIV. The first synthenic region is situated in @gge orientation compared to the BAC
sequence. Moreover, the order of the genes on LGXIe same as within thdypericum
BAC: HK2, ExPrl, PAT1, WRKY, DGCR, ARkRnd NPH3 Interestingly, the marker
containing theHpARI gene is located within the second synthenic regidre second region
has the same orientation as the Hypericum BAC amamsAuxresp, RimL, ExPr2, Mo25
and TtRNAS Thus, the most of the genes on the BAC are alssepted on the LGXIV of
poplar. No significant collinearity té\rabidopsisthaliana has been found, which can be

explained by a bigger evolutionary distance.

LGXIV

908z 906: 904: 902¢ 900: 898z 896z 894z 892z 890: 888z 886z 884z 882z 880: 878 kb
1 1 1 | ! ! | | | ! |
T T T T T T T T

73.63 kb

30 40 50 60 70 80 90

! 1 | | |

40.71 kb 4 17.29 kb Hp25H09
ARIADNE kb

Figure 17: Microcollinearity between Poplar LG XIV andlypericum25H09 BAC
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3.5.Hypericum HpARI gene in aposporous and sexual plants

3.5.1. AposporousHypericum plants contain an apospory-linked truncated alleleof an

HpARI gene

In a first attempt to analyze the molecular functad theHypericumApospry locus
(HAPPY locus), | investigated the structure of sexual apdsporous alleles of tHépARI
gene. The sexual allele in the BAC 25H09, encoda®&in of 519 amino acids without any
introns. The translated sequence shows strong sityilaith the ArabidopsisARIADNE 7
(ARI7) protein. To determine the main differences betweemposporous and sequal alleles,
the genomic region containingpARI was amplified from 4 obligatory aposporous and 4
sexual tetraploid plants. The length of amplicon W&96 bp . Two additional primers in the
middle of theHpARIwere used for sequencing, thus only doublestrasdgdences covering
the whole gene were considered for the analysise&ch cloned amplicon at least 16 plasmid
inserts were sequenced, corresponding to a pratyabfl 96.7% for detecting all present
alleles of a simplex locus structure in a tetraplgant (Simko, 2004).

Eleven haplotypes of thElpARI gene were identified, which fall into two distinct
groups (Figure 18 B). One group consists of hapksy300 and 311, with the latter being
exclusively found in aposporous plants. Among e liaplotypes occuring in sexual plants,
73 single nucleotide polymorphisms were identifredulting in 40 amino acid changes. In
addition a 6 bp deletion was observed in haplot§p6, which removes two amino acid
codons, but leaves the reading frameHpfARI intact (Figure 18 A). 39 polymorphisms
proved to be specific for the apospory-specificlbigpe 311, some leading to changes in the
amino acid sequence. Furthermore, two 2 bp deletionl a 1bp insertion were detected. The
2 bp deletion removing the bases 146 and 147 otdlkéng sequences &fpARI causes a
shift in the reading frame. As a result, the endogeotein of the apospory-specific allele
consists of only 48 N-terminal amino acids with iamity to the sexual alleles and 19
aberrant amino acids added to it, until the noealdmg frame ends in a stop codon (Figure
19). The other 2 bp deletion and 1 bp insertion pafter the stop codon. In summary,
detailed sequencing analysis identified severalldigpes belonging to the sexual and
apomictic alleles; the apospory-specific haplotygsems to code for a truncated mutant
protein ofHpARI.
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Figure 18 HpARIhaplotypes

A. Polymorphisms within the detected haplotypese Tapospory-specific polymorphisms are

marked

The sexual haplotype 300 #mel apospory-specific haplotype 311 are

light grey

in

marked in dark grey and black respectively. B. Shmilarity tree of ARIADNE haplotypes and
their occurrence in sexual and aposporous plahis.bbotstrap values are placed at the nodes.
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MDSDEDVYYSDD _E_D_IDNGVEDF _DV LGEQQNYT _VLKD _TDIR
SEX ATGGATTCCGACGAGGACGTGTATTACAGCGACGATGAAGA’@A’CGDCGTCGAGGAT-(GI'IGIBGCGAGCAGCAAAACTATACTGTCTTAAAAGACACGGACATACGA

Hkk k kkkkk Hk * kk FkRRA KRR RRAAFRAAE

APO ATGGATTCCGACGAGGACGTGTATTACAGCGACGGTGACCARATIEICGTCGAGGATIIBBAITATT GCGAACAGCAAAACTACAGTGTCTTAAAGAACACGGACATACGA
MDSDEDVYYSDG _D HIDNGVEDL _DI _LGEQQNYS _VLKN _TDIR

RRH EDDIIRVSTVLSVSHVA ASILLRHYNWDVSKLHD AWF
SEX CGTCGTCATGAGGATGACATCATCAGAGTCTCTACTGTCCT]XTCGGATGTTGCAGCGAGCATCCTCCTCCGTCATTATAACTGGGZKQGCE(E'PGZATGATGCATGGTTT
APO CGTCGTCAGGAAGATGACATCATCAG--TCTCTTCCGTCCTTATGGTATGTCGCAGCGAGCATCCTCCTCCGTCATTATAACTGGGASEEGRECATGATGCATGGTTT
RRQ _EDDIIS LFRPEGIACR SEHPPPSL*

SDEEAVRKTVGLPDMR VVELRNDRKVGCGICFE EFPDGKI
SEX TCCGACGAGGAAGCAGTGCGTAAGACTGTCGGCTTGCCGGAGRTIGUGEAGTTACGTAACGACCGAAAAGTTGGCTGCGGAATCTREAGTERCCCGACGGTAAGATT

dokk kkk AR RR R AR IR

APO TCCGACGAGGAAGCAGTGCGTAAGACT--CGGCTTGCCGGABRTGEBCGAGTTACGTAACGACCGAAAAGTTGGCTGCGGAATCTEREAATGPCCCGACGGTAAGATT

YSVSSCGHPFCEECWS RYISVAIRDGPGCLLLR CPDPSCR
SEX TATTCGGTTTCTTCTTGTGGACATCCTTTTTGTGAAGAGTGTABGECATATTAGTGTAGCCATTCGTGACGGACCAGGATGTTTGTFAEEAGLGATCCGTCTTGTCGT

Fkkk kAR BT

APO TATTCGGCTTCTTCTTGTGGACATCCTTTCTGTGAAGAGTGCRAGITATATTAGTGTAGCCATTCGTGACGGACCAGGATGTTTGTRIGITEAIGGATCCGTCTTGTCGT

VAVGQDMIDMLASEDE KEKYSRYLLRSYVEENK KTKWCPA
SEX GTTGCTGTCGGTCAAGATATGATCGATATGTTGGCGTCTGAGBAAGAGAAGTATTCGCGTTACCTGCTGAGGTCTTATGTTGAGGEMNERICAAGTGGTGCCCTGCC

*k ok Fkdokk Tk ko k kR k kA ok

APO GTTGCTGTTGGTCAAGATATGATCGATATGTTGGCGTCTGAGBAAGAGAAGTATTCGCGTTACCTGCTGAGGTCTTATGTTGAGGEPNWENMICAAGTGGTGCCCTGCA

PGCEYAVEFTSGGANF DVSCLCSYEFCWSCTEE AHRPVDC
SEX CCCGGATGCGAATACGCGGTTGAGTTTACTTCCGGTGGTGG&MGITIT TCCTGCCTTTGCTCCTATGAATTTTGCTGGAGTTGCACAGAGGACCGTCCGGTGGATTGT

ok dkk kkkERRR R AR R KA

APO CCCGGATGCGAATACGCAGTTGAGTTCACTGCCGGTGGTGDBARGTETCCTGCCTTTGCTCCTATGGCTTTTGCTGGAGTTGCAGKEI®IMCCGTCCGGTGGATTGT

GTVSKWIMKNCAES E NVKWILANSKPCPQCKR PIEKNHGC
SEX GGCACAGTTTCGAAGTGGATCATGAAGAACTGTGCAGAGTG‘TFG}XQAAATGGATTCTTGCGAATTCGAAGCCATGCCCTCAGTGCM@EG@EJGAAAAACCATGGTTG

Fohdk ko k kR k kA k

APO GGCACAGTTTCGAAGTGGATCATGAAGAACTGTGCAGAGTGETTESAAATGGATTCCTGCGAATTCGAAGCCATGCCCTCAGTGCARBITEGAGAAAAACCATGGTTG

MHMTCTPPCKFEFCW LCLGSWKGHGRSRGFDS CNRYEAAK
SEX TATGCATATGACATGCACCCCGCCTTGCAAATTTGAGTTTTGETBBETTGGTTCATGGAAAGGTCATGGTAGGTCTCGTGGTTTTGARPICIGATATGAAGCCGCCAA

FkkrEE DT

APO TATGCATATGACATGCACCCCGCCTTGCAAATTTGAGTTTTAGIGECTTGGTTCATGGAAAGGTCATGGTAGGTCTCGTGGTTTT BVAAIIGATATGAAGCCGCCAA

EKGVYDEEERRREMA KKSVERYTHYYERWANN HSSREKAL
SEX AGAAAAGGGAGTGTATGACGAGGAAGAGAGGAGGCGTGAAMMASITRLGTAGAGAGGTATACACATTACTATGAACGATGGGCGAATABICGAGGGAAAAGGCTCT

* dkk kkk ARk R AR IR

APO ACAAAAGGGAGTGTATGACGAGGAAGAGAGGAGGCGTGAMNAFRTREGTAGAGAGGTATACACATTACTATGAGCGATGGGCGAATABTCGAGGGAAAAGGCTCT

SFLDQMQNVYLEMLS DIHCTSAYQLKFITEAW LQIVECRR
SEX TTCGTTTTTAGATCAGATGCAAAATGTATATCTTGAAATGCTABBIBCACTGTACCTCGGCATATCAGCTGAAGTTTATAACAGAAGRUIIREIT TGTTGAATGCAGGCG

*k Fokdokk Fodk ko ko ok ko k

APO TTGGTTTTTAGATCATATGCAAAATGTATATCTTGAAAAGCTARBTEGTACTGTACCTCGGCATATCAGCTGAAGTTTATAACAGAAGULIBEAT TGTTGAATGCAGGCG

VLKWTYAYGYYLPEH ERAKRQFFEYLQSEAVS GLERLHHC
SEX AGTTCTGAAATGGACGTATGCGTATGGCTATTACCTTCCTGAGUBIE CCAAGAGGCAGTTCTTTGAGTATCTGCAAAGTGAGGCTEITGIRESGAGACTCCATCACTG

Fkkk ARk R AR RRREE Khhk

APO AGTTCTGAAATGGACGTATGCGTATGGCTATTACCTTCCTGAGCEBUGCCAAGAGGCAGTTAAAGGAGTATCTGAAAAGTGAGGCTGUEEGRGAGACTCCATGACTG

AEKEMLHFLTEESTS TEFDEFRAKLAGLTSVT KNYFENLYV
SEX TGCAGAGAAGGAGATGCTTCATTTCCTCACTGAAGAGAGCAC/ABBIIGACGAGTTCCGAGCAAGCTAGCTGGACTTACCAGCGTGACTAATIOEABAACCTGGT

Fodk ko k ko ok ko dokk

APO TGCAGAGAAGGAGATGCTTCATTTCCTCACTGAAGAGAGCATMIEIIGACGAGTTCCGAGCAAAGCTAGCTGGACTTACCAGCGTGACTAATTAGABSACCTGGT

RALENGLEDVDSRAA CSQTTTSSNDVSKSQKR RREVLEP*
SEX TAGAGCATTAGAGAATGGCCTAGAAGACGTAGATTCTCGTGGCEGGIDCEAGACAACAACGAGCTCAAACGATGTCAGCAAGAGTCAAAAAQGGQAGTTCTAGAGCCGTGA

Tk kAR KRR R AR FRAE

APO TAGAGCATTAGAGAATGGCCTAGAAGACGTAGATTCTCGTGETSGTIAGACTACAACGAGCTCGAAAGATGTCAGCAAGAGTCGABMNBGGRAGTTCTAGAGCCGTGA

Figure 19 Alignment of the sexual haplotype 300 and apospohaplotype 311

The amino acid sequence of the truncated apospagifEc HpARI protein is highlighted
yellow, the 19 aberrant aminoacids in green. Thatipm of the primers of the CAPS marker, as
well as of the primers used in the expression aiglig highlighted in blue. The diagnoskcoRl
andEcaRV sites used in these analyses are underlinedhightighted in red.

3.5.2. Quantification of aposporous alleles in thpopulation of directed crosses reveals

simplex genomic constitution

Using the HpARI locus as a land mark for thdAPPY locus, | examined the

guantitative nature of thepARI alleles. In sexual and aposporous tetraploid pltm allele
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constitution was analyzed by Southern blot hybatian (Figure 20). Three aposporous
plants showed both the aposporous (A) allele reptesl by thé&coR1 uncut 978 bp fragment
and the sexual (S) allele represented by theBear| fragments of 583 bp and 395 bp. The
ratio of intensities of both short fragments to timecut large fragment is close to 1:3
indicating the presence of three S alleles and Adradlele in apomicts (simplex locus) and
four S alleles in tetraploid sexuals (quadruplesuk). The Southern analysis with enzymes
(Hindlll and BanHI) not cutting in theHpARI gene region resulted in only one hybridized
fragment, indicating the presence of a single copyhe HpARI gene in theHypericum
genome. In addition to the genomic hybridizatidre HpARI gene was PCR-amplified and
subcloned from four aposporous plants. Using tHermmative EcaRl site, the bacterial
plasmid clones were classified into two distinabugys, giving 15 aposporous and 49 sexual
alleles, a ratio which again is close to 1:3. Tatagether, the data demonstrate the simplex

allelic composition of the apospory-related loausetraploid plants.

978 bp

583 bp

395 bp

APO SEX

Figure 20: Detection of the HpARI allele ratio via genomiageern
APO: identifier 4(F2xNo)la/1, 4(FLxN0)1/8, 4(k2xAn)1/10

SEX: identifier 4(Fr2xNo)1a/10, 4(2xNo)la/4, 4(E2xNo)1/5
To prove the presence of the apospory-specificealield to estimate its frequency in
the population of tetraploid plants, pyrosequenamaykers were established (Figure 21 A).
Allele quantification revealed that aposporous fdarontain 20-25% of the apospory-specific
allele and 70-75% of the sexual ones (Figure 2linBdetail Table 16, supplement). In
contrast, sexual plants contain from 96% to 100%nefsexual alleles. A minor proportion of
apospory-specific alleles detectable in sexual tplas within the range of errors of the

method. No recombination events between the magketghe apospory trait were detected
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A
APO
A
Vi o
C
C
C
SNPO6 SNP24 CAPS
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C
C
C
SEX
B
120% SNPO6 SNP24
100% T lL =
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.l ]
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Figure 21: Determination of sexual and aposporous allelguieacies in the segregating

population of directed crossegisosequencing

A. The positions of the pyrosequencing primers S;NBOd SNP24. The CAPS marker is shown
for orientation. The boxes represent the codingisece. The black and the red arrow indicate the
shift in the reading frame and the stop codon i@ #posporous haplotype respectively. B.
Quantification of HpARI
pyrosequencing.

alleles
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in the plants tested. The allele distribution sutgyes 1:3 ratio of aposporous and sexual
alleles. This allele distribution within the tetrajal aposporous progeny of the various crosses

is expected, if all the aposporous parents havaplex allelic constitution.

3.5.3. Quantification of aposporous alleles in plaa from wild populations confirms
simplex genomic constitution

To prove that theHAPPY locus is not restricted to the generated populatib the
segregating crosses, the presence and the frequdnthye apospory-specific allele were
determined in the collection of Hypericum accessioanllected from over the world. Using
the established pyrosequencing markers (Figure )22Asexual diploid and 62 aposporous
tetraploid plants were analyzed from various poputs (see Table 17, materials and

methods).

120% - SNPO6 SNP24

100% -

HH
H
HH
HH

80% —

60% —

40% -

20% - -
0% -+

APO SEX APO SEX

-20% -

B apo allele Osex allele

Figure 22 Quantification oHpARIalleles in tetraploid apomictic plants and diploid
sexual plants. Individuals froaveral natural populations from all over

the world were analyzed by pyopssncing

Similar to the results obtained with tetraploid plapion of the directed crosses, the
guantification of HpARI alleles revealed that aposporous plants contah2520 of the

apospory-specific allele and 70-75% of the sexlleles (Figure 22, in detail Supplement,
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Table 17 A). The diploid sexual plants contain 9694@0% of the sexual alleles (Figure 22,
in detail Supplement, Table 17 B). Again a minorganion of the apospory-specific allele
detected in sexual plants (up to 3%) is within thege of errors of the analytical method.
Both markers co-segregated with the apospory ih @athe plants tested. The 1:3 ratio of
aposporous vs. sexual alleles is retained in atheftetraploid plants from wild population.
The fact, that the apospory-specific markers areagyegating with the apospory-trait in all
of the tested populations suggests that H&PPY locus is present exclusively in the

apomictic plants independent of their origin.

3.5.4. Genomic walking extends the apospory-specifyjenomic locus

In order to extend thelAPPY locus beyondHpAR|, | cloned and sequenced parts of
exons of 13 other genes on the BAC 25H09 in theesaranner as fadpARI (see 5.1). The
analysed region was in total 6,252 bp covered by02,doublestranded sequences.
Suprisingly, no alleles specific for the aposporg@lents could be detected for any of the
genes. As an example the haplotype trees of thesgéankingHpARIl are given in Figure 23.
Similar toHpARItwo haplotype groups and ten different haplotypwese detected faDGCR

and forNPH3.However, none of the haplotypes was strictly apogggpecific.

Although this result suggested the unique natutb@fiposporoudpARlallele, | was
aware of the technical problems in recovering n@gesporous alleles. In case the sequence
of an aposporous-specific allele diverged subsgdigdrom the corresponding allele(s) in the
sexual plants, it may not be possible to amplifghballeles with the same primer pair.
Therefore, | also undertook a genome walking appraacxtend théedAPPY locus beyond
HpARL Upstream of theHpARI the apospory-specific locus was extended to se@senc
reaching into thedGCR14gene and downstream sequence was extended bdyoARET
gene (Figure 24). As shown in Figures 24 and 25 st#quence similarity between sexual and
apospory-specific alleles is restricted to the €lpsoximity of theHpARIgene. The similarity
abruptly disappears in the 3’-terminal part of BD@@CRgene 72 bp upstream of the predicted
stop codon (Figure 24). Downstream of the aposmoHpARI sequence, similarity between
sexual and apospory-specific alleles disappeatamihe ARI-T gene 102 bp upstream of the

predicted stop codon (Figure 25). Therefore, | belithat HpARI gene is an important
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member of theHAPPY locus and it is likely that most of the sexualilot the vicinity of

HpARImight not have a corresponding apospory-spedittes.

DGCR
5o— H-130 —m
531 H-100 [ | E— |
8L Ha20 8
3 H-150 [
100 H-110 o
L H-160 m
H-210 O
H-310  E——
100 H-300 [ |
47 L H-320 T
am
NPH3
H-150 I
H-140 [ |
H-130 s
5 100 ——
H-120  E— —
100 H-210 T
Hi1 10 ==
BE H-111 | |
 H-300 o
| H31o O

Haplotypes of sexual plants and aposporoarstpi

Figure 23: Similarity tree for the sexual haplotypes of the thRI-flanking gene®GCR
andNPH3
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SEX GGAGAGGGTCGGGACGATGGAGCGGCCGGGATTGATGAGEBIGEGEBBGGA-GTTCT----TTAGGAGGTACACGAGCGAGGATAATGAGABUGAAGATTTTAGATAAGG
APQ ------ GATCCT-ACCTTTGAGCTCTCAGTTGTAA-GAGATGTCCGGTAACTGATGTTCTGATTCCCAACTTTTCTCCAGTAAAGGAAATGTABBGATAACGCTTG-TAGAG

K okk Kk K kkkk kK K K kkk Kk Kk * Rk kAR ok ok kk Kk kkkk Kk Kk Kk Kk ok ok Kk K

SEX ATAATAGGAAGAGGAAAGAGCGGAACGTACATTATTTATTGGABBGGGAGTTGATTGGGGATGCGAAGAG--GGATAGGATAACTBABEEAT---TTCTGATCAGCC
APO ATCCCATCCAGTAGAGTGAT--GGAGGTTCAGTATAAATATTAERRATGGATATAGCTAAGGCAGCACATATCCAGATAGGAGCGCTAMEREGNACTCTTTCTTTTATC

Fh ok kk ok kk ok ok bk kk kkk bk kk khk kK ok kk ok ok kkkkkkk  kkk ok Kk * kk *k ok ok

SEX AGTTAGCACGCTGGATGGGTGGAAGTTTAGGG--CGGATAAGATGINMATCACCCTGTTAAGGAGGCGCCTCTGACTGACGAGGATARIRENGAAGGCATTAACAAAA
APO GATGAAAACCCTTCAAAGGTTTAAGGGTAGGAGTCAAAAAAGRSAPACCCCCTCCCGAT------ CTTGGGATGGATGAGACTT--GACRTGATTTTTTCCTCTTATGGTG

Kok kk ok ok kkk bk kkkk K K kkkk K Kk dokkk Khkk ok Kok kk Kk KRk ok kK K kokk K Kk

SEX GTTAAGGAGGCGCCTCTGACTGACGAGGATAGGGAACTTCGGTRGAAACAAAAGAG--ATCACCAAGGGGAACACGCGTTTTCATEGGARGGATACAAGGCCTGTG
APO CCCGAT------ CTTGGGATGGATGAGACTT--GACTTATGATTTTCCTCTTATGGTGGAGTGAAAATGGTATTGGACTCAAGTTTTGGGIRRGBATGCTTTAATAGCTTTAA

Kk Kk Kk kkk Kk Kk kK Kk * ok ok kkk K K *okk ok kkkkk Kk dkk Kk Kk Kk Kk k

SEX GAAGATGGTGGAGTTGAGGTGCTATATGGTCCTCTAGCTGAGEESABTGCCCTTTGATAGGGATGGTGAGAAGGGGAAGAAGTATBSAGHATTTGAAGAGGACGCCT
APO AAAGCC--TCATATCAA--TGCTAGCAG--CGTCAAACTAAGACBCAGAAGAGACCACTACCTGCATTCATCCGGACAGGCTAACCTARBABTAC--ACGACGCGACCG

khk ok ok K kkkkk kK bk ok kk K K Hk Rk ok kK Kk k Kk kk Kk Kk kk ok kk kkk ok okk ok kk

SEX AATTTGTTTTACGTGGAGTCTCAGAAGAAGGCTGATAATGGGTAUBBGAAGACGCCGTCACCTGCTCCTGGGGCTGATGAATCACTATTTEGGGTGAAATCGAAGGG
APO AACCAGCTCACTAATGCGACTCCAGACAATCC---ATTTTTTATKOCTGTTTTAAGACGGTTCTCTTCGCCCCTGACTTCCAAAAAA--GCATERCAGATACGACCTTGTGC

