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Summary

Life in unpredictably changing habitats is a great challeagpecially for sessile organisms
like plants. Fruit and seed heteromorphism is one way to ewife such variable
environmental conditions. It denotes the production ofrdistiypes of fruits and seeds that
often mediate distinct life-history strategies in teraf dispersal, germination and seedling
establishment. But although the phenomenon can bedfannnumerous species and
apparently evolved several times independently, its dpnedatal time course or molecular
regulation remains largely unknown. Here, we studied fruiteldgvnent in Aethionema
arabicum, a dimorphic member of the Brassicaceae family.ch¥eacterized fruit morph
differentiation by comparatively analyzing discriminating reladers like fruit growth, seed
abortion and dehiscence zone development. Our data demensha fruit morph
determination is a ‘last-minute’ decision happening in flowers after anthesis directly before
the first morphotypical differences start to occur. Sehgnawth experiments in combination
with hormone and gene expression analyses further tedibat an accumulation balance of
the plant hormones auxin and cytokinin in open flowers tegethith the transcript
abundance of the Ae. arabicum ortholog of BRANCHED1, encoditrgrescription factor
known for its conserved function as a branching repressay control fruit morph
determination. Thus, we hypothesize that the plastic doofrdruit morph ratio in Ae.
arabicum may have evolved through the modificatiora @reexisting network known to

control correlative dominance between shoot organs

Significance statement

Although the production of two distinct types of fruitsoiéen found in plants that thrive in

unpredictably changing habitats, no work has been reporteskgeining the developmental

time course or molecular control of fruit dimorphisHere, we discover the developmental
time point of fruit morph determination in dimorphic Aethiormerarabicum and identify

molecular candidates that may mechanistically link tfrtype determinationto the

developmental program governing primigenic dominance.



Introduction
Heterocarpy describes a phenomenon where at leaglifferent types of fruits are produced

on individual plantg (Imbert 2002). It is often combinednwitterospermy, the development

of distinct types of seeds within such fruits, differing their morphological and/or

physiological properties (Baskin et al. 2014). Both phenon(Egether referred to as fruit

and seed heteromorphism) have evolved several times imdlmdéy, occur in at least 18

angiosperm families and are particularly common in annuatbees of the Amaranthaceae,

Asteraceae and Brassicacegae (Imbert D02t al. 2013p). Due to their different phenotypic

traits, the distinct fruit and seed morphs usually featuferential life-history strategies, thus

enabling offspring survival at a wide degree of environmental u'onslila_u et al. 201D

Mandak and PySek 2001). Consequently, heteromorphism is generally considerethes

morphological basis of a bet-hedging strategy to cople wripredictably changing habitats
Abley et al. 201p|Philippi and Seger 1981)\/enab|e and Lawlor 1980). In addition,
heteromorphic fruit and seed morph development often resguadscally in response to

certain factors, like plant density, soil moisture eotor nutrient availability, resulting in the

environmentally-dependent production of different morph sdtio et al. 2013H1Mandék ang

Pysek 1999]|Sadeh et al. 2009). Although many heteromorphic species hanealbseribed

and studied with respect to their morph-specific propertidgatential adaptive implications
Afonso et al. 2011lBaskin et al. 20fDubois and Cheptou 20{lEnbert 2002 Lenser et al
2014|Lu et al. 2018§Venable et al. 199pramaguchi et al. 19? ang et al. 2014), little is

known so far about the time course and molecular contrbketdromorphic fruit and seed

development.

Aethionema arabicum is an annual member of the Aethionemeaeatlest diverging tribe

within the Brassicaceae famiA-Shehbaz et al. 20{Jéranzke et al. 2011). The species is

dimorphic, forming two distinct fruit morphs that differ wize, seed number, septum

formation, fruit dehiscence and abscission, and twoindistseed morphs with marked

differences in surface structure, mucilage production andigation behavior (Lenser et al.
2014 [Solms-Laubach 1901). Fruit morphs are not distributed evenbughout the Ae.

arabicum plants but the large, many-seeded, dehiscent mormgd@mpnantly produced on

main shoots while an increasing preference for the produofidhe small, single-seeded,

indehiscent morph has been observed on higher-order sidehbsa(Lenser et al. 2016). In

addition, overall fruit morph ratio has been shown to redpto various environmental

parameters with a particularly strong shift towards a migheduction of the dehiscent morph

in response to the removal of shoot branches (Lenser 2084 |Zohary and Fahn 19%0)
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Both findings point towards a possible connection between fnorph determination and
correlative dominance relationships in which the groeiftbne shoot organ is controlled by
another| (Bangerth 198Snow 1925).