*k ok ok Kok kkk ok Kk ok ok ok kkk Kk kk ok ok okk kk ok ok kK kk Rk ok kX Hhkk kK Kk K

SEX ACGCCTTTAAGGTTG--GAGTCTGAAGATGCTCCTTTCGGGAABGBBCTCTGATGGCCCTCATTTTCAGATGCCAAACCCACCCGTATGABBGCACATTCCTTATCCA
APO ATGTCTCTGACTTGGTTGAGTTCAGCTTTTCACCAACCAGGRIAGRCTGCCGGCTACGCCGCACTGAAGGAAACTTCACTCGTCCAITWEACCTATCTATACTGCCTT

ok okk kK Kk kkkk ok okk K dok kkk K kkkk kkk Kok ok Kk kkk kkk K * ok ok X K K

SEX GGGAGGCTGCAAAGAAGTTGAGAGAGAGGTCAAGGATGTTCCRAGBREGIGCCCTCGCCCAGTAGAGGCGGCAGCGCCAGTCCAAATGUTIGATTCTGCCGCACAGA
APO CGGGTATCAGACCGACAAAGGGAATGCG-TCGGGTTTCTTTCCRRABGACACGGATCTCAACACCCCTTTCC-TGCCA--CCGCTTGIANAAT TGGACATACATAGCTA

*k Kk kk ok okk Kk ok okk Xk kk Kk kk Kk ok ok kKK K * kkkk kk Kk * Kk ok kK K

SEX AGTTTGTCAGGAATACAATTT-TCAAGTCCTCGTCTT-TGGTT@RPETCTTCGTGCAAGTTACAGAGGTGCCAGCCCAGGACGCTTANBAGTEGGAGAAGTCTTTCCA
APO GCCTAAAGAAGAAGACCTTTCGTCATGCACACGCTTTACTGCAGATECTCGATTCATGTCATGG-----CTAGGCAAAGAC----AGCTTASGACGAAGAATGCTATGGCAA

ko kokkk kk kk KAk Kk okk kK K kkkk Kodkkkk K kk okk ok kK kk ok ok ok K Kk K Hk ok kk kK Kk

SEX GGCTTGGAAGGGATGGCAGCATTGGTTCTAGGTCACCCTCTaggafictaatcctccatggtga-aatg tctctgatettt ttgaacagaaagttattcataa
APO AGCAAACAAACCATACAACGATT--TTATCTGTCTCCCACCGPAFI CTTTCTTTTTGGTACTAACAATCAAAAGGGATCGTT---AACTTGTGTTTACAGCAATCTATCT

khkk Kk ok kkk Kk Kk kkk kkk K kk Kk ok ok ok ok ok ok kkk kkk kkk ok k kkk Hhk ok kk Kk Kk

i

SEX agaaaatgtataatgcttttattttcttcctgtcctigtaccgtatg tatatagATGGTGTACCTTGAGTTTATCCAGATCATGTTCATGGCTGTATTTTGCAAGAATGAAGATGAA
APO AAAAAA------ GTGTTGGCATCCAAGACCT----TCAGAATAGAABGCCTTCCTAACTTTAGTTCCAACAAGACAGATCATGTTCATCCCEETTTECAAGAATCGAAGATGAA

* kkkk dk ok kk Kkk ok ok k% * ok ok ok B T ——— D T ————

DGCR 3’-terminus
SEX TACTATCAGAATTCGGATTCGAAARRGT TTACTTTGCTTGGTTCTGTCTTGCGGTGGAGAATAATCTTATCTAGGBTGCTTTT---GCTTGGTTGTTGTATCAAGGTAAAA
APO TACTATCAGAATTCGGATTCGAAARAGT TTACTTTACTTGGTTCTGTCTTGCGGTGGAGAATAATCTAATCCAGTBTGATTGTCATGATTTCTTGTTTTGTGAGCATAAAA

Fkk Kk kk ok Kk K Hdkkk K ok ok kkkkk

SEX GCT----GCATA-----mmmmmmmmmmmmmmmeee TGGTTGTCCGC AAACATTGACAGTTATTTGTTAATGTTCCATAG------------- GTAT CATTGCCATCTCCGAGAAGGAT
APO TTTCTTGGCTTAATCCAACCAGACAATATTTTATTGTTGTTGPRARATTGATAGTTATTTGTTAATGTTCTCTGGAATGAGTTGCCATGGETCATCTCCGAGAAGGAT

ko kk kk * dokkkkk Fhdokkkkdok kkkkkkk ko okkkkkk ok k * ok Tk ko dokkkk ok kS dok

SEX TTCAAGATTACAACATAGTGGATCGGATCACTTCCATTGGTAEGIGTTTTTGTATGTTGCAATTTTTTCT--------- TGAAACTATGCAAATATTCGGATAAGATTTTATA
APO TTCGAGATTACAACAAAGTGG-----ATCATTGCCATTGGTGTTOEBBCGTTTTTGTAAGTTGCAATTTTTTTTGTTGAAAGTTGAAACTATATGA CGGATAAGATTGTATA

Fkk kkkRRREARRR KhARK  KAAE K KRR RAIIIAEE * T e T

SEX ATGAAATTCGAATCGGGTAAGACTACCATATATGGTAACAAAGITGCCTGTTTGTTCTCGAACTCTATTTACGAAATAATTTTTTCAATARTTTAAATTTGTAAATGAT
APO ATGAAATTCGAATCGGGTAAGACTACTATATATGGTAACAAAGITGICCTGTTTGTTCTCGAATTCTATTTACAAAATACTTCTTCCGATRRIITAAAATTTGTATTTGAT

Fdk ko dok ko kkkkk ook koo Jokkkok Kk ok ok kokkkok Fohdokkk Fdkkkkdkk kkkk

SEX AATCATGAAACCTAAGATATTTTCCTCTAAACACGAAACACAGRRTEGAGGATATAAGTCTACAGAGAATTTTTTCACCAAAAACATAXTATIICCTAAAAAAA-AAGAAA
APO A-TCATGAAACATAAGATATTTTCCTCTAAACACGAAACACAGAATGGAGGATATAAGTCTACAGAGAATTTTTCCACCAAAAACATRGHITICTAAAAAAAATAAAAAA

* Fokdokkk Kdokkkokk ok kkk

SEX AATCCCAAACCTAGAAGTATAAGGTATACCGAAAATGCCCCBEACTARATTAATTAATAGGGACCCAAAAACTCTCCTCTCAGAAGTBAGRBUCCTCCCCTATTATATT
APO AATCCCAAACTTAGAAGTATGAGGAATACCGAAAATGCCCCRBCTAPATTAATTAATAGGGACCCAAAA-CTCTCCTCTCAGAAGTOMBWAT CCTCCCCTATTATATC

ek T

HpARI 5'-terminus
SEX ATTCCTCTCTAACAGGAACACCTTAGCTTCTGGTAATTAGGEITOTETGAGTGTGTGAGEBEATTCCCACGAGGA. ..
APO ATTCCTTTCTCACGGGAACACCCCAGCTTCTGGTAATTAGGGTCTAGAGTGCGTGAGTEBSATTCCCACCAGGA. ..

Fkkkdok kkk Kk

Figure 24: Nucleotide alignment of the sexual and apospoHpsRIsequence and that of its
5' gene neighbddGCR

The predicted intron iIDGCR is marked by lower case lettering. The arrow ingisawhere
homology between the sexual and aposporous sequenoest disrupted. No homology was
detected beyond this point.
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ARI-T 5'-terminus
SEX ----GCAGCCAACTTG--TAGGCCATGCCCCCGTATGCGAATATGCGGTTGAGTTCACTGCCGGTGGTGCANAITTIRE TGCCTT-TGCTCCCGTGGCTTTTTGCTGGAGTTG

APO AATAACAATCAAATCACTTTA G
TR ]

ok KKk ok Kk Kok ok ok kK Kk Kk kkk K K *k ok Kk K K R E

SEX CA--GAGGAAGCCACCGCCCTGTGGATTGTGGCACAATTTCEMAERGGAAGAACTGCACAGAGTCTGAAAA-TGTGAATTGGATTCAGGIGAMGCCATGCCCGAGGCC
CcC

D s nnrnn—————— Fkkkkkkdokkkkdk  kk kkk okkk kbkkkkobkkokkook ok k Fokk kkkkkkkkk ok

SEX AAATGAGAAAACTCATGGGTGTATGCATATGACATGCACCCBEBBTTTTGAGTTTTGCTGGTTGTGCCTTGGTTCATGGCAAGAGASIIBIMCGGGTAGTTTTTATGC
APO GC
o kk ok FE hhk Rk Kbk

SEX CTGTAACGGGTATGTAGTGGCCAGACAAGTAGTAGTGTTCGRENEAEGACACGCGAAATGGTG----------- AGGTATACACAAGACTSAACGATGAGCTTGTAACGAT
APO AT

SEX TCGTCGAGGCGAAAAGCATCGTCGAATGCAGGCGAGTTCTBASNPGGTGTACGGC-TATTAC-CTTCCCGATCACGAGCATGCTARGAAGTTTGATTATGTGCAAGG
AC

FhkkAKKRAE KRKKKE K Kk Kk Kk kkkkk kk ok kK kkk kk ok ok kk Kk kKKK K K kK ok kKK Kk

ARI-T 3'-terminus
SEX TTGAGGCTTAGTCTAGTCTGGAGAGACTCCATCAATGTGCAGAGAATGAGATGIIACTTAGTGAAGAGTGCACTTCAAAAGATATTGTTTTACTGNATAN TTTGATTT
APO -GATT--GTTGAATATAG-GCGAGTTCTGAAATG---GAAAM'GTACGAGTATTACTGTCACGAC--CCAAATCTGGGTTGTTAATGAIIE[GDN’ AAATCTTGACCCAACT

kokk ok kK ok ok ok ok ok kk ok ok kkkk % kkk * dkk ok ok kk *ok kokk kk kk Fkkk K K * x

SEX TTTTTTTTATATATATGACATTTCGTTAATTGTTCTGGTCAGTTGRBATTAATAAAAACCGTAATTTTTTCTATTTTTTATATCTTGTCTAGATACTGGAAAAATTGTTCTA
APO AGCCTTATACGAACAT-ACATAATGCAAAGTATAG-----AAATATATAAATATGGAAG--CGTA-TTTCATATATATAT-ATATATATATTA@QARCATT---ACAATCTTCTTA

ok kk K kk kkkk K kK Kk ok * Kk K ok okk kk kkkk kK ok khk K Kk kkkk K Kk K *ok ok ok kkk Kk kk

SEX GAAAAAATTATGATTAAGAGGTTAATTGGGTAGGCGACCTTAGTCATTTAATATTTATTGACTGCTAAATTTAAATT
APO TTCAAGAT----ACTAAAA--TTCACCAGCCGGGC--CGTCGACOBCGTGCCCTATAGTAA------ GCCGAATTCCAGCA

dkokk ok kkk ok Kk K Kk dkkk koK Kk * kkk kK h kkAE K

Figure 25: Nucleotide alignment of the sexual and apospokpARIsequence and that of
its 3' gene neighb®ARI-T

The arrow indicates where homology between the aleand aposporous sequence is first
disrupted.
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3.6. Towards the functional analysis oHpARI gene

3.6.1. Both alleles oHpARI are expressed

To analyze whether both sexual and aposporous sl expressed, an RT-PCR
assay was performed. Thiypericumpistils at the megasporogenesis and megagametigene
stages (as staged by Gadlaal., in press) were used. Primers were designed tammiy
amplify both alleles within the coding region. Thstohction between the alleles was possible
due to aEcaRV site, uniquely present in the apospory-speaéquence. Due to the intron-
less nature of thelpARIgene in sexual and apomictic plants, the absehgermmic DNA in
the generated cDNA samples was demonstrated bgnilgsis of an adjacent gene encoding
HISTIDINE KINASE AHK?2) with primers located in intron-separated exongyfe 26). As
shown in Figure 15, temporal expression of bothuakxand apomictiddpARI alleles was
indistinguishable in floral buds at developmentages during which megasporogenesis and
megagametogenesis do occur, as well as in leavas. [&&aves the possibility that the
expresseHpARI allele of theHAPPY locus and the derived truncated ARIADNE protein

form might have a function in the control of apospio H. perforatum

pistils at pistils at
megasporogenesis megagametogenesis
A S A S A S

leaf

R p——— ——--u-———uﬂ

— — e —— — - —

HISTIDINE
KINASE 2

Ry e rrr

cDNA genomic
DNA

Figure 26: Expression analysis ¢fpARIgene

Both, sexual and apospory-specific alleles areesgmd in pistils and leaves of aposporous plants.
The exclude genomic DNA contamination an introntagning geneHSK2 was amplified in the
same RNA samples. Abbreviations: A- aposporousseéxual

69



Results

3.6.2.HpARI gene might be involved in the flowering time contil.

To define the functional role of the expressed apnsppecific HpARI two
approaches were employed: (a) generation of plaas lexpressing thelypericumHpARI
gene and (b) characterization of T-DNA insertiontamis of the most relatefirabidopsis
genes. Following the first approach constructs yoagr the sexual and apospory-specific
HypericumHpARI gene under control of the ubiquitin promoter ofizeawere generated
(Figure 27 A). The ubiquitin promoter and not the&s3&romoter was chosen since the latter
might have some effect in gametophyte developm&nighnston, personal communication).
Two constructs carrying the apospory-specHipARI allele and the corresponding sexual
HpARI allele were generated (Figure 27 A). In case efaphospory-specifieipARI allele |
included all the sequence downstream of the trexcabding sequence, so that the length of
the both inserts was the same. Two additional cocistrwere generated, carrying the native
Hypericum sexual and apospory-specific promoters insteadthef ubiquitin promoter.
Arabidopsis thalianglants were transformed with all four construSisice apomixis is often
associated with polyploidy, not only the most comnaiploid Columbiaaccession was used,
but also a tetraploidize€olumbia Additionally the homologous host plaktypericum
perforatum was used for transformation. A transformation rodtrof Hypericum using
Agrobacterium is under development (Kumlehmt al., unpublished). Moreover, a
transformation complementation of a line generditgdieletional mutagenesis in apomictic
Hieracium(Catanactet al.,2006) is also planned. The diploid transforrdgebidopsislines
of did not show any phenotype. The FCSS analyses dits not reveal any differences in the
ploidy ratios embryo and endosperm. TetrapWidbidopsislines containing the aposporous
HpARI under the control of ubiquitin promoter show ae{filbwering phenotype. After 28
days under long day conditions none of the tramséar plants showed any signs of flowering
(Figure 27 B). After 53 days of growth they coukldivided into two groups according to the
length of the delay. At this time 16 transformaois of 25 did not flower (Figure 27 C). The
remaining 9 plants flowered and developed viabézlseAll transformants carrying the sexual
allele flowered after 22 days. These findings sugtfest theHpARI might be involved in
controlling of transition from vegetative to repumtive development in a gene dosage
dependent manner. Since some of the genes invoivmvering time control were shown to
have pleiotropic effects (Baurkt al.,2007; Kinoshiteet al.,2004), one might speculate that

the HpARI has more than one function and is also involvedserual and/or apomictic
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reproduction. However, a more detailed analysigeftransgenic lines will be required in the

future.
A
NOS hpt  T-35S Ubi ARI (SEX) NOS-T
O >0
NOS hpt  T-35S Ubi ARI (APO) NOS-T
N
O > e
NOS hpt  T-35S ARI promoter (SEX) ARI (SEX) NOS-T
oIy >0
NOS hpt ~ T-35S ARI promoter (APO) ARI (APO) NOS-T
N
O Iy ) I
B C
ARI(APO) ARI(SEX) ARI(SEX) ARI(APO)

Figure 27 Expression cassette used for plant transformaitnohphenotype cdAirabidopsis

transformants

A. Schematic diagram of the cassette used for actoqpression oHpARIgene. B. Phenotype of
Arabidopsis(Col, 4n) transformants containing sexual and a@ptiecnrARIADNE alleles under the
control of the maize ubiquitin promoter - 28 dayd.dC. Phenotype of Arabidopsis (Col, 4n)
transformants 53 days old.
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Following the second approach, T-DNA insertion mtgaof Arabidopsis thaliana
were analyzed (Table 14). | was most interestedRi7, since the sexual allele showed the

highest sequence similarity with this Arabidopseng (AT2G31510). Additionally, five

ARIADNEgenes, which show the highest BLAST similarityAlel7 were analyzed.

Availability of Genomic
Locus Gene ID Sequence ESTs and T-DNA mutant | location Mutant plant
Name Similarities | cDNAs (tissue | allele of phenotype
type) insertion
ARI7 AT2G31510| ARI5, yes (callus) SALK 027620 | intron none observed
ARIS, SALK 073106 | intron
ARI9, SALK_116408 | intron
ARI10, SALK_025210 | intron
ARI11 SALK_082541 | intron
SALK 132004 | exon
SALK_ 029122 | 3'UTR
SALK_069374 | 3'UTR
ARI5 AT1G05890| ARI7 yes (vegetative Not isolated yet NA NA
ARI8 tissues)
ARI9
ARI10
ARI11
ARI8 AT1G65430| ARI7 yes (vegetative Not isolated yet NA NA
ARI11 tissues)
ARI8
ARI9
ARI10
ARI9 At2G31770 | ARI10, yes (vegetative SALK 027269 | exon none observed
ARI11, tissues) SALK 049257 | intron
ARI7,
ARIS5,
ARI8
ARI10 | AT2G31760| ARI9, yes (vegetative SALK 014075 | exon None observed
ARI11, tissues)
ARI7, SALK 068103 | promoter | Unlinked
ARI5, phenotype with 4§
ARI8 gametophytic
mutation carrying
51% infertile
ovules  (N=493);
ovules arresting at
one and  two-
nucleated stages
ARI11 | AT2G31780| ARI9, yes (vegetative Not isolated yet NA NA
ARI10, tissues)
ARI7,
ARI5,
ARI8

Table 14:1solation of T-DNA mutant alleles that disrupt ARDAIE (ARI) RING finger

genes in Arabidopsis
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The next similar gene is clearly distinct suggestihgt ARI7 is most likely the
homologous gene. However, no discernable phenotygsedetected either f@kRI7 mutant
lines or for the lines of other genes analyzed. Tidscates that thé&tARI genes may retain
redundant functions. Currently, double mutants lz#ang generated to search for possible

distortions in gametophyte development.
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4. Discussion

4.1. Aposporous initials arise from the external deilar layer of the nucellus

The performed analysis of female sporogenesis antegenesis in sexually and
aposporously reproducing individuals defined thgommorphological traits of all structures
playing a role in embryo sac formation. Presentadaight be considered as necessary
upgrade of our knowledge éfypericumovule development traced back over sixty years ago
by the pioneer publications of Noack (1939, 1941jissue stain clearing and high resolution
imaging. The sexual ovule is anatropous, bitegmie. (iwith 2 integuments) and
tenuinucellate, and encloses at maturity a monaspBolygonumtype embryo sac. The
aposporous ovule retains all major morphologicarabteristics reported herein, but fails to
develop a reduced embryo sac. In contrast to theas@athway, the aposporous embryo sac
develops through a series of free nuclear divisivom a single sporophytic cell, which
belongs to the epidermal cell layer of the nucelMy observations imply that the major
developmental features characteristic of aposporousle formation include: i) miss-
expression of the meiotic program, ii) failure oelal in degeneration of the nucellus
epidermal layer, iii) differentiation of Aposporourstials (Al) from the nucellar tissue, and
iv) development into an alternative coenocytic eypbsac. Furthermore, low frequencies of
sexual developing ovules are retained within thespprous ovary of facultative apomicts.
Interestingly, according to Noack (1939, 1941) Msre reported to differentiate from the
hypodermal cell layer of the nucellus. In contréisg data | obtained suggests that most Als
differentiate from the external nucellar cellulayér. However, the general importance of the

nucellus in Als as the site of differentiation eanfirmed.

The importance of Al positioning with respect to thige of differentiation of the
meiotic products has been reported for severalpposs species. IHieracium piloselloides
and H. aurantiacum the Als were reported to differentiate in closenmection to the
megaspores (Koltunowet al, 1998). Moreover, aposporous gametophyte devedopris
influenced by Al mis-positioning resulting from theal mutation (Okadeet al, 2007).
Similarly, the correct positioning of Als iRlypericumovules seems to be necessary for
further development, as no Als or embryo sacs weex detected distantly from the site of

megasporogenesis within the nucellus. Since bothQdMnd Als originate from the same
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site of differentiation, the nucellus, it is liketlyat the two processes depend on the expression
of specific factors restricted to this area of tbeule. Furthermore, the fact that
megasporogenesis is limited to the hypodermal ianea and never occurs in the epidermal
cell layer, where aposporous initials are confingajgests an additional regional level of

regulation within the nucellus background.

Callose deposition is frequently lacking or followmsconventional patterns within the
aposporous ovules dflypericum,while within the sexual ovules it is consistenthwthe
pattern described for other plants. It is generadigognized that callose deposition during
megasporogenesis progression might play a rol@éarnrégulation of the fate of meiotically
derived megaspores by physically limiting symplastommunication with adjacent cells
(Rodkiewicz, 1970; Haig, 1986). The pattern of csdlaleposition in ovules of sexual species
is not conserved in apomeiotic pathways, as has Sleewn inElymus rectisetu§Carmanet
al., 1991), Hieracium spp. (Tuckeret al, 2001) Poa pratensis(Naumovaet al, 1993),
Tripsacum dactyloidefl_eblancet al, 1993) andMedicago falcataBarcaccieet al, 1996),
where meiosis is bypassed or disturbed. In thisispethe lack of callose accumulation has
been reported for both Aposporous Initials (Reedl, 1997; Tuckeet al, 2001) and MMCs
undergoing diplosporic development (Carnedral, 1991). It is possible to speculate, that the
altered pattern of callose deposition within apaosps ovules oHypericumindicates upon a
deregulation in normal cell-to-cell communicatidnis likely that developing megaspores
either directly or indirectly regulate epidermajéa proliferation whereby apomeiosis leads to

abnormal signaling between closely neighboringscell

Aposporous and sexual embryo sacs share certaiturdsa For example, the
development of the female gametophyte by meansuofear division without cytoplasm
repartition (i.e. unequal allocation of cytoplasmmdaughter cells after nuclear division) is
similar in both embryo sacs. Embryo sac formatiasthlin sexual and aposporous ovules
always proceeds through successive nuclear diwsiand concludes with a final
cellularization event, in contrast to sporophytedls; in which karyokinesis is immediately
followed by cytokinesis. The differences between us¢éxand aposporous embryo sac
development are dramatic. In addition to changeihshape and developmental timing, the
main differences observed include the number ofenand the organization of embryo sac

following cellularization. Nuclear divisions withinthe embryo sac are frequently
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asynchronous, leading to unconventional numbensuecfei that are miss-positioned within
the same coenocytic structure. The elevated vanmiatio aposporous gametophyte
development (relative to sexual ones; see Figuaed®3, and Table 4, results) could reflect
stochastic processes, for example perturbatiorssgogling pathways in the ovule (Okaefa
al., 2007), or mutation accumulation in independed#yived apomictic clones (Koltunogt
al., 1993). Similarly, stochastic gametophyte develept has been hypothesized in
aposporousHieracium aurantiacum(Koltunow et al, 1998), where one to multiple
Aposporous Initials were demonstrated to form aravgwithout any precise developmental
patterns. The degeneration of synergids prior tblifation can be interpreted as a physical
barrier against fertilization. It is planned, thlé identity of the cells within the aposporous
embryo sac will be demonstrated with marker linedich need to be established in

Hypericum

Recent reports support the hypothesis that deviatidhe fate of cells enclosed in the
aposporous embryo sac might be related to missipaisig of nuclei within the embryo sac,
prior to cellularization. Thus, the characterizatioh Arabidopsis gametophytic mutations
such aseostre(Pagnussaet al, 2007) andachesis(Gross-Hardtet al, 2007) might help
elucidate the gametophyte development Hgpericum for example whether apospory
involves mis-regulation of the above mentioned geméoreover, specification of cell fate
within the Arabidopsisembryo sac appears to rely on a position-basechamésm, as the
switch from synergid to egg cell is accompaniedntug-positioning of the nucleus during
early developmental stages (Pagnussatl, 2007). Similarly, the auxiliary and gametic cell
fates within the embryo sac @&rabidopsiswere recently reported to be affected in the
lachesismutant (Gross-Hardet al, 2007), in which functional supernumerary egglscel
differentiate from accessory cells, pointing to ecmanism that prevents accessory cells from
adopting gametic cell fate. The present investigasiopports the hypothesis that the nucellus
is a highly organized tissue, composed of two molquically and functionally defined
cellular layers. During the sexual development tledlular division processes within the
nucellus are likely to be highly controlled as, lwihe exception of female sporogenesis and
gametogenesis, no divisions were reported in thsué as meiosis begins. During the
aposporous development the control over the nucaluprobably loosened and mitotic
divisions leading to Al formation are possible. TAecould be an epidermal cell that re-

enters the cell cycle to undergo mitotic divisi@anprocess that could be influenced by the
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specific positioning of the cell within the ovulBhis could be achieved, for instance, by mis-
regulation of genetic factors involved in epiderroall identity (Siebeet al, 2004), although

nucellus identity would have to be maintained ia thher parts of the nucellus. In summary,
factors required for both aposporous and sexuakggphyte development may be modulated

by some regulative elements localized in hypodemandlepidermal nucellar cell domains.

4.2. Apospory and parthenogenesis do co-segregatat kcan recombine in

Hypericum

Extensive research aiming to unravel the genetidrgbrof apomixis in several
apomictic and sexual model systems has not resutted generally accepted scenario,
suggesting the existence of different pathwaysistirett species of interest. This hypothesis
is compatible with the independeimt planta evolution of apomixis in general and each
apomictic component in particular (Van Dijk and wédfberg, 2005). Nonetheless, individual
genetic approaches focused on each model systeatiygfacilitate global efforts to isolate
the involved genes. Mutations of genes which pradantly control sexual pathways as well
as newly evolved genes have been considered taiexple inheritance of the two apomixis
components, apomeiosis and parthenogenesis. Howehether these two developmental
traits are under the control of a single masteregaenthe influence of a few closely related
genes is an unsolved puzzle for most of the apemiBtudies aiming to understand the
genetic and molecular factors underlying apomixgenbeen limited since the asexual mode
of reproduction is often associated with polyploahd high degrees of heterozygosity, traits

which make genetic and genomic analyses very diffic

Independent genetic studies investigating apomiris Hypericum plants have
indicated that apomixis in this species occurslfatuely only in a polyploid state (Martonfi
et al., 1996; Matzket al., 2003; Mayo und Landridge, 2003; Barcacetaal., 2006). So far,
the identification ofHypericum genotypes that are able to produce embryos eftoen
aposporous fertilized egg cells or by parthenogengem meiotically reduced egg cells
suggests that two distinct genetic factors congpbspory and parthenogenesis, and that
apospory and parthenogenesis may be developmenialtpupled, an idea previously

hypothesized by Noack (1939). This hypothesis igh&rr supported by the finding of
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Hypericumgenotypes which almost exclusively express ony component of apomixis or

suppress the other (Matek al, 2001; Barcacciat al, 2006).

In this study | compared the expressivity and pamee of apospory and
parthenogenesis in experimental populationsHgpericum segregating for the mode of
reproductioni.e. apomixis versus sexuality. The data demonstrated that parthendigene
capacity is preferentially expressed by aposporegg cells. | also documented the
occurrence of aposporous egg cells in non-parthareig individuals as well as the
parthenogenetic development of meiotic egg cellsil&\apospory and parthenogenesis seem
to be loosely linked and preferentially inheritesyether, recombination is not suppressed
between these two traits. The observed 1.1 ratitwden sexual and aposporous or
parthenogenetic plants in the triploid and tetrapleegregating populations indicates a
simplex genetic constitution of one responsibleogeic locus in the polyploid male parents.
The analysis of segregation data reveals that thetipe apospory and parthenogenetis loci
are associated in a chromosome window where rec@tibn is possible. However, it cannot
be ruled out that the individual components maycbetrolled by multiple, tightly linked
genes of chromosome blocks, as it occurs for Quaive Trait Loci (QTLs). Although the
guestion remains open, apomixisHiypericumseems to be the result of two linked genetic
determinants rather than the combination of twocesses, apospory and parthenogenesis,

determined by independent genetic factors.

Taken together, the present study has clearly demabed that forHypericum
aposporous apomeiosis and parthenogenesis camtt@hally separated by recombination,
and that they are independently controlled by damiralleles which act as single dose genes.
While this scenario is in contrast to some studiesther systems that suggested a simple
inheritance of apomixes by one dominant gene ($avikb80; Leblanet al, 1995; Bicknell
et al, 2000), several other studies support our dadiatlae underlying hypothesis regarding
the genetic control of these distinct traits (Nogesl Riesenberg 2000; Matek al., 2001;
Van Baarleret al.,2002; Van Dijk and Bakx-Schotman 2004; Catangical.,2006; Noyest
al., 2006).
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43. Aposporous plants are heterozygous and containoth sexual and

aposporous alleles

The apospory-specific marker and the correspondiagomic locusHAPPY are
present in plants with both low and high degreamdspory, which suggests that the gene(s)
necessary to switch on the apospory trait are éacatithin theHAPPY locus, and possibly
recombination could separate an additional aposp@yenter locus. This model is similar to
what was proposed previously for the control of mpas in Poa wherein apomixis is
thought to be controlled by five different loci lnding one that dominantly controls initiation
of apospory and a recessive apospory preventerinflaences the penetrance of this trait
(Matzk, 2005). According to the segregation analytsie HAPPY locus in Hypericumis
dominantly inherited and the apomictic parents aomnboth sexual and aposporous alleles in
3:1 ratio. The same ratio was proposed in the promgework of Nogler (1982) for
Ranunculus auricomudNogler also suggested that the allele A conferbipplar apospory
(Hieraciumtype) behaves as a lethal factor when it is presetite gametes as A or AA, in
such a way only the genotypes AAaa and Aaaa arglpesThis is also true fdfypericum
the aposporous plants resulted from the directedscas well as the aposporous plants from
different populations from all over the world hage simplex genomic constitution, as
measured by pyrosequencing. This is only possiblliposporous parents used for the
crosses also have a simplex genomic constitutions,Ténly one apospory allele is sufficient
for apospory generation. The plant still carriesdbrual allele and can switch back to partial

sexual seed production (facultative apomixis) & #pospory preventer is present.

The sexual counterpart of tHéAPPY locus is collinear taPopulus trihonocarpa
LGXIV. Populusis the closest relative dflypericum with available genome sequences
(Tuskanet al.,2006), both belonging talphigiales Interestingly, the apomixis-segregating
loci of a number of other apomictic plants werevehdo have regions collinear with well
studied rice or maize. For examplkSGRof Pennisetumhas been found to have regions
highly microsyntenic to centromeric-proximal genonregion of Oryza chromosome 11
(Gualtieriet al.,2006) and and\CL of Paspalumto the telomeric region of the long arm of
Oryzachromosome 12 respectively (Pupéli al, 2004). The apospory region Brachiaria
is collinear with markers mapped on the short afrmaize chromosome 5 (Pessiabal.,

1997), and diplosporous apomixis Tnipsacumshowed linkage with markers located on the
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long arm of maize chromosome 6 (Leblat@l.,1995). | plan to use the collinearity between
Hypericum and Populus to develop new markers characterizing tHgpericum locus of
interest and determining its size. Assuming tha¢ @ossible mechanism governing the
apospory phenotype could be the alteration of einetfon of a gene that normally acts during
sexual reproduction (Koltunow and Grossniklaus, 300.e. through mutation or by a
regulatory shift, the use of existifppulussequence data spanning regions of microsynteny

with the aposporoudypericumcan well be a source of apospory candidate genes.

4.4. TheHAPPY locus is hemizygous

Our work has established thdpARlis part of theHAPPY locus inHypericumthat
likely controls the aposporous reproduction. Theeedéd sequence upstream and
downstream of the marker geR@ARI neither has any similarity with the sexu#pericum
alleles nor gives any hit when blasted againskiatiwn databases. Given that aposporous
alleles of 13 other genes on the sexual BAC coatdoe detected, | propose that the genomic
organization of the aposporous alleles withinki#PPYlocus is very distinct from that of the
corresponding sexual alleles, and that the hem&fgas retained throughout this genomic
region (Figure 1). Hemizygosity was first described APOSPORYSPECIFIC GENOMIC REGION
(ASGR locus in Pennisetumwhereby a part of the locus has no allelic formsexual
genotypes, while another part has a partial siitylavith the corresponding sexual locus
(Ozias-Akins et al., 1998). Similarly, the hemizygosity was also ddsedi in Apomixis
Controlling Locus (ACL) of Paspalum(Labombardaet al., 2002). Such a tremendous
difference between two alleles within the same tpleas described only in case of apomictic
genotypes. However, an extensive sequence differemduding deletions, rearrangements
and missing genes has also been found by compasfdsro haplotypes of two maize inbred
lines (Song and Messing, 2003). This unusual finduag reported to be associated with the
heterosis effect. Indeed, the heterozygous enviesmmvhich is a necessary condition for the
manifestation of heterosis, is also common for aptsn since many apomicts are
allopolyploids. It can be speculated that specditelic combinations could produce an
interaction that causes deregulation of gene egmedeading to heterosis and/or changes in

the mode of reproduction such as apomixis.
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Interestingly, our results are not compatible vt model of Carman (1997), which
suggests that the mechanism for apomixis, includipgspory, is based on asynchronous
expression of many duplicate genes in polyploidi@merms. From this hypothesis, the
segregation of a trait with a region of hemizygpsit the Hypericumgenome in all of the
analysed apomicts (segregating population of ddecrosses as well as natural accessions
were tested) can not be predicted. In summary, hayosity of theHAPPY locus suggests
that the aposporous locus underwent extensive sequlvergence including large deletions,

inversions and substitutions.

4.5.The HAPPY locus includes a mutatedARIADNE geneHpARI

Given that the truncated gene product HFARI is part of the hemizygous and
dominantHAPPY locus, it is possible to speculate that this aposgpecific ARIADNE
mutant protein functions in a dominant negativehi@as in a simplex dosage by interacting
with three functional sexual alleles. ARIADNE praiei belong to E3 ligases that are
conserved from yeast to plant kingdom and are thbtaycontrol ubiquitin-dependent protein
degradation (reviewed in Vierstra, 2003). The aposmpecific truncatedHpARI gene is
ubiquitously expressed but the corresponding pmopeoduct is truncated in contrast to the
presumably functional sexual allele. Currentlysithypothesized that the truncated apomictic
HpARI might represent a “mutant ARIADNE” which migdisrupt the expected Ring/U-box
complexes formed by the corresponding sexual fottmss the normal course of meiotic

gametophytic development is impaired in the apasnict

4.6. ARIADNE and flowering time control

Interestingly, the overexpression lines contairtmgapomictidHpARIl allele showed a
late-flowering phenotype in tetraploftabidopsisplants. It will be interesting to establish an
inducible system for théHpARI gene and check if it plays a role during gamettghy
development. Recently, the RRM-domain proteins @A FPA which have previously been
characterizedas flowering-time regulators iMrabidopsis were shown to affect female

gametophytic developmeand early embryonic development. It was demonsirdtet these
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proteins are required for RNA-mediated chromatiensiing of a rangef loci in the genome.

It was demonstrated, thRCA andFPAregulate chromatin silencing of single and low-copy
genes andhteract in a locus-dependent manner with the caabrsmallinterfering RNA—
directed DNA methylation pathway to regulatemmon targets (Baurlet al., 2007).
Similarly, theFLOWERING LOCUS AFWA), a homeobox gene with a pleiotropic function
is implicated in flowering time control and plays rale in imprinting during female
gametophyte and endosperm development (Kinoghitd., 2004). Moreover, genes having
pleiotropic effects and acting both during floweyitime gametophyte and seed development
are well known, for exampleMULTICOPY SUPPRESSOR OF IRA @SI)),
METHYLTRANSFERASE (MET1) and FERTILIZATION INDEPENDENT ENDOSPERM
(FIE) (Kankelet al., 2003; Katzet al.,2004; Bouverett al., 2006; Xiaoet al., 2006). This
findings support the hypothesis that thgARI gene might act pleiotropically.

The late flowering phenotype ¢ipARI transformants can be observed only in the
tetraploid state. That implies the possible involeemof epigenetic mechanisms in the way
of action of theHpARI gene. It is known thaepialleles in tetraploid plants (but not in
diploids) interact irtransand lead to heritable gene silencing persistingr @&gregation from
the inactivating allele. This mechanism, resembpagamutation, leads to the establishment
of functional epigenetic homozygosity and, thuscémversion of new recessive alleles into
traits expressed in polyploid generations (Schetidal., 2003). Probably, the phenotypic
manifestation of action of thHpARI gene is only possible in a tetraploid backgrounth w
corresponding epigenetic modifications. Since thdial experiments were done in a
tetraploidizedColumbig an additional transformation of tetrapldiédnsbergis planned to

check if the same phenotype can be obtained irtigenédong time established tetraploid.

Interestingly, theArabidopsisgeneAT3G04610which is orthologous to an apomixis
marker C 454 on thACL in Paspalumwas recently described as an important reguldtor o
flowering (Mockleret al., 2004). Briefly,FLK (flowering locus K homologyKH) domain)
encodes the K-homology domain RNA binding protdihe flk mutations cause a delay of
flowering time of up to 40 days after germinatidine KH domain is involved in different
processes such as floral morphogenesis regulatioArabidopsis HUA ENHANCER 4
(Lorkovic and Barta, 2002; Chergt al., 2003)). In Drosophila mutations within a KH
domain proteirFRAGILE X MENTAL RETARDATION 1 (FMR#&gad to defects in the rapid
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nuclear division cycles during embryo developmdd¢ghpandeet al., 2006). Another KH
gene BICAUDAL-D was implicated in patterning thBrosophila egg chamber in mid-
oogenesis (Swan and Suter, 1996). In summary, possible to speculate that future
functional studies could demonstrate if tHgpericumHpARI gene and th@aspalumFLK-
like gene have a pleiotropic effect and play an adudioole during sexual and/or apomictic
reproduction. A more detailed analysis should &lsaarried out with the existing tetraploid
HpARI lines to understand the mechanism of the flowertimge delay. Currently,
Agrobacteriuramediated tissue-culture based transformation nastho H. perforatumare
under development (J. Kumlehn and H. Baumlein, orggavork) aimed at producing stable
sexualHypericumtransformants carrying mutant (aposporous) allefepARI in order to
examine whether or not this mutant form will be ueed and/or sufficient to induce

apospory.

Except of the recent results indicating upon thection of HpARI in the control of
flowering time, the developmental function of ArdbpsisARIADNE genes remains very
obscure (Mladeket al, 2003). Considering the ubiquitous expressionABIADNE gene
products inArabidopsis,it is anticipated that these factors play a pbitc role during plant
developmentARIADNE genes were primarily cloned and characterizediasophila and
mammals, and an essential developmental rolERVMADNEwas for instance demonstrated by
identification of a fully penetranariadne-2 lethal mutant inDrosophila (Aguilera et al.,
2000). Unfortunately, both in animals and plantsegeedundancy within theRIADNEclade
has impeded understanding of the correspondingla@vental function of these genes.
Amongst the Arabidopsis 16 ARIADNE proteins | was mostly interested IiARI7
(AT2G31510), the Arabidopsis homologue of tHpARL In particular,ARI7 in Arabidopsis
is a tandemly duplicated gene unlike the singlaycstrally intact copyHpARI that was
reported in this study. The genes which show highusece similarity toARI7 are
ARI9/10/11/12 As several otheARIADNE membersARI7 possesses a complete RING1-
IBR-RING2 domain, and it has a conserved nucleaslipation sequence in the highly
conserved region of RING2. It has polypeptide sagas enriched in proline (P), glutamic
acid (E), serine (S) and threonine (T) (PEST) at thteriinus, a motif implicated for
proteins that undergo rapid destruction (Rog#rsl., 1986). Although mutant alleles that
disrupted the Arabidops&RI7 and some of its homologues were identified (Taldlg done

of them showed developmental aberrations in theanmuplants possibly due to gene
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redundancy, suggesting the need for combining aéwautant alleles of thARIADNEfamily

of genes. Interestingly, the expression profile ARI7 detected usingAtGenExpress
microarray data (Schmidt al., 2005) is different from the othéXRIADNE genesARI7 is
relatively high expressed in all sporophytic tissue comparison to the co-expressed
ARIADNE members ARI9/10/11/12 and low expressed in mapaléen in comparison to
other tissues. The othARIADNEgenes, in contrary, show the highest levels of@sgion in
the mature pollen. So ARI7 has a unique patterexpfession among other family members.
Recently, Spenceat al., (2007) reported that th@ARI7ZGUSshowed low level of activity in
the globular embryo, and it is necessary to extarglanalysis to the rest of sporophytic and
gametophytic stages. Additionally, the expressionalysis of ARI7 in the mega-sporophyte
and mega-gametophyte, and batlsitu hybridization- and promoter fusion analysis should

be carried out to shed more light on the possilnhetion of this gene.

84



Discussion

4.7. Structure of theHAPPY locus

An extensive population genetic analysis followgdrbapping and sequencing approaches
led to identification of at least a part of the spary controlling locus irHypericum A

scheme reflecting the structure of the tHAPPY locus is presented in Figure 28. It was
shown that the locus is simplex, dominant and hgguas. The known sequence of the

apospory controlling locus extends frin&CRto ARI-Tand is 5.221 kb long.

DGCR ARI T P
DGCR ARI T F
DGCR ARI T P

revee I—— T - APPY

Figure 28 Schematic structure of sexual and aposporous sléltheHpARIgene

containing locus bifypericumperforatum

ARI indicates the marker-containindgpARI gene, T stands for the truncated version of thé AR
gene and DGCR and NPH3 represent the 5'and 3 iflgngenes, respectively. Tetraploid
apomicts possess three sexual alleles and one @pospallele. The red arrows indicate the
positions where the sequence homology between sardaaposporous alleles is interrupted. The
dashed lines stand for the BLAST negative sequemgcesd in the flanking region of the
aposporous allele. The light blue box with black k#bel marks the position of the original
AFLP/CAPS marker fragment and the informativeoR| site, respectively.
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4.8. Conclusions

Comprehensive histological, genetic and moleculadies have been performed to analyse
aposporous and sexual reproduction in the St. 3dMort Hypericum perforatui From the
described results | draw the following main conidas:

* Apospory is inherited as a dominant trait.

» Apospory and parthenogenesis do co-segregateahutcombine.

* An aposporous initial cell (Al) differentiates froam outer cell layer of the nucellus
and outcompetes the development of the sexual pegamothercell (MMC).

» A reliable CAPS marker, co-segregating with apogpbut not with parthenogenesis,
has been established and further confirms that papgsand parthenogenesis are
independently controlled.

* A genomic region of 141.941 kb containing the apoggmarker has been identified
in sexual plants by BAC cloning and designatetiABPPY (HypericumAPOSFORY).

* Allele quantification revealed that the hemizygasosporous allele is present in
simplex form both in segregating populations asl \asl in Hypericum accessions
collected from all over the world.

* The HAPPY locus includes a gene with similarity to the Araipdis gene ARI7
encoding the RING finger protein ARIADNE7, known b® required for various
regulatory processes, like ubiquitin-mediated protiegradation.

* The apospory-specifielpARI allele contains a premature stop codon and isigisztl
to encode a truncated protein.

* Both, the apospory-specific and the sex-specHipARI alleles are expressed
ubiquitously at the transcript level.

» Tetraploid Arabidopsis plants transformed with thentatedHpARI allele exhibit a
late flowering phenotype.

* A current working hypothesis assumes thHIARI encodes a gene product with
pleiotropic functions, also required to control thede of reproduction.

* The partial cloning and characterisation of H®PPYlocus is a first step towards the
elucidation of the molecular mechanisms underlypgmixis inHypericum

* Ongoing research deals with the extension of HAPY locus based BACs from
aposporous plants as well as initial experimentsHgpericumtransformation and

complementation.
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4.9. Future perspectives

It is likely that apomixis is not a single gene pbmenon, and that possibly several
genes involved in meiosis and reproduction coulomshinkage to apomixis (Grossniklaus,
2001). While I concentrate on the functional rofeHpARI in the control of apospory, |
believe that the extension of tHAPPYlocus beyondHpARI will be required to understand
the full control of apospory and its putative meeti$ in Hypericum | have initiated cloning
of theHAPPY locus by identifying and sequencing BACs with &fgenome-coverage from
the tetraploid genotypes that are fully penetranapospory. The fine mapping of tHAPPY
locus with genomic markers is also planned. Thisld/@nable the estimation of the size of
the locus and would facilitate the sequencing eflttus. Once the sequences of HAPPY
locus are available, the detailed characterizabbrthe locus, including candidate gene
identification and examination of thelAPPY locus for epigenetic features should be
performed. To fully understand the mechanisms ofrapie | also plan to concentrate my
efforts on isolating the candidate locus for pamthigenesis from the segregatiHgpericum
population. These projects will provide valuableghss for the understanding of apomixis in

Hypericumand in plants in general.
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Summary

The introduction of apomixis - the seed formationthwut meiotic recombination and
reduction (apomeiosis) and without fertilizatioraffhenogenesis) - into crop plants is an
exciting problem of plant developmental biology aadhigh priority goal of breeding
research, since it would allow the fixation of hgbeffects. However, the genetic and

molecular basis of apomixis is still poorly undersd.