Probably the most prominent and best-studied of these pterois apical dominance

which an actively-growing shoot apex inhibits the outgrowthaxiflary buds, such that

excision of the apex permits bud activation and formatib brancheg (Cline 199TLeyser

2009)...Another example of correlative dominance is tlierastion between developing

fruits, in which early developing fruits suppress the glhowt later developing pollinated

ovaries|(Bangerth 198|§Bmith and Samach 20[L3). This phenomenon is driven by #us,se

such that pathenocarpic fruit exhibit no dominance, and tan be considered ‘carpic
dominance’ (Walker & Bennett, in press). It results in a spectrum of effects from mild growth
inhibition through to fruitlet abscission, depending ongpecies. Bangerth (1989) proposed
that the correlative relationships between apices aiitg fre facets of the same fundamental
phenomenon of ‘primigenic dominance’ in which early-developing organs inhibit the growth
of later-developing ones, and that these processes taohrmon regulatory mechanism. For
instance, in both phenomena, inhibitory effects can lodishied by physical removal of the

dominant structures (e.g. shoot tips or early developingsfruiwhile application of the

hormone auxin to the cut site reverses the loss obitign [Bangerth 1989Gruber and
Bangerth 199[?McCaIIum 1905gMcCallum 1905hQuinlan and Preston 19j{$now 192
Thimann and Skoog 1983homas et al. 2003). The growth of an organ is alsolyight

\"Al

correlated with its ability to export of auxin (Bangerth, 19&3llectively, these data suggest

that auxin export, and its subsequent rootward transport, is thesigaal mediating

dominance relationships between shoot organs (Bangerth| |[l@88agalska and Leyser

2011|Smith and Samach 20[3)

Beyond the involvement of auxin, little is known regarding mi@ecular mechanisms that
mediate carpic dominance. Conversely, much researcheleasdirected at understanding the
mechanism by which auxin regulates shoot branching. Apical rdovme forms part of a
wider shoot branching regulatory network, in which internatettgmental cues and

environmental factors such as light intensity and quatititrient availability, and planting

density are integrated together through hormonal signalletgvarks {(Domagalska ang
Leyser 201HRameau et al. 201p)(Ferguson and Beveridge [RDAGaro et al. 20(”8’homas

and Hay 201[1). Strigolactones and cytokinams root-derived hormonal signals that play

4



central roles in the regulation of branchinmgspectively repressing and promoting bud
outgrowth [(Gomez-Roldan et al. 200&1uller et al. 201b|Pillay and Railton 1983

Teichmann and Muhr 201RJmehara et al. 200BNickson and Thimann 19%8). Recently,

feeding and defoliation experiments in pea have identifiedose as an additional promoter
of branching thatseems to be especially important during the early stages of rgxilad
release [(Mason et al. 2014Members of BRANCHED1 (BRC1) family of TB1
CYCLOIDEA PCF (TCP)-type transcription factors have bgenposed to act central

integrators of branching contrgl (Aguilar-Martinez et al. 200@)several species, BRC1

expression correlates with bud inhibitign (Aguilar-Martiregzal. 200y, Braun et al, 2012

and strigolactones promote BRC1 expression, while cytokamd sugar inhibitBRC1
expression (Dun et al, 2012; Mason et al, 2014). However, treleéa indicate that BRC1
expression alone is neither necessary nor sufficienbéo outgrowth inhibition and rya

instead be involved in determining the threshold needed udr dativation. | (Seale et al.

2017) The hormone abscisic acid (ABA) occurs in high conceptnatin both buds and fruits

undergoing inhibition and may contribute to the inhibition ofwvgto in both systems
Bangerth 1989 Chatfield et al. 200QEmery et al. 1998Gocal et al. 1991Gonzéalez
Grandio et al. 203@Ruttink et al. 200[7).

In this study, we investigated dimorphic fruit developmentdé. arabicum with a special
focus on the developmental time course and potentiarmating factors of morph
differentiation. Comparative developmental analyses froft growth, septum rupture,
dehiscence zone differentiation and seed abortion shothatl the onset of morph
differentiation is in late flowers approximately two dagdter anthesis. We further
demonstrated that fruit morph determination is a ‘last-minute’ decision which takes place in
early flowers shortly after anthesis and directlyobbefthe first morphotypical differences start
to occur. Although this temporally coincides well with pollinat no obvious connection
between fruit morph determination and fertilization-redafparameters could be detected.
Instead, we present evidence based on hormone and genesiexprasalyses that the
regulatory network determining fruit morph identity in Ae. licam and other dimorphic
Aethionema species might be a modified version of #wulatory network that usually

controls carpic dominance.