St. John’s wort Hypericum perforatumL.), a plant with a small genome and a short
generation time, can reproduce by apospory andgsepts an interesting new experimental
model for apomixis research. Here, we have combhmstblogical, genetic and molecular

analyses to study sexual and aposporous reproduxftldypericum

Histological analyses compared female sporogeragisgametogenesis between sexual and
aposporous accessions and led to the major pheadtifferences in embryo sac formation.
In aposporous ovules the aposporous initial c@ll} differentiate from the external nucellar
cell layer. The Al development outcompetes and segg@s the megaspore mother cell of the

sexual pathway.

Genetic analyses both at the triploid and tetrablevel reveal the dominant inheritance of
apospory and indicate that apospory and parthemsgedo co-segregate but can recombine

in Hypericum

The genetic data were extended by molecular analy8&tP profiling led to the
identification of a CAPS marker which co-segregategh apospory but not with
parthenogenesis, further confirming that both congmés of apomixis - apospory and

parthenogenesis - are controlled independently.

The CAPS marker was used to isolate BAC clones thi¢ghcorresponding genomic region,
designated asHAPPY (Hypericum ABRSFORY). Allele quantification revealed that the
hemizygous apospory-specific allele is presentimmpkex constellation both in segregating

crossing populations as well asHypericumaccessions collected from all over the world.

The marker-containing part of thelAPPY locus exhibits sequence similarity to the

Arabidopsis gen@RI7 encoding the RING finger protein ARIADNE7. Thesetpios are
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known to be involved in various regulatory procsessecluding ubiquitin-mediated protein
degradation. The apospory-specifipARI allele is predicted to encode a truncated protein.
Both alleles are ubiquitously co-expressed at ridwescript level. Tetraploidrabidopsislines
over-expressing the truncategpARI exhibit a late flowering phenotype, suggestingitapve
role of HpARI in regulation of flowering time. Currently, it ispeculated thaHpARI
represents a pleiotropic gene and might be alsolved in the control of sexual or/and

aposporous reproduction.

The partial cloning and characterisation of tHHAPPY locus is a first step towards the
elucidation of the molecular mechanisms underhyapgmictic seed formation iHypericum

perforatum
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Zusammenfassung

Apomixis ist Samenbildung ohne meiotische Rekontimnaund Reduktion (Apomeiosis)
und ohne Befruchtung (Parthenogenese). Die Ubemigigyon Apomixis aus natirlichen
Apomikten auf Kulturpflanzen ist ein zentrales Rewob pflanzlicher Entwicklungsbiologie
und von hoher Prioritat fiur die Pflanzenzichtungtdd anderem erhofft man sich davon die
Fixierung von Hybrideffekten. Die genetischen undlekularen Grundlagen von Apomixis

sind aber noch weitgehend unverstanden.

Johanniskraut Hyperiucm perforatui eine Pflanze mit kleinem Genom und kurzer
Generationszeit, kann sich durch Aposporie undhadgenese reproduzieren. Dadurch

eignet es sich als ein interessantes neues expedhes Modell fir die Apomixisforschung.

Die vergleichende histologische Analyse der welldit Sporogenese und Gametogenese
zwischen sexuellen und aposporen Pflanzen fiuhrte Identifizierung der wesentlichen
phénotypischen Unterschiede in der Embryosackbildim@posporen Ovulen differenziert
die apospore Initialzelle (Al) von der auf3eren Zalicht des Nucellus. Die Al entwickelt
sich sehr schnell und unterdriickt die weitere Ertlning der Megasporen Mutterzelle des

sexuellerpathways

Genetische Analysen auf triploidem und tetraploidéiveau zeigen die dominante
Vererbung von Apoporie sowie die Kosegregation »@osporie und Parthenogenese, auch

wenn Rekombination zwischen beiden Komponenten icto git.

Die genetischen Befunde wurden durch molekularelysea erweitert. AFLP-Techniken
fuhrten zur ldentifizierung eines CAPS-Markers, deshl mit Aposporie, nicht aber mit
Parthenogenese kosegregiert. Dies bestatigt ertass, beide Komponenten von Apomixis -

Aposporie und Parthenogenese - unabhangig vonesn&odtrolliert werden.

Der CAPS-Marker wurde flr Isolierung von BAC-Klonanit der entsprechenden, als
HAPPY-Locus (Hypericum ARDSPORY) bezeichneten genomischen Region benutzt. Allel-
Quantifizierung zeigte, dass das hemizygote apesflel in Simplex-Konstellation vorliegt.
Dies gilt sowohl fur die untersuchten segregierendeeuzungsnachkommen als auch fur

weltweit gesammeltelypericumAkzessionen.
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Der den Marker enthaltende Teil deRAPPY-Locus besitzt Sequenzahnlichkeit mit dem
Arabidopsis-GenARI7, welches fir das RING-Finger Protein ARIADNE7 katlieDiese
Proteine sind an verschiedenen regulatorischeneBsen, einschliel3lich dem Ubiquitin-
vermittelten Proteinabbau beteiligt. Das ApospaspezifischeHpARI Allel kodiert fur ein
verkurztes Protein. Beide Allele werden auf Trarstietbene ubiquitar exprimiert. Tetraploide
ArabidopsisPflanzen, die mit dem verkurztedApARI Allel transformiert wurden, blihen
verspatet. Dies weist auf eine pleiotrope, moghaeese die sexuelle und apospore

Reproduktion kontrollierende Funktion ddpARI Gens hin.

Die partielle Klonierung und Charakterisierung ¢SPPY-Locus ist ein wesentlicher erster
Schritt zur Aufklarung der molekularen Mechanismeie, der apomiktischen Samenbildung

bei Hypericum perforatunzu Grunde liegen.
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Plant Apospory |Parthenogenesis Marker
Identifier % % state
Tetraploids
4(sF;1 x aAn)1/1 0 0 S
4(sF,;1 x aAn)1/2 0 S
4(sF,;1 x aAn)1/3 42 A
4(sF.1 x aAn)1/4 0 0 S
4(sF;1 x aAn)1/5 0 0 S
4(sF;1 x aAn)1/6 0 0 S
4(sF,1 x aAn)1/7 A

wn

4(sF:1 X aAN)1/8 --__

4(sF;1 x aSi)1/1

A
4(sF11 x aSi)1/2 O O S
4(sF;11 x aSi)1/3 0 0 S
4(sF,1 x aSi)1/4 0 0 S
4(sF;1 x aNo)1/1 4 A

4(SF11 X aN0)1/2 -____

4(sF;1 x aNo)1/3

n

>

4(sF;1 x aNo)1/4 --__

4(sF,;1 x aNo)1/5
4(sF,1 x aNo)1/6
4(sF;1 x aNo)1/7
4(sF;1 x aNo0)1/8
4(sF,1 x aNo)1/9
4(sF;1 x aNo0)1/10
4(sF,2 x aAn)1/1
4(sF;2 x aAn)1/2

100 30
99 39
100 18
71 3
100 31
92

92

n

4(sF;2 x aNo)1a/11
4(sF;2 x aNo)1a/12

O#

A
A
A
A
A
A
A
A
4(sF;2 x aAn)1/3 0 0 S
4(sF,2 x aAn)1/4 0 0 S
4(sF;2 x aAn)1/5 0 0 S
4(sF;2 x aAn)1/6 0 0 S
4(sF,2 x aAn)1/7 0 0 S
4(sF;2 x aAn)1/8 0 6 S
4(sF,2 x aAn)1/9 0 0 S
4(sF12 x aAn)1/10 100 24 A
4(sF;2 x aNo)la/l 99 46 A
4(sF;2 x aNo)1a/2 0 0 S
4(sF;2 x aNo)1a/3 0 0 S
4(sF,2 x aNo)la/4 0 0 S
4(sF;2 x aNo)la/5 0 0 S
4(sF;2 x aNo)l1a/6 0 0 S
4(sF;2 x aNo)1a/8 96 o# A
4(sF;2 x aNo)1a/9 0 0 S
4(sF;2 x aNo)1a/10 0 0 S
A
A

4(sF;2 x aNo)1a/13 -_-__

4(sF,2 x aNo)la/14
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4(sF,2 x aNo)1a/15
4(sF;2 x aNo)1a/16
4(sF;2 x aNo)1a/17
4(sF,2 x aNo)1a/20
4(sF,2 x aNo)1a/24
4(sF;2 x aNo)1a/25
4(sF;2 x aNo)1a/29
4(sF;2 x aNo)1a/31
4(sF,2 x aNo)1a/33
4(sF,2 x aNo)1a/43
4(R1C2 x aSi)la/l
4(R1C2 x aSi)la/2 0 0
4(R1C2 x aSi)1a/3 0 0
4(R1C2 x aSi)la/4
4(R1C2 x aSi)lc/2
4(R1C2 x aSi)lc/3
4(R1C2 x aSi)1c/7
4(R1C2 x aSi)1c/8
4(R1C2 x aSi)1c/9
4(R1C2 x aSi)1d/2
4(R1C2 x aSi)1d/4
4(R1C2 x aSi)1d/5
4(R1C2 x aSi)1d/6
4(R1C2 x aSi)1d/7
4(R1C2 x aSi)1d/8
4(R1C2 x aSi)1d/9 31
Triploids
1(sR1 x aNo) 1/1 99 0#
1(sR1 x aNo) 1/2 99
-_-_—
1(sR1 x aNo) 1/4 3
1(sR1 x aNo) 1/5 2
1(sR1 x aNo) 1/6 3
1(sR1 x aNo) 2/1 0
0
4

OO OO0 |O|O|O|O

> [GRIONRIRIGRIORIRIGRION > (3> (GRIGRIN T (350 B 58 BT S B >

() > >

1(sR1 x aNo) 2/2
1(sR1 x aNo) 2/3
1(sR1 x aNo) 2/4

1(SR1 x aNo) 3/5 -____

> > (AN > (>

n

2(sR1 x aNo)1/2 A
2(sR1 x aNo)2a/3 100 O# A
2(sR1 x aNo)2a/2 100 o# A
2(sR1 x aNo)2a/7 100 33 A
2(sR1 x aNo)2a/14 100 o# A
1(sV1 x aNo) 1/1 99 8 A
1(sV1 x aNo) 1/2 94 8 A
1(sV1 x aNo) 1/3 O# A
1(sV1 x aNo) 1/4 A
1(sV1 x aNo) 1/5 A
1(sV1 x aNo) 1/6 A
1(sV1 x aNo) 1/7 0 0 S
1(sV1 x aNo) 1/8 0 0 S
1(sV1 x aNo) 1/10 0 15 S
1(sV1 x aNo) 1/12 0 0 S
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1(sV1 x aNo0)1/13 100 3 A

1(sV1 x aNo) 1/17 100 7 A

1(sV1 x aNo) 1/19 100 7 A

1(sV1 x aNo) 1/20 95 7 A

1(sV1 x aNo) 1/22 100 11 A
-_-_
1(sV1 x aNo) 1/25 A

1(sV1 x aNo) 1/27 1 A
-___
1(sV1 x aNo) 1/29 A

1(sV1 x aNo) 2a/1 100 O# A

1(sV1 x aNo) 2b/2 100 7 A

1(sV1 x aNo) 2b/3 100 A
“__
1(sV1 x aNo) 2b/5 A

1(sV3 x aNo) 1/1 66 A

1(sV3 x aNo) 1/2 (0}:3 A

1(sV3 x aNo) 1/4 3 A

1(sV3 x aNo) 1/6 A
-___
2(sP2 x aTo)1/2 A

2(sP2 x aTo)1/11 100 66 A

2(sP2 x aTo)1/13 98 8 A

2(sP2 x aTo)1/14 A
-___
2(sP2 x aTo)1/16 A

2(sP2 x aTo)1/18 100 6 A

2(sP2 x aTo)1/19 A
-___
2(sP2 x aTo)1/21 A
-_-_
2(sP2 x aTo)1/26 A

2(sP2 x aT0)1/23 100 0# A

Diploids

2(sP1 x sV1)1a/3 0 0 S

2(sP1 x sV1)la/4 0 0 S

2(sP1 x sV1)1a/6 0 0 S

2(sP1 x sV1)lal7 0 0 S

2(sP1 x sV1)1a/8 0 0 S

2(sP1 x sV1)1a/9 0 0 S

2(sP1 x sV1)1a/11 0 0 S

2(sP1 x sV1)1a/13 0 0 S

2(sP1 x sV1)1b/1 0 0 S

2(sP1 x sV1)1b/6 0 0 S

2(sP1 x sV1)1b/7 0 0 S

2(sP1 x sV1)1b/8 0 0 S

2(sP1 x sV1)1b/11 0 0 S

2(sR1 x sP2)1/3 0 0 S

2(sR1 x sP2)1/8 0 0 S

2(sR1 x sP2)1/9 0 0 S

2(sR1 x sP2)1/13 0 0 S

2(sR1 x sP2)1/16 0 0 S

2(sR1 x sP2)2/2 0 0 S
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2(sR1 x sP2)2/3
2(sR1 x sP2)2/4
2(sR1 x sP2)2/8
2(sR1 x sP2)2/18
2(sR1 x sP2)2/25

Nilelieolie]le]
oO|Oo|Oo|o| o
0nnunnon

Table 15 Flow cytometric seed screen and marker analgdistraploid, triploid and diploid

offspring of directed crosses

Plant identifier, percent apospory, percent oflmambgenesis and marker state are given.

Plant Apospory | Partheno- SNPO06 SNP24
Identifier % genesis% A C A T
4(sF11 x aAn)1/1 0 0 0.80% 99.20% 2.50% 97.50%
4(sF;1 x aAn)1/2 0 0 0.90% 99.10% 2.50% 97.50%

4(sF;1 x aAn)1/3 23.00% 77.00% 24.90% 75.10%
4(sFi1 x aAn)1/4 0 0 0.00% 100.00% 4.10% 95.90%
4(sFi1 x aAn)1/5 0 0 1.20% 98.80% 0.00% 100.00%
4(sF;1 x aAn)1/6 0 0 0.70% 99.30% 1.90% 98.10%

4(sF,1 x aAn)1/7

25.00%

75.00%

20.10%

79.90%

4(sF11 x aAn)1/8 “n 0.60% 99.40% 0.00% | 100.00%

4(sF,1 x aSi)1/1

19.10%

80.90%

13.90%

86.10%

(0]
4(sF;11 x aSi)1/2 0 0 0.80% 99.20% 0.00% 100.00%
4(sF;1 x aSi)1/3 0 0 1.10% 98.90% 2.30% 97.70%
4(sF11 x aSi)1/4 0 0 0.00% 100.00% 8.40% 91.60%
4

4(sF;1 x aNo)1/1

21.70%

78.30%

19.30%

80.70%

4(sF11 x aN0)1/2 “n 0.70% 99.30% 0.00% | 100.00%

4(sF;1 x aNo)1/3

19.80%

80.20%

14.40%

85.60%

4(SF411 x aNo)1/4 ““ 0.80% 99.20% 3.60% 96.40%

4(sF;1 x aNo)1/5 100 20.00% 80.00% 20.70% 79.30%
4(sF;1 x aNo)1/6 100 30 24.50% 75.50% 20.70% 79.30%
4(sF;1 x aNo)1/7 99 39 22.70% 77.30% 17.20% 82.80%
4(sF;1 x aN0)1/8 100 18 20.60% 79.40% 18.20% 81.80%
4(sF;1 x aNo)1/9 71 3 21.80% 78.20% 17.30% 82.10%
4(sF;1 x aNo)1/10 100 31 24.50% 75.50% 22.00% 78.00%
4(sF,2 x aAn)1/1 92 77 11.80% 88.20% 16.00% 84.00%
4(sF;2 x aAn)1/2 92 42 16.20% 83.80% 18.70% 81.30%
4(sF;2 x aAn)1/3 0 0 3.00% 97.00% 5.80% 94.20%
4(sFi2 x aAn)1/4 0 0 0.90% 99.10% 4.40% 95.60%
4(sF;2 x aAn)1/5 0 0 4.60% 95.40% 4.70% 95.30%
4(sF;:2 x aAn)1/6 0 0 0.60% 99.40% 4.50% 95.50%
4(sF:2 x aAn)1/7 0 0 1.20% 98.80% 0.10% 99.90%
4(sF;2 x aAn)1/8 0 6 0.60% 99.40% 0.00% 100.00%
4(sF;2 x aAn)1/9 0 0 0.70% 99.30% 0.00% 100.00%

4(sF12 x aAn)1/10

4(sF,2 x aNo)la/l

23.90%
20.70%

76.10%
79.30%

21.60%
22.20%

78.40%
77.80%

4(sF,2 x aNo)1a/2

2.70%

97.30%

5.20%

94.80%

4(sF;2 x aNo)1a/3

0.00%

100.00%

1.00%

99.00%
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4(sF;:2 x aNo)la/4 0 0 0.00% 100.00% 1.10% 98.90%
4(sF;2 x aNo)1a/5 0 0 2.50% 97.50% 7.00% 93.00%
4(sF;2 x aNo)1a/6 0 0 0.60% 99.40% 1.10% 98.90%

4(sF,2 x aNo)la/7 25.80% 74.20% 27.10% 72.90%
4(sF;2 x aNo)1a/8 0 20.50% 79.50% 22.30% 77.70%
4(sF;2 x aNo)1a/9 0 100.00% 97.40%
4(sF;2 x aNo)1a/10 0 99.10% 100.00%
4(sF;2 x aNo)la/11 (0] 21.80% 78.20% 18.30% 81.70%
4(sF;2 x aNo)1a/12 0 24.90% 75.10% 18.60% 81.40%
-_-
4(sF,2 x aNo)la/14 100 24.60% 75.40% 24.40% 75.60%
4(sF;2 x aNo)1a/15 96 19.90% 80.10% 17.60% 82.40%
4(sF,2 x aNo)1a/16 88 21.30% 78.70% 16.60% 83.60%
4(sF;2 x aNo)1a/17 100 16.60% 83.40% 14.50% 85.50%
4(sF;2 x aNo)1a/20 100 19.10% 80.90% 22.60% 77.40%
4(sF;2 x aNo)l1a/24 100 18.90% 81.10% 15.30% 84.70%
4(sF;2 x aNo)1a/25 92 21.30% 78.70% 16.50% 83.50%
4(sF;2 x aNo)1a/29 100 20.90% 79.10% 14.50% 85.50%
4(sF;2 x aNo)1a/31 100 (0] 19.10% 80.90% 17.30% 82.70%
4(sF;2 x aNo)1a/33 100 4 17.50% 82.50% 12.60% 87.40%
4(sF,2 x aNo)1a/43 20 4 22.60% 77.40% 16.60% 83.40%
4(R1C2 x aSi)la/l 0 24.40% 75.60% 15.90% 84.10%
4(R1C2 x aSi)la/2 0 0 0.70% 99.30% 0.00% 100.00%
4(R1C2 x aSi)la/3 0 0 0.00% 100.00% 1.00% 99.00%
4(R1C2 x aSi)la/4 0 0 1.00% 99.00% 0.10% 99.90%
4(R1C2 x aSi)1c/2 22.50% 77.50% 20.60% 79.40%
4(R1C2 x aSi)1c/3 0 20.10% 79.90% 21.00% 79.00%
4(R1C2 x aSi)lc/7 0 0 3.10% 96.90% 0.00% 100.00%
4(R1C2 x aSi)1c/8 0 0 1.30% 98.70% 0.00% 100.00%
4(R1C2 x aSi)1c/9 0 0 1.20% 98.80% 0.00% 100.00%
4(R1C2 x aSi)1d/2 0 0 0.00% 100.00% 3.80% 96.20%
4(R1C2 x aSi)1d/4 0 0 1.20% 98.80% 0.00% 100.00%
4(R1C2 x aSi)1d/5 0 0 1.20% 98.80% 8.00% 92.00%
4(R1C2 x aSi)1d/6 0 0 0.80% 99.20% 0.00% 100.00%
4(R1C2 x aSi)1d/7 0 0 0.80% 99.20% 0.00% 100.00%
4(R1C2 x aSi)1d/8 0 0 0.70% 99.30% 3.50% 96.50%
4(R1C2 x aSi)1d/9 31 18 23.10% 76.90% 24.90% 75.10%

Table 16 Pyrosequencing analysis of the tetraploid popadadf directed crosses

Plant identifier, percent apospory, percent oflmbgenesis and quantification of allele A and C
for SNP 06 and alleles A and T and SNP 24 are giVbe sexuals are marked in light grey and
the apomicts in dark grey respectively.
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A
Plant Partheno- SNP 06 SNP 24
Apospory | genesis

Identifier Origin % % A C A T

H06-1358 | Tuscola IL US 39,8 88,28 87.5 68.8 19.90% | 80.10% | 23.60% | 76.40%

H06-1359 | Tuscola IL US 39,8 88,28 90 85 24.50% | 75.50% | 30.20% | 69.80%

H06-1362 | Tuscola IL US 39,8 88,28 89.5 89.5 21.20%|78.80% | 27.70% | 72.30%

H06-1363 | Tuscola IL US 39,8 88,28 100 93.3 19.50% | 80.50% | 22.60% | 77.40%

H06-1366 | Tuscola IL US 39,8 88,28 95.8 87.5 21.20% | 78.80% | 21.70% | 78.30%

H06-1367 | Tuscola IL US 39,8 88,28 91.7 91.7 21.60% | 78.40% | 26.10% | 73.90%

H06-1369 | Tuscola IL US 39,8 88,28 91.3 95.7 24.80% | 75.20% | 30.10% | 69.90%

H06-1372 | Tuscola IL US 39,8 88,28 95 75 18.00% | 82.00% | 25.80% | 74.20%

H06-1376 | Tuscola IL US 39,8 88,28 95.7 86.9 24.20% | 75.80% | 25.80% | 74.20%
Green Lake WI US 43,85

H06-1379 89,3 84.2 84.2 21.60% | 78.40% | 26.80% | 73.20%
Green Lake WI US 43,85

H06-1441 89,3 91.7 95.8 24.80% | 75.20% | 32.10% | 67.90%
Point Beach WI US 44,26

H06-1447 87,56 100 84.2 18.00% | 82.00% | 31.10% | 68.90%
Point Beach WI US 44,26

H06-1483 87,56 85.7 85.7 24.20% | 75.80% | 29.60% | 70.40%
Kewaunee MI US 44,61

H06-1489 88,11 85.7 100 24.00% | 76.00% | 30.00% | 70.00%
Kewaunee MI US 44,61

H06-1563 88,11 82.6 69.6 20.20% | 79.80% | 32.60% | 67.40%

H06-1569 | Gillett WI US 44,84 88,61 95.2 90.5 18.20% | 81.80% | 20.00% | 80.00%

H06-1638 | Gillett WI US 44,84 88,61 95.5 90.9 21.10% | 78.90% | 28.30% | 71.70%
Rideau River ON Canada

H06-1643 4575, 62 95.8 91.7 24.10% | 75.90% | 28.20% | 71.80%
Rideau River ON Canada

H06-1650 4575, 62 100 95.5 22.60% | 77.40% | 28.90% | 71.10%
Rideau River ON Canada

H06-1654 4575, 62 71.4 66.7 18.10% | 81.90% | 27.00% | 73.00%
Rideau River ON Canada

H06-1657 4575, 62 80.9 71.4 24.90% | 75.10% | 28.40% | 71.60%
Rideau River ON Canada

H06-1661 4575, 62 66.7 61.9 22.50% | 77.50% | 27.00% | 73.00%
Menominee MI US 45, 21

H06-1743 87.75 72.7 63.6 22.60% | 77.40% | 32.70% | 67.30%
Wausaukee WI US 45, 45

H06-1749 87, 63 86.9 82.6 24.40% | 75.60% | 20.10% | 79.90%
Wausaukee WI US 45, 45

H06-1807 87, 63 87.5 87.5 22.80% | 77.20% | 26.70% | 73.30%

H06-1877 | Carney MI US 45,6 87,03 95.8 87.5 21.70% | 78.30% | 26.50% | 73.50%

Iron Mountain MI US

H06-1883 45,83 88,08 100 95.2 18.20% | 81.80% | 33.30% | 66.70%
Iron Mountain MI US 45,

H06-1886 83 88, 08 73.7 52.6 25.00% | 75.00% | 26.90% | 73.10%
Iron Mountain MI US 45,

H06-1898 83 88, 08 86.4 81.8 17.90% | 82.10% | 31.50% | 68.50%
Iron Mountain MI US 45,

H06-1960 83 88, 08 95.2 90.5 20.30% | 79.70% | 31.10% | 68.90%
Tecumseh MI US 42 89,

H06-1964 66 52.6 47.4 17.00% | 83.00% | 25.90% | 74.10%

Tecumseh MI US 42
H06-1992 89,66 85 75 22.80%|77.20% | 30.60% | 69.40%
H06-1994 | Cazadero CA US 38,55 86.7 93.3 20.50% | 79.50% | 32.80% | 67.20%
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123,13
Cazadero CA US 38,55
H06-1998 123,13 84.2 94.7 19.20% | 80.80% | 24.40% | 75.60%
Cazadero CA US 38, 55
H06-2006 123, 13 65 50 19.50% | 80.50% | 27.90% | 72.10%
Cazadero CA US 38, 55
H06-2013 123, 13 63.6 59.1 18.90% | 81.10% | 24.90% | 75.10%
Covelo CA US 39,78
H06-2114 123,25 75 70 20.70% | 79.30% | 29.60% | 70.40%
Holiday CA US 40,61
H06-2118 122,3 95.5 81.8 21.50% | 78.50% | 27.20% | 72.80%
Holiday CA US 40,61
H06-2144 122,3 91.3 91.3 11.50% | 88.50% | 18.20% | 81.80%
Holiday CA US 40,61
H06-2148 122,3 75 58.3 18.90% | 81.10% | 24.70% | 75.30%
Holiday CA US 40,61
H06-2160 122,3 100 86.9 20.50% | 79.50% | 23.80% | 76.20%
Gasquet CA US 41,84
H06-2167 122,63 86.4 86.4 15.50% | 84.50% | 23.80% | 76.20%
Gasquet CA US 41,84
H06-2208 122,63 65 60 23.40% | 76.60% | 27.40% | 72.60%
Mt Shasta CA US 41,3
H06-2209 122,25 65.2 47.8 20.70% | 79.30% | 23.60% | 76.40%
Mt Shasta CA US 41,3
H06-2241 122,25 95.2 85.7 27.10%|72.90% | 26.50% | 73.50%
Abrams Lake Rd CA US
H06-2245 41,33 122,25 95.7 78.3 29.00% | 71.00% | 21.40% | 78.60%
Abrams Lake Rd CA US
H06-2279 41,33 122,25 86.9 78.3 17.00% | 83.00% | 23.70% | 76.30%
Weed CA US 41,43
H06-2280 122,38 55 65 17.00% | 83.00% | 20.10% | 79.90%
Weed CA US 41,43
H06-2331 122,38 89.5 89.5 18.10% | 81.90% | 26.50% | 73.50%
Weed CA US 41,43
H06-2345 122,38 95 75 33.30% | 66.70% | 23.50% | 76.50%
Corvallis OR US 44,61
H06-2412 123,2 81.8 68.2 28.00% | 72.00% | 28.70% | 71.30%
Corvallis OR US 44,61
H06-2425 123,2 77.3 72.3 23.70% | 76.30% | 22.10% | 77.90%
Corvallis OR US 44,61
H06-2458 123,2 95.7 86.9 18.80% | 81.20% | 43.70% | 56.30%
H06-2464 | Granera Spain 41,73 2,06 90.9 81.8 18.00% | 82.00% | 20.10% | 79.90%
H06-2761 | Bolzano ltaly 46,51 12,15 81.8 86.4 19.40% | 80.60% | 31.90% | 68.10%
H06-2941 | Clapier France 44,1 7,41 90 95 14.50% | 85.50% | 18.00% | 82.00%
HO06-2943 | Clapier France 44,1 7,41 86.9 78.3 19.20% | 80.80% | 26.50% | 73.50%
H06-2957 | Clapier France 44,1 7,41 100 95.5 19.90% | 80.10% | 28.40% | 71.60%
Adliswil Switzerland 47,3
H06-3062 8,56 66.7 55.6 15.50% | 84.50% | 21.50% | 78.50%
H06-3243 | Praha Czech 50,08 14,46 30.4 56.5 19.60% | 80.40% | 28.40% | 71.60%
H06-3299 | Praha Czech 50,08 14,46 82.6 82.6 15.10% | 84.90% | 20.20% | 79.80%
Suu Ravine Kyrgizstan
H06-3386 42.65 74.51 95.65 82.6 20.60% | 79.40% | 33.00% | 67.00%
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B

plant Identifier Origin | Apospory,% | Partheno- SNP 06 SNP 24

genesis,% A C A T

110-IT-13-5-Hyp0187 | ltaly 0 0.50% | 99.50% | 1.60% | 98.40%

110-1T-13-5-Hyp0773 Italy 0.50% | 99.50% | 0.00% | 100.00%

110-1T-13-5-Hyp0775 Italy 0.00% | 100.00% | 0.80% | 99.20%

111-1T-8-5-Hyp0185 Italy 0.80% | 99.20% | 4.50% | 95.50%

111-IT-8-5-Hyp0765 ltaly 0.40% | 99.60% | 2.20% | 97.80%

111-IT-8-5-Hyp0768 Italy 4.60% | 95.40% | 4.10% | 95.90%

140-1T-13-5-Hyp0849 Italy 0.30% | 99.70% | 0.00% | 100.00%

140-1T-13-5-Hyp0850 Italy 0.40% | 99.60% | 3.90% | 96.10%

207-HU-13-5-Hyp0753 | Hungary 0.40% | 99.60% | 0.00% | 100.00%

207-HU-13-5-Hyp0754 | Hungary 0.00% | 100.00% | 2.10% | 97.90%

207-HU-13-5-Hyp0756 | Hungary 0.00% | 100.00% | 4.90% | 95.10%

210-RS-12-5-Hyp0650 | Russia 0.50% | 99.50% | 0.50% | 99.50%

210-RS-12-5-Hyp0651 | Russia 0.00% | 100.00% | 1.80% | 98.20%

210-RS-12-5-Hyp0652 | Russia 0.50% | 99.50% | 3.90% | 96.10%

218-HU-13-5-Hyp0726 | Hungary 0.00% | 100.00% | 0.00% | 100.00%

218-HU-13-5-Hyp0727 | Hungary 0.00% | 100.00% | 7.10% | 92.90%

218-HU-13-5-Hyp0728 | Hungary 0.00% | 100.00% | 7.60% | 92.40%

227-BG-13-5-Hyp0262 | Bulgaria 0.00% | 100.00% | 0.60% | 99.40%

227-BG-13-5-Hyp1411 | Bulgaria 0.00% | 100.00% | 7.30% | 92.70%

227-BG-13-5-Hyp1413 | Bulgaria 0.00% | 100.00% | 0.00% | 100.00%

OO0 |0O|0O|0O|0O|OOO|OO|O|O|O|O|O|O|O|O|O
O|0O|0O|0O|0O|0O|0O|O|O|lO|O|O|O|O|O|O|O|O|O|O

227-BG-13-5-Hyp1414 | Bulgaria 0.70% | 99.30% | 7.10% | 92.90%

Table 17 Pyrosequencing analysis of the collection of vaitetessions

A. Collection of apomictic populations from Europed North America; B. Collection of sexual
populations from Europe. Plant identifier, accessiorigin, percent apospory, percent of
parthenogenesis and quantification of allele A &nior SNP 06 and alleles A and T and SNP 24
are given.
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SUMMARY

The introduction of apomixis -seed formation withéertilization- into crop plants is a long-
held goal of breeding research, since it wouldvalfor the ready fixation of heterozygosity.
The genetic basis of apomixis, whether of the apasgoor the diplosporous type is still only
poorly understoodHypericum perforatun{St. John's wort), a plant with a small genome and
a short generation time, can be aposporous an@ithgnogenetic, and so represents an
interesting model dicot for apomixis research. Heeedescribe a genetic analysis which first
defined and then isolated a locus (design&tA&®PY for Hypericum_ ARDSFORY) associated
with apospory AFLP profiling was used to generate a CAPS mafteHAPPY which co-
segregated with apospory but not with parthenogenssowing that these two components
of apomixis are independently controlled. Apospargs inherited as a dominant simplex
gene at the tetraploid level. Part of tHAPPY sequence is homologous to tAeabidopsis
thalianageneARI7encoding the ring finger protein ARIADNE7Y. This priotés predicted to

be involved in various regulatory processes, inclgdbiquitin-mediated protein degradation.
While the aposporous and sexual alleles ofHB&PYcomponenHpARIwere co-expressed

in many parts of the plant, the gene product of dhemict's allele is truncated. Cloning
HpARIrepresents the first step towards the full charazation ofHAPPYand the elucidation

of the molecular mechanisms underlying apomixisl.iperforatum.

Keywords: Hypericum perforatum St. John’s wort, apomixisapospory-linked marker,
HAPPY, sexuality and apospory specific allelaRIADNE7
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INTRODUCTION

Apomixis, a form of asexual reproduction throughedseis found in more than 400
angiosperm species belonging to about 40 familsrban, 1997; van Dijk and Vijverberg,
2005). The genotype of the apomictic seed is idahtic that of the mother plant. The
engineering of apomixis into sexual crop plants loag been considered highly desirable,
since it would allow for the fixation of favourableeterozygosity, and in particular, of
heterosis. The economic and social benefits of auglthnology are likely to exceed those of
the Green Revolution (Spillaret al, 2004). Achieving this goal requires a full undensling

of the genetic and molecular mechanisms underl@pgmixis. Apomixis occurs in two
distinct forms - sporophytic (or adventitious endmy with autonomous embryo
development in sporophytic tissues) and gametopliwthere a meiotically unreduced, non-
fertilized egg develops into an embyo). The gametbphype is recognized to include two
subtypes, diplospory and apospory. In the forner,grogenitor is the megaspore mother cell
(MMC), which bypasses meiosis to produce an unrediuembryo sac; while in the latter
embryo sacs develop from cell(s) adjacent to the@®ANh both cases, the development of a
parthenogenetic embryo proceeds from an unreduaedrye sac, but endosperm
development can be either autonomous, or if fediion of the polar nucleus is required,
pseudogamous (for reviews see Nogler, 1984; Koliynt993; Savidanet al, 2001,
Koltunow and Grossniklaus; 2003, Ozias-Akins, 206&jrandl et al., 2007). Apomictic
species which maintain a balance between the gesigtibility ensured by apomixis and the

flexibility offered by segregation and/or recomtina are referred to “facultative apomicts”.

Despite many years of apomixis research, the geoehtrol of apomixis remains in
its infancy. Examples are known where apomixis itemeined by the action of a single
dominant gene (Savidan, 1980; Leblatal, 1995; Bicknellet al, 2000), but in others, the
pattern of inheritance is more complex. AposporyPi@ennisetumand Paspalumspp. is
associated with the presence of a non-recombinegjon of supernumerary chromatin
(Ozias-Akinset al, 1998; Rochet al, 2001; Labombardat al, 2002; Conneet al, 2008).
Diplospory in the Boechera holboellicomplex involves homoeologous chromosome
substitutions (Kantamat al, 2007). A growing body of evidence supports tlogiam that
some of the components of apomixis (in particuppspory and parthenogenesis) are
independently, but rather simply inherited (Noyewl &Rieseberg, 2000; Barcacash al.,
2000; Albertiniet al, 2001; Matzket al, 2001; Van Baarlent al, 2002; van Dijk and Bakx-
Schotman, 2004; Catanaeh al., 2006; Noyes, 2006). However, some of these comems
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can also be under polygenic contr@Matzk et al, 2005). Apomixis has evolved
independently a number of times (Holsinger, 2000yepresents a short circuiting of the
sexual reproduction pathway, presumabig the omission or deregulation, as a result of
either mutation ode novogene evolution (Tuckeat al., 2003; Albertiniet al, 2005; Ozias-
Akins and van Dijk, 2007; Sharbet al, 2009) As proposed by Nogler (1984), apomixis may
be triggered by reproduction-specific gene exposssictivated at the wrong time and/or
place (reviewed in Koltunow and Grossniklaus, 203veral mutants of sexual species
display developmental heterochrony and apomixis-likmeiotic non-reduction,
parthenogenesis and autonomous endosperm form&ticang and Sheridan, 1996; Oheid
al., 1996; Chaudhurgt al, 1997; Guittoret al.,2004; Barrell and Grossniklaus, 2006, Ravi
et al, 2008; d Erfurthet al, 2009). Thus the expectation is that the exprasai@ ultimate
function of the genes critical for sexual developimare perturbed in apomicts, although

whether such changes are primary or causal effiastyet to be established.

Apomixis is often associated with extensive heatggosity and polyploidy, although
some diploid apomicts have been described (Nodlé82; Roy, 1995; Bicknell, 1997;
Kojima and Nagato, 1997). Whether the characteslyi high ploidy levels are the cause or
the consequence of apomixis remains unclear (KoWwunmand Grossniklaus, 2003).
Chromosomal regions associated with some apomaxi®ifs have been identified in several
species, and molecular markers for diplospory aathpnogenesis have been identified
(Barcaccieet al, 1998; Noyes and Rieseberg, 2000). Recombinatidine region of the loci
linked to apomeiosis tends to be strongly suppresaéhough this was not the case for either
Taraxacum(van Dijk et al, 2004) orPoa pratensigBarcacciaet al, 1998). More recently,
the possibility has been raised that epigeneticham@sems can also be involved in the
determination of apomixis (Lohe and Chaudhury, 200@tunow and Grossniklaus, 2003).
Many transposons and other repetitive sequences lihe region of the apomixis loci
mapped so far, and this has been taken to represkrect evidence for an elevated extent of
localized DNA methylation (Lohe and Chaudhury, 20R&ltunow and Grossniklaus, 2003).
A second line of evidence flows from the recogmitithat mutations in the direction of
parthenogenesis and autonomous endosperm develbpmeilve epigenetic regulators of
DNA and/or histone methylation (reviewed in Kohdgrd Makarevich, 2006). Some examples
of the dominance of epialleles have been prese(itetie and Chaudhury, 2002). The
argument is therefore that a master gene(s) ctingohpomixis can be epigenetically

modified, or that regulatory factors reciprocallgntrol epigenetic marks. The epigenetic
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model combines prior hypotheses surrounding mufeles, dominant genes, hybridization
and polyploidy (Lohe and Chaudhury, 2002; Kolturemd Grossniklaus, 2003).

Hypericum perforatunL. (St. John’s wort) produces pharmaceutically irtgd
metabolites with possible antidepressant, anticaand antiviral/fungal/microbial activities
(for a review seed Barnexs al, 2001). Moreover, the occurrence of variable gpldevels,
facultative apospory and pseudogamyHiypericum perforatuni.. has attracted the attention
of apomixis researchers (Matat al, 2001, 2003). Wild populations are predominantly
tetraploid (2=32), although both diploid (&16) and hexaploid (&48) forms are also
known (Matzket al, 2001; Robson, 2002; Barcac&a al, 2006). The variation in ploidy
level is thought to reflect a dynamic reproductystem. Haploidization and polyploidization
are the consequences of parthenogenesis of egg aetl fertilization of non-reduced
aposporous egg cells, respectively (Barcaetial.,2007). The result is that the species has a
versatile mode of reproduction, ranging from cortgllesexual to nearly obligate apomictic.
Along with a relatively small genome size and arstgeneration time, this feature has
promotedH. perforatumto be a leading model for apomixis research (Mazlal, 2001;
Barcacciaet al, 2007). Here, we report the mapping and clonihgtdeast a part of a gene
responsible for apospory iH. perforatum We suggest that apospory iH. perforatumis
most probably controlled by dominant factors camdi within the cloned sequence. This
advance represents the initial step necessarhéisblation of theHdypericum_APSFORY
locus (HAPPY) which should provide a major insight into the ewllar control of the

aposporous mode of reproduction
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RESULTS
Apospory and parthenogenesis are under independenbntrol

The four apomictic accessions (aAn, aNo, aSi, aTejll s pollinators exhibited between
83% and 100% apospory and 80-100% parthenogenkside(S1). Both the diploid (sR1,
sP1, sP2, sV1, sV2 and sV3) and the tetraploid1(sBh2, sR1C) sexual parents were
confirmed as obligate sexuals, because FCSS andbibed to detect either apospory or
parthenogenesis among their selfed progeny. Hylbédween the obligate sexuals produced
uniformly obligate sexual progeny (Table 1), suggesthat the parents were all homozygous
for the genes responsible for sexual reproducttanong the triploid k- (4x apomictic x 2x
sexual) individuals, the ratio of aposporous taus¢yplants was ~3:1, inferring the dominance
of apospory at the triploid level (Table 1). Thisigat intermediate between the expected
simplex 1:1 and duplex 5:1 ratios. In the populations 4x sexual {F, 2, R1C) x 4x
apomictic (aAn, aNo, aSi, aTo), 34 progeny were ppasis at least to some degree (Table
S2), and 38 were sexual, consistent with a 1:legggion ¢° = 0.222). This 1:1 ratio was
taken to indicate that apospory in the tetraplomlarparent was a consequence of a simplex
allelic constitution (for statistical details seebl&aS5).

In contrast to the apospory, the level of parthemegis was low (0-53%). None of the
triploid progeny expressed an intermediate or & h&yel of parthenogenesis, but a small
number of the tetraploid progeny did so. The rafiplants with and without parthenogenesis
was 29:30 among the triploids and 28:44 amongédtraploids (Table 1), which is close to a
1:1 ratio, so suggesting a simplex genetic corigiituat the critical gene in the apomictic
parent. Plants showing high levels of both aposmony parthenogenesis were rare (3/131)
among the progeny of sexual x apomictic crosses.odeerrence of 16 triploid and seven
tetraploid progeny which expressed apospory bupadhenogenesis, along with one triploid
and one tetraploid which was parthenogenetic but apmsporous shows that these two
apomixis components must be independently conttalleH. perforatum.To test whether
recombination between apospory and parthenogeresgisoccurred, a joint segregation
analysis was performed. This showed a significantatien from the expected 1:1:1:1 ratio at
both the triploid and tetraploid levels (Table lgmbnstrating the presence of linkage,
estimated to be 20.1cM (Table S5). We concludedttteatwo dominant alleles responsible

for apospory and parthenogenesis were linked icolpling phase.
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An AFLP marker discriminates between accessions wit contrasting modes of

reproduction

An AFLP-based analysis was applied to a samplemfapomictic and six sexual individuals
(Figure 1, Table S1), employing 3sti/Msd primer combinations. Although there were
many polymorphisms among the 16 DNAs, only one rfragt was present in all of the
apomictic but in none of the sexual templates. Tdmaesfragment also co-segregated with
apospory among a sample of 40dfogeny. The AFLP marker was convertible into a SAP
marker, since the sequences of the amplicon defreed template of aposporous and sexual
accessions differed from one another by the pregabsence of aBcoRl site, which splits
the 223bp sequendato two similar sized fragments (105bp and 118pfgble 2). DNA
extracted from aposporous plants did appear tcagoiraces of the sexual allele, as shown by
the appearance of a faint 105/118bp product alatiy tve well amplified 223bp one (Table
2). However, analysis of the extended sequencéeofapospory-specific allele showed that
primer mismatching was responsible for the prefi@eamplification of the aposporous over
the sexual allele (Figure S3). The association batwitae CAPS marker and the mode of
reproduction was further tested by an analysisllaha segregating material available (157
tetraploid, triploid and diploid plants). The undged 223bp fragment co-segregated
perfectly with the aposporous mode of reproductadlowing the CAPS marker to be used as
a replacement for FCSS analysis (Table 2 and Tab)e &2 expected from the joint
segregation between apospory and parthenogenesi§APS marker was not predictive of

parthenogenesis.

Cloning of the apospory-linked region

A BlastX analysis (Altschuét al, 1990) of the CAPS marker sequence revealedfsigni
hits with genes encoding the ARIADNE-subclass oN&#finger proteins (Jacksoet al,
2000; Mladeket al, 2003). The screen of the BAC library with the GGARmarker produced
eight positive clones, which, upon fingerprintiradj, belonged to a single contig (Figure S1).
The longest BAC clone (25H09) containing the maiikeits central region was sequenced
(Genbank accession numbeill be provided. The GC content of the BAC sequence was
38.8%, rising to 41.2% in the coding regions (F&gRJ. The 24 predicted genes in 25H09 are
depicted in Figure 2, along with their closest Bfakits (Table S4). These includeter alia,

a variety of transcription factors and four retabisposons.
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The ARIADNElIlike gene containing the CAPS marker was a prienedlate for the
HAPPY locus. In 25H09 (which contains the sexual allete® coding region is of length
1,556bp with no introns. Its predicted translatfmoduct shares strong homology with the
562 residue product of the thaliana ARIADNE 7 (ARI@ene. The relevant genomic region
was amplified from four obligate aposporous and feexual plants to investigate sequence
variation in the candidate gene. To ensure captuaesamplex locus, at least 16 independent
clones of these amplicon inserts were sequencdtve a 96% chance to clone any allele
(Simko, 2004). Eleven haplotypes were identifiedlinfg into two distinct groups (Figure 3).
One group contained haplotypes 300 and 311, witly dime latter being specific to
aposporous plants. Among the ten haplotypes digatbamong the sexual plants, 73 SNPs
relative to the 25H09 sequence were identifiedultiegy in 40 amino acid changes. The
apospory specific haplotype 311 contained 39 SNBsi1e of which were responsible for a
change in the translation sequence. A 6bp delétidraplotype 200 removes two amino acid
codons, but leaves the reading frame intact. Thtleer andels — two 2bp deletions and a 1bp
insertion - were detected. The 2bp deletion in hgpk 311 caused a frame-shift which
resulted in a truncated gene product sharing 4i@lues at the N-terminus with the sexual
alleles, followed by 19 unique residues up to tiop sodon (Figure S3).

Allele-specific RT-PCR was performed to determivigether both the sexual and the
aposporous alleles are expressed. As the target ks introns, we first needed to
successfully demonstrate the absence of contamghgénomic DNA in the cDNA template
by a parallel assay of two adjacent gendkSTIDINE KINASE 2andMo25) using primers
which amplify across an intron. The expression efshxual and apomictldpARI alleles in
the floral buds at megasporogenesis was indistatgile from that at megagametogenesis
(Figure 4).

Using theHpARI locus as a landmark for tHeéAPPY locus, we also examined the
guantitative nature of thepARI alleles, by comparing hybridization intensitiesplayed by
Southern blotting (Figure 5). The aposporous alielenarked by a 978bgcaRI fragment
lacking the internalEcdRl restriction site, while the sexual allele gemedaa pair of
fragments (583bp and 395bp) because of the preséribe internaEcoRl site. The ratio of
hybridization intensity in three aposporous acassibetween the 978bp fragment and the
583bp/395bp pair was ~1:3, suggesting the presehoae apospory allele and three sexual
alleles in the apomictic types, and four sexuatledl in the 4x sexual types. A similar
Southern analysis based on eithdindlll of BanHI digestion produced only a single

hybridizing fragment, indicating that th¢pARI locus is single copy (data not shown). As a
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further test, theHpARI sequence was cloned from a set of aposporoussplamd the clones
digested withEcaoRl. Of these, 15 lacked theestriction site (aposporous allele) and 49
possessed it (sexual allele), a ratio which confoniosely to 1:3. Thus we were able to
conclude that the allelic constitution of the apmgplocus in tetraploid plants is simplex.
Pyrosequencing withiblpARI was then used to determine the allelic constituirothe full
collection of accessions. This revealed that thespp@us plants contained 20-25% of the
apospory-specifitHpARI allele and 70-75% of the sexual ones, while theuak plants
contain from 96-100% of the sexual allele (FiguyeThe very small proportion of apospory-
specific alleles detected in the sexual plants Weghin the range of error of the

pyrosequencing method.

Genomic walking extends the apospory-specific genaeriocus

When the alleles at 13 neighbouring genes alordg095in aposporous and sexual
accessions were compared at the sequence levalospory-specific alleles were detected
(Figure S2). Genome walking was then employed vestigate the immediate upstream and
downstream regions of the aposporéisARI allele. The former extended the sequence as far
as theDGCR14orthologue, while the latter reached beyond adated second copy @RI
(ARI-T). From this extended sequence, it was possibtenclude that homology between the
sexual and aposporous sequences is restrictedrdgi@n closely surroundinglpARI|, and
disappears abruptly in the C-terminal regioD@8CR14 72bp upstream of its predicted stop
codon (Figure S4). At the downstream end, homolsdgst withinARI-T, 102bp upstream of
its predicted stop codon (Figure S5). Thereforeseéms likely thaHpARI is a critical
component of th&lAPPYlocus.
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DISCUSSION

Apospory and parthenogenesis can recombine id. perforatum

Extensive research aimed at unravelling the germittrol of apomixis has not
resulted in a consensus picture, suggesting thatréber of distinct pathways have evolved in
various species. This idea fits well with the notittvat apomixis in general, and each
apomictic trait in particular, evolved independgrfi¥an Dijk and Vijverberg, 2005). Both the
mutation of genes involved in the control of sextegiroduction, and theée novoevolution of
genes have been proposed as underlying the detgromrof apospory and parthenogenesis.
Whether these two traits are under the control single master gene or the influence of a
few closely related genes remains a puzzle for rapetnicts. Studies aiming to understand
the genetic and molecular factors underlying ap@nidave been limited since the asexual
mode of reproduction is often associated with ploligly and high degrees of heterozygosity,
traits which make genetic and genomic analyses défigult. Apomixis in H. perforatum
appears to be facultative to various extents, astticted to polyploid types (Martondt al.,
1996; Matzket al., 2001; Mayo and Langridge, 2003). Some of thesenagie are able to
develop embryos from aposporous fertilized eggscelhd others by parthenogenesis from
meiotically reduced egg cells. This has been takesuggest that distinct genetic factors
control apospory and parthenogenesis, and thattwhoe traits may be developmentally
uncoupled, a possibility previously raised by Nogd®39). This hypothesis is further
supported by the finding dfl. perforatumgenotypes which almost exclusively express only
one component of apomixis or suppress the othetz{Ma al, 2001; Barcacciat al, 2006).

The current experimental data have demonstratetd pdwdhenogenetic capacity is
preferentially expressed by aposporous egg celishdve also documented the occurrence of
aposporous egg cells in non-parthenogenetic indalgl as well as parthenogenetic
development in meiotic egg cells. While aposporg parthenogenesis seem to be genetically
linked (by ~20cM) and so tend to be co-inheritegbombination can separate them. The
analysis of segregation data reveals that the ipatapospory and parthenogenesis loci are
associated in a chromosome window where recombmais possible. Both traits are
determined at the tetraploid level by a dominampdex allele. While this genetic model
differs from the idea that the inheritance of apamis governed by the allelic state at a
single, fully dominant gene (Savidan 1980, Leblahal, 1995, Bicknellet al, 2000), it is

consistent with conclusions reached in other stu{iMoyes and Riesenberg 2000, Magétk
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al., 2001, Van Baarlert al., 2002, Van Dijk and Bakx-Schotman, 2004, Cataneclal,
2006, Noye<=t al, 2006).

Aposporous plants are heterozygous and contain botexual and aposporous alleles

The apospory-specific CAPS marker and the correipgrgenomic locusiAPPYare
both present in plants which express varying degogeapospory. This suggests that genes
required for the apospory trait are located witthie HAPPY locus, but additional modifier
genes might govern the level of trait expressionis Thodel is similar to what has been
proposed for the genetic basis of apomixiPwe, where five different loci are involved,
including a dominant gene which controls the itibia of apospory and a recessive one
which acts to modulate the expression of the f{fldliatzk et al, 2005). The segregation
analysis performed here has shown thatH#d°PY locus is dominantly inherited, and the
apomictic parents tested are all simplex, just @aghe case irRanunculus auricomus
(reviewed in Koltunow and Grossniklaus, 200Bhe retention of the sexual allele allows the
plant to revert to sexual seed production if apogpoprevented in some way.

It seems clear that the allelic constitution at #pARI homoeologues is the primary
genetic basis of aposporous reproduction Hn perforatum Only a restricted region
surrounding the apospory-specifi¢pARI allele shows sequence similarity to the sexual
alleles. Sequences beyond this limited region db shmw detectable similarity between
aposporous and sexual alleles nor give any hit viltested against all known databases. The
aposporouHAPPY sequence is rather distinct from the sexual ooethat a degree of
hemizygosity is associated with this region in simaplex state (Figure 6). Hemizygosity has
also been described at tASGRlocus inPennisetumin which the sexual types lack entirely
the sequence corresponding to a part of the lachide there is sequence homology along the

remainder of the locus (Ozias-Akiesal, 1998).

The HAPPY locus includes a mutatedARIADNE orthologue

The truncatedHpARIgene is a part of thdAPPYlocus, making it possible to suggest
that its product acts in a dominant negative fasimoa simplex dosage via an interaction with
the gene product of the three remaining sexualaexdleles. The ARIADNE proteins belong
to a family of E3 ligases present in yeast, plamig animals, and thought to be involved in

the control of ubiquitin-dependent protein degremat(reviewed in Vierstra, 2003). The
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truncatedHpARI gene is expressed, so its product may act toptishe normal Ring/U-box
complexes formed by the non-truncated productsrethye impairing the progress of
gametophytic development. This hypothesis will olirse need testing by mutation and
biochemical analyses of thpARI protein. The function oARIADNEgenes, including\RI17
(At2g31510, theA. thalianaorthologue oHpARY), remains obscure (Mladek al, 2003). In
A. thaliana a battery ofARIADNE genes is ubiquitously expressed, so it is likdlgirt
products play an important role during developm@&RIADNE genes were first cloned and
characterized iDrosophilaand mammals. ThBrosophilaariadne-2mutant is lethal, thus
showing that it plays some essential developmenmial (Aguileraet al, 2000). However,
because these genes are present in the form oftamn@mber gene family in both animals
and plants, progress in defining the role of indiidl members has been necessarily shw.
thaliana ARI7is a tandemly duplicated gene, unlike the singteycturally intactHpARI.
Although mutant alleles which disrupt thalianaARI7 have been isolated (Table S6), none
have as yet shown any evidence of developmentaratlms, probably because of gene
redundancy. A priority in our research programm&igptimize transformation methods in
H. perforatumso that the effect of introducing the apospordp#\RI allele into a sexud.
perforatumhost can be examined.

While we are currently concentrating on the fumadil role ofHpARIin apospory, it is
likely that further extension of tHdAPPYlocus sequence will be required to fully underdtan
the control of apospory and its putative modifierdH. perforatum We have initiated the
cloning of theHAPPY locus by sequencing BACs from fully aposporousadgessions. This
line of research, along with a complementary prtoggmed at isolating candidate genes for
parthenogenesis, should provide profound insigtits the molecular basis of apomixishih

perforatumand, more generally, in other plant species.
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EXPERIMENTAL PROCEDURES

Plant materials

The 16 accessions &f. perforatumused were obtained from a variety of collection
sites and botanical gardens in Europe (Table S1). d&enapomictic, and the other six
sexually reproducing, characteristics which areartyedistinguishable by flow cytometry
(Matzk et al, 2000). A segregating population of 59 triploidividuals was obtained by
pollinating sexual diploid plants with obligate apiatic tetraploid accessions. A second
population of 72 tetraploid individuals was obtalnky crossing a chromosome doubled
sexual accession (R1) with tetraploid obligate aiptsn Two sexual progeny were taken as
pollinators in crosses with a number of the obkgapomictic accessions (for the crossing
scheme see Table 1). The resulting tetraploid ppdem these crosses were scored for the
mode of reproduction using the flow cytometry sescteen (FCSS), and for the
presence/absence of a putative apospory-linkedenark

Flow Cytometric Seed Screen (FCSS)

The FCSS screen is based on the measurement ofddh&nt in the embryonic and
endosperm cells (Matzkt al, 2000, 2001). In diploids, sexual reproductiomeyates a
diploid embryo and a triploid endosperm, whereasstred of a tetraploid plant can include
one of: 4C embryo and 6C endosperm cells (the mtodiisexually produced seeds from
reduced, double-fertilized embryo sacs), 4C emlagd 10C endosperm cells (apomictic
seeds from unreduced embryo sacs, and pseudogandosperm formation), 2C embryo
and 6C endosperm (reduced, parthenogenetic ampbithggnogeny), or 6C embryo and 10C
endosperm (unreduced, double-fertilized (poly)tigiBy;, progeny).

Genetic analysis

Genetic analysis treated each mapping family BE€apopulation. The estimation of
linkage between apospory and parthenogenesis waducted separately in the two
populations. The pseudo-testcross strategy emplagsdmed the existence of a single dose
allele (simplex locus) in the polyploid progenyn& the simplex allele is inherited by half of

the gametes, when crossed to a nulliplex individtied segregation ratio is expected to be
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1:1. Similarly a cross with a diploid generateshdgegregation at the triploid level. Observed
segregation ratios were tested by fffestatistic. Genetiaistances were converted from
recombination frequencies to centiMorgans (cM) gsire Kosambi (1944) mapping function
(for details see Table S5).

AFLP and cleaved amplified polymorphic sequence (CRS) analysis

Total genomic DNA was isolated with the InvisorbirSplant kit (Invitek, Berlin,
Germany) and AFLP analysis was performed followigtokinaet al. (2002). Selective
amplification was achieved using fluorescently lae Pst-anchored primers with two
selective nucleotides arMsd-anchored ones with three selective nucleotides. ahplicons
were resolved by capillary electrophoresis andrfraigt sizes estimated by comparison with a
size standard (Genescan-500 Rox, Applied Biosystémes, Foster City, CA, USA)
supplemented with five additional DNA fragments ksfown length (ranging from 568 to
812bp). The data were analysed using GeneScan seftw&a0 (Perkin-Elmer ABI). To
isolate specific fragments, the amplicons were leetophoresed through 4.5%
polyacrylamide gels, visualized by silver-stainif@assamet al, 1991), excised from the
dried gel and eluted overnight in sterile water. Aliquot of the eluate represented the
template for a further PCR, and these amplicong wequenced either following their elution
from a 1.5% agarose gel and QIAquick purificatiQiagen, Hilden, Germany), or were first
cloned into a pGEM-T vector (Promega, Madison, WIAUS-or conversion into a CAPS
marker, primers (Table S3) were designed from tlo@esece of the AFLP fragment, and the
resulting amplicons digested overnight wighoRI, using standard conditions for restriction.

CAPS genotype was assessed by electrophoresigthiob% agarose gels.
Bacterial artificial chromosome (BAC) library and BAC clone characterization
DNA was extracted from the leaves of one month mlogeny of a single diploid

sexual plant, and used to construct a partiadlll BAC library (Amplicon Express,

Pullman, USA). Based on a genome size of ~630Mitp:(/www.rbgkew.org.uk/cval

Bennettet al, 1995; Barcacciat al, 2007), the resulting 26,000 clone library repreed a
~6-fold genome coverage. The inserts were releasedd sample 20 random clonesNbgtl
digestion and sized by PFGE (1% agarose gel, 0.5x TBE°C, 6V/cm, 5s initial and 15s

final pulse time, run time 16h). This produced atinegted mean insert size of 110kb. The

134



Supplement

BAC library was spotted onto Hybond N+ membranek (@&athcare, London, UK) using a
MicroGrid 1l robot (BioRobotics, UK). A probe conteng the CAPS marker sequence was
labelled with*P-o dCTP by random hexamer priming (Feinberg and \&igil, 1983), and
hybridized to the library following Church and Galth (1984). Positive BAC clones retained
after a further PCR test for the presence of tlbg@isequence were fingerprinted in triplicate
by BanHl, Ecarl, Xba, Xhd, andHadll restriction (Luoet al., 2003). The digested DNA
was labelled with SNaPshot labeling solution, apgasated by capillary electrophoresis.
Fragment analysis and contig assembly were faeititaby the software packages
GeneMapper v4.0 (Applied Biosystems), FPPipeling&.0v (BioinforSoft LLC) and FPC
(Sanger Institute).

One BAC clone (25H09) was taken forward for sequenBAC DNA was isolated using a
Plasmid Purification Maxi kit applying the low-copyasmid/cosmid protocol (Qiagen). The
BAC DNA was randomly sheared (Hydroshear, Genonaltit®ns, Ann Arbor, MI, USA)
and size-fractionated by agarose gel electroprmré&sagments of size 1-2kb were treated
with Klenow DNA polymerase (Fermentas, Vilnius, Hugania), blunt-end ligated into
pBluescriptSK (Stratagene) and sequenced. The irggidequences were assembled using
Sequencher v4.0 software (Gene Codes Corporatsdnd &n overlap minimum of 20bp with
95% identity. Remaining gaps were closed by angatifon based on primers derived from
the flanking sequence. The final assembly consistdd253 sequences, giving about six fold
coverage. The accuracy of the assembly was confibyedmparing the predicted and actual
restriction digest profiles for a range of restantenzymes. The final 141,941bp sequence
was annotated, based on the software packages dfgemeth a dicot Markov model and
GenelD (Parrat al, 2000), applying matrices specific fArabidopsis thalianaand tomato.
Refinement of these predictions were achieved lkgnialg the H. perforatum genomic
sequence with TIGR transcript assemblies Populusspp, Manihot esculentaEuphorbia
esula(Childset al, 2007) andA. thalianaproteins (TAIR version 7), using GenomeThreader
software (Gremmet al, 2005). Consensus gene models were derived bparomg the gene
models to a reference protein database (UNIREF@2el&t al, 2007). Manual inspection of

the consensus gene models retained four transpeaied and 20 protein encoding genes.

Detection of single nucleotide polymorphisms (SNPs)

All 24 genes within 25H09 were amplified from foaposporous and four sexual

plants (primer sequences given in Table S3). Theltreguamplicons were cloned into
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pCR2.1 (Invitrogen, Carlsbad, CA, USA), and segeénto detect any haplotype variation
present.

Allele-specific expression analysis

Total RNA was isolated from both 4-5mm and 6-8mmgi@istils as well as young
leaves using an Invitek RNA isolation kit (InviteBerlin, Germany). These pistil lengths
correspond to the onset of, respectively, megasggoesis and megagametogenesis (Galla
al., in press). For first strand cDNA synthesis, toRNA was treated with DNasel
(Invitrogen, Carlsbad, CA, USA) followed by RT-PGi#th RevertAid H Minus M-MuLV
Revertase transcriptase (Fermentas, Vilnius, Litta)ausing random hexamer priming. The
primers were designed to both amplify both allelesformly and to enable them to be
distinguished from one another by the presencen &caRV site in the aposporous allele (for

primer sequences, see Table S3).

Allele quantification by pyrosequencing

Primers for pyrosequencing were derived usingSN® primer design v4.0 software
(Biotag AB, Uppsala, Sweden). Pyrosequencing reastiwere carried out using primers
listed in Table S3, following the manufacturer'srstard protocols. Allele frequencies were

estimated using Biotage AB software.

Southern hybridization

A 5ug sample of genomic DNA was digested vHitoRI, separated by agarose gel
electrophoresis and transferred onto a Hybond Nenionane (GE Healthcare, London, UK).
The membrane was hybridized with a probe consisbh@ radioactively labelled 220bp
sequence. Signal intensities (PSL/Mmere quantified by a phosphoimager FUJIX Bas 2000
(Fuji Photo Film, Tokyo, Japan). After backgroundbtsaction, the intensities of the 583bp
and a 394bp fragments were summed, and comparbdhait of the 977bp fragment lacking
the internaEcaRl site.
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Genome walking
The genomic sequence of the target locus was eatiending Genome Walker

Universal kit (Clonetech, Palo Alto, CA, USA) andivantage2 Polymerase mix (Clontech),

following the manufacturer’s instructions.
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TABLE AND FIGURE LEGENDS

Table 1. Crossing scheme (upper panel) and progeny anglgsier panel) undertaken to
determine the mode of reproduction of apomixislirperforatum.Phenotype with respect to

apospory scored by flow cytometry, supported byotring.

Table 2. CAPS analysis of 28 sexual (S) and aposporoudi(Aerforatumindividuals. The
presence of the 223bp amplicon lacking an inteEb@dR| site correlates perfectly with
apospory, whereas the amplificon derived from tetgsl of plants having the sexual mode of
reproduction are digested BgdRlI into two closely migrating fragments of size 8bp. The
level of apospory of each plant is shown in theasgmanel. Progeny analysis from various

crosses with respect to apospory and CAPS mar&tr istshown in the lower panel.

Figure 1. AFLP profiling of ten apomictic (A) and six sexualkcessions (S) oH.
perforatum The vertical line indicates the fragment presextlusively in the profile of

apomictic individuals.

Figure 2. Gene annotation of the 142kb BAC clone 25H09 dointg HpARI. HK1,2
histidine kinase GH1,2 glycosyl hydrolase, RT1,2,3,4: retrotransposBRP1 expressed
protein,PAT1 a member of the GRAS familyWRKY WRKY transcription factorDGCR
hypothetical protein ARI ubiquitin-mediated E3-ligaséARI-T: a truncated versiol\RI,
NPH3 plastidal phototropic-responsive proteif: thymidine kinaseRNP. heterogeneous
nuclear ribonucleoprotein, AUXR auxin-response proteinRimL  GCNb5-related N-
acetyltransferase domain containing protdilm25 membrane protein of the Mo-25 family,
TtRNAS threonine-tRNA ligaseéRINGH2 polygalcturonase and a RING finger protein of the
H2 class. Other details of the annotation giveRigh S4.

Figure 3. HpARIhaplotypes of a panel of aposporous and sexuakamms oH. perforatum

(upper panel) and an analysis of haplotype frequéoever panel).

Figure 4. Expression of contrastingpARIl alleles, as estimated by RT-PCR. Both alleles are
expressed in the pistils, but not in the leavegpafsporous plants.
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Figure 5. Determination of allele frequencies via pyroseqiray (upper panel). Southern
hybridization to determine the ratio of sexual amplosporous alleles in tetraploid.

perforatum(lower panel).

Figure 6. Schematic structure of the genomic region surroundHpARI in sexual and
aposporous typesARIL the marker-containing sequenck, truncated version oHpAR],
DGCR and NPH: respectively the upstream and downstream gefes$raploid apomicts
possess three sexual alleles and one aposporals. allhe red arrows indicate where
sequence homology between the sexual and apospalteles is interrupted. BlastX negative
sequence in the flanking region of the apospordleteds shown by dashed lines. The light
blue box indicates the position of the AFLP locsedito generate the CAPS marker, and the

black bar within it the informativEcoR| site.

SUPPORTING INFORMATION

Table S1. Origin of the ten apomictic (A) and six sexual (3) perforatumaccessions
profiled by AFLP (upper panel). The mode of reprdauc of the four apomictic accessions
(An, No, Si, To) used as male parents exhibit 83%0@pospory and 80-100%
parthenogenesis. No apospory or parthenogenesigigtasted in the obligate sexual lines
sR1, sP1, sP2, sV1, sV2 and sV3 (lower panel).

Table S2.Plant identifier, % apospory, % parthenogenesis @arker state in tetraploid,

triploid and diploid i progeny of sexual x apomictic crosses.

Table S3.Primer sequences used. The upper panel shows germls, primer position
within BAC clone 25H09 and predicted amplicon ldrsgtThe lower panel shows the primer
sequences used for SNP pyrosequencing.

Table S4.BlastX analysis of the genes present on BAC ckite09.

Table S5. Statistical analysis of segregation ratios amomg B progeny of sexual x

apomictic crosses.

Table S6.T-DNA mutants which disrupt ARI ring finger genesA. thaliana.
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Figure S1.Contig of BAC clones containingpARL Clone 25H09 was the one chosen for

shotgun sequencing. Sequencing coverage variedtinaa to 17 fold.

Figure S2.Haplotype analysis and allele frequencies witBi@CR and NPH3 the genes
flanking HpARI.

Figure S3. Nucleotide and peptide sequences of the sexualotypp “300” and the
apospory-specific haplotype “311”. The alleles ammilar for the first 48 residues (red
shading). Residue exchanges are underlined. A 8lghiah in the aposporous allele generates
a frame shift which leads to translation of 19 abmal residues (blue background). The
position of the primer pair used for the CAPS maifshaded in green) and the informative

EcdRlI site (underlined) are shown.

Figure S4.Nucleotide alignment of the sexual and apospokp&sRIsequence and that of its
5' gene neighboudGCR The predicted intron iDGCRis marked by lower case lettering.
The arrow indicates where homology between the $extud aposporous sequence is first

disrupted. No homology was detected beyond thistpoi
Figure S5.Nucleotide alignment of the sexual and apospoHpsRIsequence and that of its

3' gene neighbouARI-T. The arrow indicates where homology between theauaeand

aposporous sequence is first disrupted.
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Figure 1
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Diploids

SR1(2n=2x=16) X sV1(2n=2x=16) - 1(sR1 x aV1) (2n=3x=24)
sP2(2n=2x=16) 1(sR1 x aP2) (2n=3x=24)

Triploids

sSR1(2n=2x=16) 1(sR1 x aNo) (2n=3x=24)

sV1(2n=2x=16) X aNo(2n=4x=32) - 1(sV1 x aNo) (2n=3x=24)
sV3(2n=2x=16) X aTo(2n=4x=32) - 1(sV3 x aNo) (2n=3x=24)
sP2(2n=2x=16) 1(sP2 x aTo) (2n=3x=24)

Tetraploids
SR1(2n=2x=16)
1
polyploidization
(colchicine)
!
SR1G(2n=4x=32) X aSi(2n=4x=32) > 4(sR1G x aSi) (2n=4x=32)
aTo(2n=4x=32) 4(sR1& aTo) (2n=4x=32)
(latteas renamed to gF

4 4(551>@1|\10) (2n=4x=32)

sh1(2n=4x=32) aNo(2n=4x=32) 4(gFx aAn) (2n=4x=32)
skh2(2n=4x=32) X aAn(2n=4x=32) - 4(skh1 x aSi) (2n=4x=32)
aSi(2n=4x=32) 4(sE x aNo) (2n=4x=32)
4(sk2 x aAn) (2rF4x=32)
Cross | Plants | APO+/PAR+| APO+/PAR- | APO-/PAR+ | SEX
Diploid
2(sR1 x sP2) 11 0 0 0 11
2(sP2 x sV1) 13 0 0 0 13
Total 24 0 0 0 24
Triploid
1/2(sR1 x aNo) 16 7 5 0 4
1(sV1 x aNo) 25 12 6 1 6
1(sV3 x aNo) 4 3 1 0 0
1(sP2 x aTo) 14 6 4 0 4
Total 59 28 16 1 14
Tetraploid
4(skh1 x aAn) 8 2 0 0 6
4(sk1 x aSi) 4 0 1 0 3
4(sk1 x aNo) 10 8 0 0 2
4(sk2 x aAn) 10 3 0 1 6
4(sh2 x aNo) 24 12 4 0 8
4(sR1G x aSi) 16 2 2 0 12
Total 72 27 7 1 38
Table 1
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1 2 3 4 5 6 7

8 90 11 12 13 14 15 16 17 19 20 222 23 24

2826 27 28

AASAA SSASAAAAAASSAAASAAS AALAS

1 1(sR1xaNo0)1/1 99%
2 1(sR1xaNo0)1/2 99%
3 1(sR1xaNo0)1/3 7%
4 1(sR1xaNo)1/4 100%
5 1(sR1xaNo0)1/5 98%
6 1(sR1xaNo0)2/1 0%
7 1(sR1xaNo0)2/2 0%
8 1(sR1xaNo0)2/4 95%
9 1(sR1xaNo0)3/5 0%
10 1(sV1xaNo)1l/1 99%

11 1(sV1xaNo)1/2 94%
12 1(sV1xaNo)1/3 100%
13 1(sV1xaNo)1l/4 100%
14 1(sV1xaNo)1/5 90%
15 1(sV1xaNo0)1/6 100%
16 1(sV1ixaNo)1/7 0%
17 1(sV1xaNo0)1/10 0%
18 1(sV1xaNo0)1/17 100%
19 1(sV1xaNo0)1/19 100%
20 1(sV1xaNo0)1/20 95%

21 1(sV1xaNo0)1/23 10%
22 1(sV1xaNo0)1/25 100%
23 1(sV1xaNo0)1/27 100%
24 1(sV1xaNo0)1/28 0%

25 1(sV1xaNo)2a/l 100%
26 1(sV1xaNo)2b/2 100%
27 1(sV1xaNo)2b/3 100%
28 1(sV1xaNo)2b/4 0%

Cross No. of FCSS Marker state
plants SEX | APO SEX | APO | n. d.
Diploid
2(sR1 x sP2) 11 11 0 11 0 0
2(sP1 x sV1) 13 13 0 13 0 0
Total 24 24 0 24 0 0
Triploid
1/2(sR1 x aNo) 16 4 12 4 12 0
1(sV1 x aNo) 25 7 18 7 18 0
1(sV3 x aNo) 4 0 4 0 4 0
1(sP2 x aTo) 14 4 10 4 10 0
Total 59 15 44 15 44 0
Tetraploid
4(sk1 x aAn) 8 6 2 6 2 0
4(sh1 x aSi) 4 3 1 3 1 0
4(sk1 x aNo) 10 2 8 2 6 2
4(skh2 x aAn) 10 7 3 7 3 0
4(sk2 x aNo) 24 8 16 8 14 2
4(sR1G x aSi) 16 12 4 12 4 0
Total 72 38 34 38 30 4
Table 2
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Plant code Germplasm origin Mode of reproduction| Rbidy
aTo cv. Topaz (Poland) apomictic 4n
aAn Breeding stock (Germany) apomictic 4n
aNo Breeding stock (Germany) apomictic 4n
aMi Munster (Germany) apomictic 4n
aSie Siena (Italy) apomictic 4n
aCa Caen (France) apomictic 4n
awr Wroclaw (Poland) apomictic 4n
aWa Warszawa (Poland) apomictic 4n
aKs Kaunas (Lithuania) apomictic 4n
av4 Vacrotot (Hungary) apomictic 4n
sR1 Selection from cv. Topaz sexual 2n
sP1 Padova (Italy) sexual 2n
sP2 Padova (Italy) sexual 2n
sVl Vacrotot (Hungary) sexual 2n
sV2 Vacrotot (Hungary) sexual 2n
sV3 Vacrotot (Hungary) sexual 2n

Line Mode of reproduction (%)
Apospory Parthenogenesis Apomixis
aAn 95 86 85
aNo 100 ~100 ~100
aSi 88 81 81
aTo 83 80 78
Table S1
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Plant Apospory Parthenog. Marker
Identifier % % state
Tetraploids
4(sF11 x aAn)1/1 0 0 S
4(sF11 x aAn)1/2 0 0 S
4(sF11 x aAn)1/3 100 A
4(sF11 x aAn)1/4 0 0 S
4(sF11 x aAn)1/5 0 0 S
4(sF11 x aAn)1/6 0 O S
4(sF11 x aAn)1/7 A

n

4(F11 x aAn)1/8 -_-__

4(sF11 x aSi)1/4 0
4(sF11 x aNo)1/1

4(sF11 x aNo)1/2 -_-__

4(sF11 x aNo)1/3
-_-_—
4(sF11 x aNo)1/5 100

4(sF11 x aNo)1/6 100 30
4(sF11 x aNo)1/7 99 39
4(sF11 x aNo)1/8 100 18
4(sF11 x aNo)1/9 71 3
4(sF11 x aNo)1/10 100 31
4(sF12 x aAn)1/1 92 77
4(sF12 x aAn)1/2 92 42
4(sF12 x aAn)1/3
4(sF12 x aAn)1/4
4(sF12 x aAn)1/5
4(sF12 x aAn)1/6
4(sF12 x aAn)1/7
4(sF12 x aAn)1/8
4(sF12 x aAn)1/9
4(sF12 x aAn)1/10
4(sF12 x aNo)la/l
4(sF12 x aNo)1a/2
4(sF12 x aNo)1a/3
4(sF12 x aNo)la/4
4(sF;2 x aNo)1a/5
4(sF12 x aNo)1a/6
4(sF12 x aNo)1a/7
4(sF12 x aNo)1a/8
4(sF12 x aNo)1a/9 0 0
4(sF;2 x aNo)1a/10 0 0
4(sF12 x aNo)la/11
4(sF12 x aNo)1a/12
-_-_
4(sF12 x aNo)l1a/14

4(sF12 x aNo)1a/15 96 4
4(sF12 x aNo)1a/16 88 8
4(sF12 x aNo)1a/17 o#
4(sF12 x aNo)1a/20 4
4(sF12 x aNo)la/24 o#
4(sF12 x aNo)1a/25 3
4(sF12 x aNo)1a/29 24

4(sF11 x aSi)1/1 A
4(sF11 x aSi)1/2 0 O S
4(sF11 x aSi)1/3 0 0 S
0 S
4 A

n P »

OO0 |0 |O O |O
o |o|[O|Oo|o|o o

O |0 |0 |Oo|o
o O |0 |o|o

2| (ORION = = (ORIGRIORIGRIGE > > ORIOGRIGRIGRIGRIGRIGE > 3> =0 1 35S 3 S

n

A
A
A
A
A
A
A
A
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4(sF12 x aNo)1a/31
4(sF12 x aNo)1a/33
4(sF12 x aNo)1a/43

4(R1C2 x aSi)la/l
4(R1C2 x aSi)la/2

4(R1C2 x aSi)lal/3

4(R1C2 x aSi)la/4
4(R1C2 x aSi)1c/2
4(R1C2 x aSi)1c/3
4(R1C2 x aSi)lc/7

4(R1C2 x aSi)1c/8

4(R1C2 x aSi)1c/9

4(R1C2 x aSi)1d/2

4(R1C2 x aSi)1d/4

4(R1C2 x aSi)1d/5

4(R1C2 x aSi)1d/6

4(R1C2 x aSi)1d/7

4(R1C2 x aSi)1d/8
4(R1C2 x aSi)1d/9

1(sR1 x aNo) 1/1
1(sR1 x aNo) 1/2

OoOl0O|0O|O|O|O|O (O |O

31

Triploids
99

> ORIORIGRIGRIORIGRIGRIGRIGET >[N IORIGETS T S

> >

1(sR1 x aNo) 1/3 “-_

1(sR1 x aNo) 1/4
1(sR1 x aNo) 1/5
1(sR1 x aNo) 1/6
1(sR1 x aNo) 2/1

n

1(sR1 x aNo) 2/2
1(sR1 x aNo) 2/3
1(sR1 x aNo) 2/4

3
2
3
0
0
4

> > ORIGE > (3>

1(sR1 x aNo) 3/5 -_-_

2(sR1 x aNo)1/2

2(sR1 x aNo)2a/3
2(sR1 x aNo)2a/2
2(sR1 x aNo)2a/7

2(sR1 x aNo)2a/14

1(sV1 x aNo) 1/1
1(sV1 x aNo) 1/2
1(sV1 x aNo) 1/3
1(sV1 x aNo) 1/4
1(sV1 x aNo) 1/5
1(sV1 x aNo) 1/6

100
100
100
100

0#
o#
33
o#
8
8
0#

n

1(sV1 x aNo0)1/13
1(sV1 x aNo) 1/17
1(sV1 x aNo) 1/19
1(sV1 x aNo) 1/20
1(sV1 x aNo) 1/22

1(sV1 x aNo) 1/7 0 0
1(sV1 x aNo) 1/8 0 0
1(sV1 x aNo) 1/10 0 15
1(sV1 x aNo) 1/12 0

0
3
7
7
7
11

> B> B> [GRIGRIGRIGE > (=030 > 33 (3502 >

1(sV1 x aNo) 1/23 -_-__

1(sV1 x aNo) 1/25
1(sV1 x aNo) 1/27
1(sV1 x aNo) 1/28

100

0#

n

O P
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Table S2

1(sV1 x aNo) 1/29 100
1(sV1 x aNo) 2a/1 100
1(sV1 x aNo) 2b/2 100
1(sV1 x aNo) 2b/3 100
-_-_—
1(sV1 x aNo) 2b/5
1(sV3 x aNo) 1/1 75 66
1(sV3 x aNo) 1/2 100 o#
1(sV3 x aNo) 1/4 98 3
1(sV3 x aNo) 1/6 100

2(5P2 x aTo)UL -_-_—

2(sP2 x aTo)1/2

> > > > 2>[A> > > >

n

2(sP2 x aTo)1/11 100 66

2(sP2 x aTo)1/13 98 8

2(sP2 x aTo)1/14
-_-—

2(sP2 x aTo)1/16

2(sP2 x aTo)1/18 100 6

2(sP2 x aTo)1/19

2(5P2 x aTo)1/20 -_-_—

2(sP2 x aTo)1/21
-_-—
2(sP2 x aTo)1/26
2(sP2 x aTo)1/23 100 o#
Diploids

W [ () BB i

(7] >

> >

2(P1 x sV1)1a/3 0 0 S
2(P1 x sV1)la/4 0 0 S
2(P1 x sV1)1a/6 0 0 S
2(P1 x sV1)1a/7 0 0 S
2(P1 x sV1)1a/8 0 0 S
2(P1 x sV1)1a/9 0 0 S
2(P1 x sV1)la/1l 0 0 S
2(P1 x sV1)1a/13 0 0 S
2(P1 x sV1)1b/1 0 0 S
2(P1 x sV1)1b/6 0 0 S
2(P1 x sV1)1b/7 0 0 S
2(P1 x sV1)1b/8 0 0 S
2(P1 x sV1)1b/11 0 0 S
2(sR1 x sP2)1/3 0 0 S
2(sR1 x sP2)1/8 0 0 S
2(sR1 x sP2)1/9 0 0 S
2(sR1 x sP2)1/13 0 0 S
2(sR1 x sP2)1/16 0 0 S
2(sR1 x sP2)2/2 0 0 S
2(sR1 x sP2)2/3 0 0 S
2(sR1 x sP2)2/4 0 0 S
2(sR1 x sP2)2/8 0 0 S
2(sR1 x sP2)2/18 0 0 S
2(sR1 x sP2)2/25 7 0 S
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Fragment
Amplified region name BAC-position Forward primer Reverse primer length
CAPS (ARIADNE) 63169-63391 TAAAGGAGTATCTGAAAAGTGAGG CAGGCAGCACGAGAATCTA 222
Expression ARIADNE 61910-62109 TCCGACGAGGACGTGTATTA TTATAATGACGGAGGGGATGCT 199
ARIADNE 61782 - 64755 GGGACCCAAAAACTCTCCTC GCAGTGAACTCAACCGCATA 2973
ARIADNE promoter 61075 - 64755 TTTCTTCCTGTCCTTGTACCG GCAGTGAACTCAACCGCATA 3680
ARIADNE- truncated 63169 - 65015 TAAAGGAGTATCTGAAAAGTGAGG CCATGAACCAAGGCACAAC 1846
HK1 7538 - 8192 CAGGTGGAAAAGTTGGGAGA TTTGAGCTCCACTCGTTCCT 654
HK?2 31509 - 32162 CTGTTCTTGTCGGGCACATA CTCATTAATGTGCGCTGCTG 653
GK1, GK2 37103 - 37718 AAGCTGCTTCTAGTTGTGCACTT GTAGCGGCAGGAGCTATGAC 615
ExP1 78262 - 79000 GACTTTCGCGTACGTCCTGT GAAGAAGCCGCAGAGGTAGA 738
PAT1 53041 - 53774 GGAGGTCAACGATTTCAGGA CTGCACCTCACAGCCAGATA 733
WRKY 55854 - 56394 GCATTCTCGTGCTTCTCCTC AAGAGCATGGATCGTGGAAC 512
DGCR 60011 - 60424 CGAGCGAGGATAATGAGAGC CCCCTTCTCACCATCCCTAT 413
NPH3 68725 - 69315 GCATCGAGTCGTTAGCCTTC TCTCCATGGTAGCCAACTCC 591
TK 75087 - 75512 GCAGCAACCTCGTGAACTTT GATGGAAAGATCGTGGTCGT 425
RNP 81181 - 81613 GTTTATGCCCATCCCATGAC GGAGGTTTGGCATCAACTGT 432
AUXR 89472 - 89907 ACGTGGAGCTTGGTCTTGTT TTGCACCACCGTCACTTCTA 435
MO25 106317 - 106804 CTGGACGATCACCAATCTCA CCATCGTTCTATCCCACACC 487
RING H-2 125473 - 125803 TCTCCTCTCCCGAAAGTTCA GGTCTTCTCGGTGTCGTTGT 330
SNP no. Forward primer Reverse primer (biotinilated) Sequencing primer
SNP 06 GGACCCAAAAACTCTCCTCTCA CTCGTCGGAATCCATAGCTC GCTTCTGGTAATTAGGGT
SNP 24,25 | TGGGACGTGAGTAAGTTGCATGAT | TGTCCACAAGAAGAAGCCGAATA | CGACGAGGAAGCAGTG
Table S3
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Symbol Description Best hit E value| Arabidopsis
HK1,2 Histidine kinase AHK?2 Arabidopsis 0.0 At5G35750
GH1, 2 Glycosyl hydrolase family protein 17 EF142®bpulus 1.00E-40| At5G35740
RT1 Ty-1 copia retrotransposon AC1518dlanum demissur 3.00E-23 -

RT2 Retrotransposon APO006368tus japonicus 2.00E-47 -

ExP1 Expressed protein XM_002320476pulus 3.00E-60| At2G04900
PAT1 PAT1 like protein CR95500dedicago 0.0 At5G48150
WRKY | WRKY related Arabidopsis 1.00E-70| At2g04880
DGCR hypothetical protein AM47816{itis vinifera 1.00E-173 At3G07790

ARI ARIADNE protein Arabidopsis 0.0 At2G31510
ARI-T ARIADNE protein (truncated) XM_002310407 Pdpsi 2.00E-69] At2g31510
NPH3 Similar to NPH3 family protein Arabidopsis 0.0 At5G48130
TK Thymidine kinase AM492792Zea mays 3.00E-187 At3G07800

RT3 Retrotransposon AP0082H6tus japonicus -

RNP Putative hnRNP BT0137%§copersicon 2.00E-142 At2g31860
AUXR Auxin-response related AM47816(0tis vinifera 6.00E-167 At2G04850
RimL RimL/ Acetyltransferase domain protein| Arabidopsis 8.00E-55| At2G04845
ExP2 Membrane protein, acethyltransferase AJ30S80&num tuberosum| 3.00E-111 At3g07810
Mo25 Mo-25 like protein BT01320lycopersicon 6.00E-116 At5g47540
TtRNAS | EMBRYO DEFECTIVE 2761) Thre-tRNA ligase | Arabidopsis 0.0 At2G04842
PG Polygalacturonase Arabidopsis 3.00E-123 At3g14060
RINGH2 | RING-H2 finger protein AMA484174itis vinifera 3.00E-76| At5G05810
RT4 Retroelement polyprotein AC1353@8ysa sativa 7.00E-29 -
Table S4
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MDSDEDVYYSDD ~ _EDIDNGVEDF =~ DV _LGEQQNYT = _VLKD _TDIR |
SEX ATGGATTCCGACGAGGACGTGTATTACAGCGACGATGAAGABATIGICGTCGAGGATTTTGATGTCCTCGGCGAGCAGCAAAAC TBTABABAGACACGGACATACGA
ek ol i AR
APO ATGGATTCCGACGAGGACGTGTATTACAGCGACGGTGACCAPATIEICGTCGAGGATTTGGATATCCTCGGCGAACAGCAAAAC TBTHGPERACACGGACATACGA
M

R EEEIDIPERIVESI T VL SV S H VA ASILLRHYNWDVSKLHD AWF
SEX CGTCGTCATGAGGATGACATCATCAGAGTCTCTACTGTCCTATCGGATGTTGCAGCGAGCATCCTCCTCCGTCATTATAACTGGGABBEGRECATGATGCATGGTTT

Tk ko k kR k kA k

APO CGTCGTCAGGAAGATGACATCATCAG--TCTCTTCCGTCCTTATGGTATGTCGCAGCGAGCATCCTCCTCCGTCATTATAACTGGGARSGGRECATGATGCATGGTTT
R AICINNEIDIDIIISINER: P F G | ACR SEHPPPSL*

SDEEAVRKTVGLPDMR VVELRNDRKVGCGICFE EFPDGKI
SEX TCCGACGAGGAAGCAGTGCGTAAGACTGTCGGCTTGCCGGAGRIGUGGAGTTACGTAACGACCGAAAAGTTGGCTGCGGAATCTREBAGTEACCCGACGGTAAGATT

ok kkkk ok ok ko ok

APO TCCGACGAGGAAGCAGTGCGTAAGACT--CGGCTTGCCGGABTGETBCGAGTTACGTAACGACCGAAAAGTTGGCTGCGGAATCTEREAATGPCCCGACGGTAAGATT

YSVSSCGHPFCEECWS RYISVAIRDGPGCLLLR CPDPSCR
SEX TATTCGGTTTCTTCTTGTGGACATCCTTTTTGTGAAGAGTGTABGECATATTAGTGTAGCCATTCGTGACGGACCAGGATGTTTGTPAEEAGGATCCGTCTTGTCGT

Fkkk kAR BT ————

APO TATTCGGCTTCTTCTTGTGGACATCCTTTCTGTGAAGAGTG AT TATATTAGTGTAGCCATTCGTGACGGACCAGGATGTTTGTRIGR G GATCCGTCTTGTCGT

VAVGQDMIDMLASEDE KEKYSRYLLRSYVEENK KTKWCPA
SEX GTTGCTGTCGGTCAAGATATGATCGATATGTTGGCGTCTGAGGAA'GAGAAGTATI’CGCGTTACCTGCTGAGGTCTTATGTTGAGGWAAGTGGTGCCCTGCC

Fdok kR k kR k kA ok

APO GTTGCTGTTGGTCAAGATATGATCGATATGTTGGCGTCTGAGBAAGAGAAGTATTCGCGTTACCTGCTGAGGTCTTATGTTGAGGSPNEMPCAAGTGGTGCCCTGCA

PGCEYAVEFTSGGANF DVSCLCSYEFCWSCTEE AHRPVDC
SEX CCCGGATGCGAATACGCGGTTGAGTTTACTTCCGGTGGTGCFMA'GTI'IT TCCTGCCTTTGCTCCTATGAATTTTGCTGGAGTTGCACAGAGGACCGTCCGGTGGATTGT

ok ook kR ok ko ok

APO CCCGGATGCGAATACGCAGTTGAGTTCACTGCCGGTGGTGDBARGTETCCTGCCTTTGCTCCTATGGCTTTTGCTGGAGTTGCAGKEI®IMCCGTCCGGTGGATTGT

GTVSKWIMKNCAESE NVKWILANSKPCPQCKR PIEKNHGC
SEX GGCACAG'I'I'TCGAAGTGGATCATGAAGAACTGTGCAGAGTWG}X@AAATGGATTCTTGCGAATTCGAAGCCATGCCCTCAGTGCW(IZGEABAAAAACCATGGTTG

Hkkk BT ————

APO GGCACAGTTTCGAAGTGGATCATGAAGAACTGTGCAGAGTGTTESAAATGGATTCCTGCGAATTCGAAGCCATGCCCTCAGTGCAXMBTEGAGAAAAACCATGGTTG

MHMTCTPPCKFEFCW LCLGSWKGHGRSRGEFDS CNRYEAAK
SEX TATGCATATGACATGCACCCCGCCTTGCAAATTTGAGTTTTAUEBCTTGGTTCATGGAAAGGTCATGGTAGGTCTCGTGGTTTTGARRITIGATATGAAGCCGCCAA

Fokkkkk Tk ko k kR k ko k

APO TATGCATATGACATGCACCCCGCCTTGCAAATTTGAGTTTTAGIGECTTGGTTCATGGAAAGGTCATGGTAGGTCTCGTGGTTTT BVAAUIGATATGAAGCCGCCAA

EKGVYDEEERRREMA KKSVERYTHYYERWANN HSSREKAL
SEX AGAAAAGGGAGTGTATGACGAGGAAGAGAGGAGGCGTGAAMMIMSITRLGTAGAGAGGTATACACATTACTATGAACGATGGGCGAATABICGAGGGAAAAGGCTCT

* dkk kkk ARk R AR R KA

APO ACAAAAGGGAGTGTATGACGAGGAAGAGAGGAGGCGTGAMNAZIBTREGTAGAGAGGTATACACATTACTATGAGCGATGGGCGAARTABTCGAGGGAAAAGGCTCT

SFLDQMQNVYLEMLS DIHCTSAYQLKFITEAW LQIVECRR
SEX TTCGTTTTTAGATCAGATGCAAAATGTATATCTTGAAATGCTWQCACTGTACCTCGGCATATCAGCTGAAGTTTATAACAGAAGImmTGTTGAATGCAGGCG

Fdk ko k kR k kR dkk

APO TTGGTTTTTAGATCATATGCAAAATGTATATCTTGAAAAGCTARBTIASTACTGTACCTCGGCATATCAGCTGAAGTTTATAACAGAAGTTISEATTGTTGAATGCAGGCG

VLKWTYAYGYYLPEH ERAKRQFFEYLQSEAVS GLERLHHC
SEX AGTTCTGAAATGGACGTATGCGTATGGCTATTACCTTCCTGAGURUIE CCAAGAGGCAGTTCTTTGAGTATCTGCAAAGTGAGGCTETGIEIAGAGACTCCATCACTG

Tk kk Rk kkk ok kkkk

APO AGTTCTGAAATGGACGTATGCGTATGGCTATTACCTTCCTGAGCAUGCCAAGAGGCAGTTAAAGGAGTATCTCAAAAGTGAGGCTEUGEGRGAGACTCCATGACTG

AEKEMLHFLTEESTS TEFDEFRAKLAGLTSVT KNYFENLYV
SEX TGCAGAGAAGGAGATGCTTCATTTCCTCACTGAAGAGAGCM.‘A'(EQB'ATGACGAG'ITCCGAGCAAAGCTAGCTGGACTTACCAGCGTGACTAKG'WA'@EACCTGGT

DT ————

APO TGCAGAGAAGGAGATGCTTCATTTCCTCACTGAAGAGAGCADNARKETT GACGAGTTCCGAGCAAAGCTAGCTGGACTTACCAGCGTGACTAAGAYIABAACCTGGT

RALENGLEDVDSRAA CSQTTTSSNDVSKSQKR RREVLEP*
SEX TAGAGCATTAGAGAATGGCCTAGAAGACGTAGATTCTCGTGGTAGTTAGACAACAACGAGCTCAAACGATGTCAGCAAGAGTCAABAABGGBAGTTCTAGAGCCGTGA

3 Fdk ko dok ko kk Rk ko

APO TAGAGCATTAGAGAATGGCCTAGAABACGTAGATICTCETGETAGTUTAGACTACAACGAGCTCGAAAGATGTCAGCAAGAGTCGABAMBGGEAGTTCTAGAGCCGTGA

Figure S3
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Comparison between APO and SEX allele at the 5"bord er

SEX GGAGAGGGTCGGGACGATGGAGCGGCCGGGATTGATGAGEBIGEBAGGA-GTT
APO ------ GATCCT-ACCTTTGAGCTCTCAGTTGTAA-GAGATGTCCGGTAACTGATGTT

* kk  kk Kk kkkk Kk k Kk Kk kkk k% k% * *%k kkk

SEX CT----TTAGGAGGTACACGAGCGAGGATAATGAGAGCTTTTCERATGAGATAAGG
APO CTGATTCCCAACTTTTCTCCAGTAAAGGAAATGCCAGGTTAGUTERTW G-TAGAG

*% * k k kk Kk k kkkk kk xk k% * k Kk kk %

SEX ATAATAGGAAGAGGAAAGAGCGGAACGTACATTATTTATTGGABBAGGGAGTTGA
APO ATCCCATCCAGTAGAGTGAT--GGAGGTTCAGTATAAATATTACRRATGGATATAG

*k  k  kk kk kk  k k kk k% kkk k% k% *kk *

SEX TTGGGGATGCGAAGAG--GGATAGGATAACTGATGGGTACGAGATGATCAGCC
APO CTAAGGCAGCACATATCCAGATAGGAGCGCTGTGGTGTATTGGGTBTTTTATC

* k% kk x % *kkkkkk  kkk Kk kkk k% * % % *

SEX AGTTAGCACGCTGGATGGGTGGAAGTTTAGGG--CGGATAATGATEITATCACCCT
APO GATGAAAACCCTTCAAAGGTTTAAGGGTAGGAGTCAAAAAABGRGAMCCCCCT

* k kk kk k kkk kkk kkkk ok Kk kkkk % *%k  kkkk kkkk

SEX GTTAAGGAGGCGCCTCTGACTGACGAGGATAGGGAACTTCGGTRGAAACAAAA
APO CCCGAT------ CTTGGGATGGATGAGACTT--GACTTATGATTTTCCTCTTATGGTG

* * k k% kk kkk Kk k% k* * k% * k%

SEX GAG--ATCACCAAGGGGAACACGCGTTTTCATGGGAAG-ATGTRGENGGCCTGTG
APO GAGTGAAAATGGTATTGGACTCAAGTTTTGGGGGACTCCATGARGGEBGCTTTAA

*kk k* % * k% k kkkkk k% *kk k% * k* k% %

SEX GAAGATGGTGGAGTTGAGGTGCTATATGGTCCTCTAGCTGAGGSABTGCCCT
APO AAAGCC--TCATATCAA--TGCTAGCAG--CGTCAAACTAAGACEBCAGAAGAGACCA

*k%k * * Kk kkkkk ok Kk kk k k% K % *k k% k k%

SEX TTGATAGGGATGGTGAGAAGGGGAAGAAGTATG-ATTTAGAGBAGRGGACGCCT
APO CTACCTGCATTCATCCGGACAGGCTAACCTAAGCATACCAABGHACGCGACCG

* * * k% Kk k k% Kk k% %k k% *kkk * k% * k%

SEX AATTTGTTTTACGTGGAGTCTCAGAAGAAGGCTGATAATGGGTABBBGAAGACG
APO AACCAGCTCACTAATGCGACTCCAGACAATCC----ATTTTTTACAOTGTTTTAAGA

**k k% * k k%% Kk kk % * kx  kk%k *% k% *

SEX CCGTCACCTGCTCCTGGGGCTGATGAATCACCTTTTATTACTBABGBCGAAGGG
APO CGGTTCTCTTCGCCCCTGACTTCCAAAAAA--GTATGACACTTBAGACCTTGTGC

* k% k% k k%  k k% *k k Kk k kkkk % * k% *

SEX ACGCCTTTAAGGTTG--GAGTCTGAAGATGCTCCTTTCGGGAABGSBCTCTGATG
APO ATGTCTCTGACTTGGTTGAGTTCAGCTTTTCACCAACCAGGRIAGKLIGCCG

* k kk k k k k kkkk * k k% Kk kk k%% * *kkk *

SEX GCCCTCATTTTCAGATGCCAAACCCACCCGTACGAGATGTCAATGIRCA TATCCA
APO GCTACGCCGCACTGAAGGAAACTTCACTCGTCCTTCGAATCRABTARSTGCCTT

*% * k% k kk  kkk kkk % * * % * * *

SEX GGGAGGCTGCAAAGAAGTTGAGAGAGAGGTCAAGGATGTTCCAGBARGIGCCCT
APO CGGGTATCAGACCGACAAAGGGAATGCG-TCGGGTTTCTTTCCRRABGACACGG

165



Supplement

*% * k% * kk Kk k kk k* Kk kk k k% *k%k * *

SEX CGCCCAGTAGAGGCGGCAGCGCCAGTCCAAATGTTCGAACBLIEITCECACAGA
APO ATCTCAACACCCCTTTCC-TGCCA--CCGCTTGCCTTCTCAAAMATBTACATAGCTA

* *%k * *  kkkk k% k% * k% * * % %

SEX AGTTTGTCAGGAATACAATTT-TCAAGTCCTCGTCTT-TGGTTARFETCTTCGTG
APO GCCTAAAGAAGAAGACCTTTCGTCATGCACACGCTTTACTGCAGATBCTCGATT

* * kkk kk kk kkk k ok k% kk ok kkkk * kkkkk *

SEX CAAGTTACAGAGGTGCCAGCCCAGGACGCTTAACACCAAANEZAG@EGTTTCCA
APO CATGTCATGG-----CTAGGCAAAGAC----AGCTTCGAAGACGAAGTGCTATGGCAA

*k k% * % * k% k Kk kkk * k k k% % * * * *x k%

SEX GGCTTGGAAGGGATGGCAGCATTGGTTCTAGGTCACCCTChamaggtctaatc
APO AGCAAACAAACCATACAACGATT--TTATCTGTCTCCCACCGRAFICTTTCTT

*% *k  kk  k kkk kk k kkk kkk k k% * * * *

SEX ctccatggtga-aatgaaatataatctctctgatctttitgaacaga aagttattcataa
APO TTTGGTACTAACAATCAAAAGGGATCGTT---AACTTCTTGTGTCRRCAATCTATCT

* Kk Kk Kk kkk kkk k*kk kK kkk kkk * *%x k% k%

SEX agaaaatgtataatgcittttattttcttcctgtccttgtaccgtatg tatatagATIGGTG
APO AAAAAA------ GTGTTGGCATCCAAGACCT----TCAGAATAGAABGCCTTCCTAACT

* kkkk *%k * k% *k%k * % * % * %

SEX TACCTTGAGTTTA;CCAGATCATGTTCATGGCTGTTTTGTCTUA@M&AAGATGAA
APO TTAGTTCCAACAAGACAGATCATGTTCATGGCTGTTTTGTCTGAERRAAGATGAA
*  k*% *  kkkkkkkkhkkhkkkhkkhkkhkhkhkkhkhkhhkhhik *khkkkkkkhkkkkkk
HpDGCR14 C-terminus
SEX TACTATCAGAATTCGGATTCGAAAARGI TTACTTTGCTTGGTTCTGTCTTGCGGTGG
APO TACTATCAGAATTCGGATTCGAAAPAGT TTACTTTACTTGGTTCTGTCTTGCGGTGG

kkkkkkkkkkkkkkkhkkkkkkkkkhkkkkkhkhkkkkkkk kkkkkkkk kkkkkkkkkkkkk

SEX AGAATAATCTTATCTAGGATGATTGTCCTTTT---GCTTGGTTGIATEAAGGTAAAA
APO AGAATAATCTAATCCAGTATGATTGTCATTGTCATGATTTCTTGTGAGCATAAAA

kkkkkkkkhkk kkk kk kkkkkkkkk k% * Kk kk kkkkk * k k  kkkkk

SEX GCT----GCATA TGGTTGTCCGC AAACATTGACAGT
APO TTTCTTGGCTTAATCCAACCAGACAATATTTTATTGTTGTTGRAABATTGATAGT

* *k k% * kkkkkkk * *kkkkkkkk kkk

SEX TATTTGTTAATGTTCCATAG-------------- GTATCATTGCCAT CTCCGAGAAGGAT
APO TATTTGTTAATGTTCTCTGGAATGAGTTGCCATAGGATTATTGTCBBGAGAAGGAT

kkkkkkkkkkkkkkk * % * k% kkkkkkkk kkkkkkkkkkkkk

SEX TTCAAGATTACAACATAGTGGATCGGATCACTTCCATTGGTAE®IGTTTTTGTA
APO TTCGAGATTACAACAAAGTGG-----ATCATTGCCATTGGTGTTOGBCGTTTTTGTA

kkk kkkkkkkkkkk kkhkkk kkkk k kkkkkkkkhkkkk kkkkkkkkkkkkk

SEX TGTTGCAATTTTTTCT--------- TGAAACTATGCAATATATTCGGATAAGATTTTATA
APO AGTTGCAATTTTTTTTGTTGAAAGTTGAAACTATACGATATAATRAGATTGTATA

*kkkkkkkkkkkk * k*kkkkkkkhk k kkkkkkkkkkx *kkkkkkk kkkk

SEX ATGAAATTCGAATCGGGTAAGACTACCATATATGGTAACAAAGITGICCTGTTTG
APO ATGAAATTCGAATCGGGTAAGACTACTATATATGGTAACAAABRITGICCTGTTTG

kkkkkkkkkkkkkkkkkkkkkhkkhkk kkkkkkkkkkkkkkkkkkkk *kkkkkkkkkkkk
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SEX TTCTCGAACTCTATTTACGAAATAATTTTTTCAATAATATTTTIHIAA GTAAATGAT
APO TTCTCGAATTCTATTTACAAAATACTTCTTCCGATAATATTTTAARRGTATTTGAT

kkkkkkkk kkkkkkkhkhk kkkkk kk k% k kkkkkkkkkkk k% *kkkkkk Kkkkk

SEX AATCATGAAACCTAAGATATTTTCCTCTAAACACGAAACACAGARRCEGAGGATAT
APO A-TCATGAAACATAAGATATTTTCCTCTAAACACGAAACACAGAATGGAGGATAT

* kkkkkkhkhkk kkkkkkkkkkkhkhkkkkkkhkhkhkkkkkkhkhkkkkkkk kkkkkkkkkkkkk

SEX AAGTCTACAGAGAATTTTTTCACCAAAAACATAATATTCGATREARAA-AAGAAA
APO AAGTCTACAGAGAATTTTTCCACCAAAAACATAATATTCGATABAAAATAAAAAA

kkkkkkkkkkkkkhkhkkkk kkkkkkkkkkkkkhkkkkkkkhkkkkx * kkkkkk kk kkk

SEX AATCCCAAACCTAGAAGTATAAGGTATACCGAAAATGCCCCBEACTAAATTAATT
APO AATCCCAAACTTAGAAGTATGAGGAATACCGAAAATGCCCCRBCTARPATTAATT

kkkkkkkkhkhk kkkkkkkhkkk kkk kkhkkkkkkkhkkkkkkkkkkkkkx *kkkkkkkkkkkk

SEX AATAGGGACCCAAAAACTCTCCTCTCAGAAGTCAGAACAAATCTTTIATTATATT
APO AATAGGGACCCAAAA-CTCTCCTCTCAGAAGTCAGAACAAATTUTCTATTATATC

kkkkkkkkhkkkkkkk kkkkkkkkhkkkkkkkhkkhkkkkkkkhkhkkkkkkk *kkkkkkkkkkk

SEX ATTCCTCTCTAACAGGAACACCTTAGCTTCTGGTAATTAGGEITATETGAGTGTG
APO ATTCCTTTCTCACGGGAACACCCCAGCTTCTGGTAATTAGGGTTTGAGAGTGCG
kkkkkk kkk kk kkkkkkkk kkhkkkkkkkkkkkkkkkkkkkk *kkkkkkkkkk *
HpARI N-terminus
SEX TGAGCRTGEATTCCGACGAGGA...
APO TGAGCATGESATTCCGACGAGGA...

*kkkkkkkkkkkkkkkkkkkkkk

Figure S4
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Comparison between APO and SEX allele at the 3"bord er

SEX ----GCAGCCAACTTG--TAGGCCATACCCCCGTATGCGAATATGCGGTTGAGTTCACTG

APO AATAACAATCAAATCACTTTAGTICHITCACACAATACATATACECEICACATIN

*k kkk * * kkk k kk kk k kkk k% *k k*  kk %

SEX CCGGTGGTGCAAACTTTGATGTTTCCTGCCTT-TGCTCCCGTAGGTTGGAGTTG
APO TCAAA-----TTACTTAAACCTTTCACACAATACATATACGGGTMTATTTGGAGTTG
*

*kkk k* kkkk * * *k * * *  kkkkkkkk

SEX CA--GAGGAAGCCACCGCCCTGTGGATTGTGGCACAATTTCGMGRGGAAGAAC
APO CACAAAGGAAACCACCGCCCTATGGATTGTGGCACAATTTTGARGATIEAAGAAC

*k  kkkkk kkkkkkkkkk kkkkkkkkkkkkkkkkkk kkkkkk *kkkkkkkkkkkk

SEX TGCACAGAGTCTGAAAA-TGTGAATTGGATTCTGGCGAATTTGARGICCGAGGCC
APO TATGTAGTCTCTAAAAAATGTGAATTGGATTCTAGCAAATTCEARGCCCAAGGCC

* *k  kkk kkkk kkkkkkkkkkhkhkkhkkkk kk kkkk kkkk *kkkkkk kkkkk

SEX AAATGAGAAAACTCATGGGTGTATGCATATGACATGCACCCBGBETTTTGAGTT
APO AATTGCGAAAACTCATGTGTGTATGCATATGACATGCACCCBERBRTTTGAGTT

kk kk kkkkkkkkkkk kkkkkhkhkhkhkkkkkhkkhkhkkkkkkkhkkkkkkk *kkk khkkkkkkk

SEX TTGCTGGTTGTGCCTTGGTTCATGGCAAGAGCATCGTGAGCEREIGETTATGC
APO TTGCTAGTTGTGCCTTAGTTCATGGCAAGAGCATCGTGAGTBEBAGGATTTATGC

kkkkk kkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkkk *kk *kkk kkkkkkkk

SEX CTGTAACGGGTATGTAGTGGCCAGACAAGTAGTAGTGTTCGRMIBRBGEGACACG
APO ATGTAATGGTTATGGAGTCGCCAGACAAGTAATAGTATACGRRGAGRGGACATG

*kkkk kk kkkk kkk kkkkkkkkkkkk kkkk k kkkkkkkk *kkkkkkkkk *

SEX CGAAATGGTG--r-n----- AGGTATACACAAGACTATGAACGATGAGCTTGTAACGAT
APO GAAAATGGTGCAAACCCTTAGAGGTATACACATTACTATGAABIATGTAACGAT

*kkkkkhkk kkkkkkhkkkkk kkhkkkkkk kkhkk k% kkkkkkkkkk

SEX TCGTCGAGGCGAAAAGCATCGTCGAATGCAGGCGAGTTCTBESAFGGTGTACG
APO TCGTCGAGGCAAAAAGCTCTTTTAGATTGACATCAGAAGAAASATGTCAAAATG

*kkkkkkkhkk kkkkkk * k% % *% *kkkk *k % * %

SEX GC-TATTAC-CTTCCCGATCACGAGCATGCTAAGAAGCAGTTETTABGTGCAAGG
APO CTATATGACACATACCATACCTCTGCATATCAGGCT-TAGATRTATGTAGCTTGAC

*kk kk k *k k% % *kkk Kk % *k k k k% * %

SEX TTGAGGCTTAGTCTAGTCTGGAGAGACTCCATCAATGTGCAGAGAATGAGATGTT
APO lBBAGATT--GTTGAATATAG-GCGAGTTCTGAAATG---GAAAAAGTACGAGTATT

* kk k kk k k k k k kk k k  kkkk * kk*k * *k*k

SEX TCCTTAGTGAAGAGTGCACTTCAAAAGATATTGTTTTACTGARTRATTTTGATTT
APO ACTGTCACGAC--CCAAATCTGGGTTGTTAATGCGGTAACTGRTARBACCCAACT

* k%% * % * k% k% k% *kkk * % * %

SEXTTTTTTTTATATATATGACATTTCGTTAATTGTTCTGGTCAGTTGRBATTAATAAA
APO AGCCTTATACGAACAT-ACATAATGCAAAGTATAG-----AAATATATAAATATGGAA

*k kk  k kk kkkk  k kk kx % * *x * * k k% k%

SEX AACCGTAATTTTTTCTATTTTTTATATCTTGTCTATTTTGATAGYARRAATTGTTCTA
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APO G--CGTA-TTTCATATATATAT-ATATATATATTACATATACATT-ACAATCTTCTTA

*kkk kkk k kkk k k kkkk % *k *x k% % * k%% * k%

SEX GAAAAAATTATGATTAAGAGGTTAATTGGGTAGGCGACCTTAGTCEGTTTAATAT
APO TTCAAGAT----ACTAAAA--TTCACCAGCCGGGC--CGTCGACOGBCGTGCCCTATAG

** k% * kkk k kk k Kk  kkk Kk k kx k)% * *k%

SEX TTATTGACTGCTAAATTTAAATT
APO TAA------ GCCGAATTCCAGCA

* % *k kkkk *

Figure S5
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Ploidy of Apomixis Recombinants Sexuals
progenies Apo’/Par” Apo*/Par’ Apo’/Par” Apo’/Par’ Total
3x 28 16 1 14 59
4Ax 27 7 1 37 72
Overall 55 23 2 51 131
Ploidy of Overall Chi-square values
progenies Apo‘ve? Par*¥s?) Apo‘ve? Part¥s? Overglalr)(’*p" "
3X 44 vs. 15 29 vs. 30 9,557 * 0,017 ns 24,864 ***
4x 34 vs. 38 28 vs. 44 0,222 ns 3,556 ns 47,333 ***
Overall 78 vs. 53 57 vs. 74 4,771 ns 2,206 ns 57,061 ***
Symbols: Apo=Apospory; Par=Parthenogenesis
ns, not significant at P=0,01; *, significant at P=0,01; *** significant at P=0,001
Recombination frequency: 19.08%
Genetic distance (Kosambi mapping function): 20.1 cM

Table S5
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-

D

Availability of Genomic
Locus G Sequence ESTs and T-DNA mutant . Mutant plant
ene ID L : location of
Name Similarities | cDNAs (tissue | allele : ) phenotype
type) insertion
ARI7 At2G31510 | ARI5, yes (callus) SALK 027620 | intron none observed
ARIS, SALK_073106 | intron
ARI9, SALK_116408 | intron
ARI10, SALK 025210 | intron
ARI11 SALK_082541 | intron
SALK_132004 | exon
SALK_029122 | 3'UTR
SALK_069374 | 3’ UTR
ARI5 At1G05890 | ARI7 yes (vegetative Not isolated yet NA NA
ARI8 tissues)
ARI9
ARI10
ARI11
ARI8 At1G65430 | ARI7 yes (vegetative Not isolated yet NA NA
ARI11 tissues)
ARI8
ARI9
ARI10
ARI9 At2G31770 | ARI10, yes (vegetative SALK 027269 | exon none observed
ARI11, tissues) SALK 049257 | intron
ARI7,
ARI5,
ARI8
ARI10 | AT2G31760| ARI9, yes (vegetative SALK 014075 | exon None observed
ARI11, tissues)
ARI7, SALK 068103 | promoter Unlinked phenotype with
ARIS5, a gametophytic mutatio
ARI8 carrying 51% infertile
ovules (N=493); ovules
arresting at one and twg
nucleated stages
ARI11 | AT2G31780| ARI9, yes (vegetative Not isolated yet NA NA
ARI10, tissues)
ARI7,
ARI5,
ARI8
Table S6
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