Results

Fruit morph differentiation first becomes visible in late flowers

To study the time course that underlies the differediakelopment of the two distinct fruit
morphs in Ae. arabicum, a thorough morphological analysthe different stages of fruit
development has been performed. No morphotypical differesmdld be observed in flower
buds and early flowers that had just opened (Figure 1 A8kt signs of morph
differentiation became obvious two days after anthesesnwihside those flowers that would
later produce dehiscent fruits rapid fruit growth becamibleigFigure 1 C). In flowers that
would later produce indehiscent fruits, however, fruits meath small and completely
covered by the outer floral organs (Figure 1 G). Fromdtage on, differences in size and
shape of the two fruit morphs remained clearly pronouncepifg1 D-F,H-J). Apart from
these differences, however, fruit development proceegdée simultaneously between the
two morphs. Approximately three to four days after anthebte floral organs of the outer
three whorls abscised (Figure 1 D,H). Afterwards fruit growtmtinued constantly until
approximately ten days after anthesis fruits reached final size (Figure 1 E,I). It took
another 3 weeks until fruits were completely dry, comtainpe seeds and would either open
(dehiscent morph) or fall off the plant (indehiscent pmyrupon mechanical stimulation
(Figure 1 F,J). Taken together, we show that during fruitIdpagent of Ae. arabicum, first
morphological differences between the two morphs finecaisible in late flowers two days

after anthesis.

Fruit morphs show no differences in fertilization-related traits

Since the appearance of first differences between maspiesnporally close to fertilization,
we wanted to investigate if differences in fertilizatimay accompany or even cause the onset
of morph differentiation. However, fertilization alrgatkes place in early flowers where it is
not yet possible to morphologically discriminate betweemn ttho morphs (Figure 1). To
overcome this problem, we drew advantage from the facfrthiemorphs are not distributed
evenly throughout the plant. It has been shown previouslytigdr our standard greenhouse
conditions and using Ae. arabicum accession ES1020, more thaofofsdts produced on
2"order branches belong to the indehiscent morph whileaxigt the constant removal of

all newly developing side branches from a plant inducedattmeation of more than 95% of

dehiscent fruits on the remaining main branch (Figure|Sdnger et al. 2016). Thus, in all

following comparative analyses, the distinct developmesttajes were harvested either from



2% order branches and assumed to develop into the indehiscett otofrom plants without
side branches and assumed to develop into the dehisceait.mor
One parameter of fertility is the number and integritypolien grains produced on anthers.

We thus investigated pollen stainability with Alexander’s solution, which discriminates

developmentally intact pollen (red) from aborted poligreén)|(Alexander 19¢9), and found

no difference between the two flower types with respecpollen abundance or integrity
(Figure 2 A,B). Likewise, no morphotypical differenceutd be detected with respect to
pollen tube growth which has been investigated by aniline bduirsg (Figure 2 C,D). In the

context of this analysis it was further noticed thatagpgia that will develop into indehiscent
fruits not only contain several ovules but that epeilen tubes seem to make contact with

more than one of these ovules (Figure 2 E,F). Thtable given that mature indehiscent

fruits contain only a single seefl (Lenser et al. 2016), iaditates that during the

development of indehiscent fruits all but one ovule Wwél systematically aborted at some
stage of development. Indeed, when late flowers ofiritiehiscent morph were analyzed,
only one ovule showed obvious growth indicating seed dewedop (Figure 2 G,H). Since

the internal position of this developing seed varied batwterent flowers, the decision

which of the ovules will develop further seems to be powsilly independent or even

stochastic.

Pollen integrity and pollen tube growth alone do not showfltvaers of the two morphs are

equally fertile. To directly compare morph-specific feztiion capability, we emasculated
flowers on two comparable branches of ten plants andnptdlil the isolated pistils with

pollen from flowers of the dehiscent or indehiscent morpspectively. Analyzing the fruits

developing from these hand-pollinated pistils did not abamy difference in terms of fruit

number or composition (Figure 3 A). Of all emasculatedidrs, only about 25% developed
into intact fruits that all belonged to the dehiscentphoiThe remaining flowers either got
aborted directly after emasculation (~60%) or during lter development (~15%) probably

due to damage during emasculation or unsuccessful hand-poiiinghis data indicates that
there is no morph-specific difference in fertilizaticapability of Ae. arabicum pollen.

In most angiosperm species, fruit growth is initiatedsigyals derived from the developing

seeds and ovaries will become aborted in the absenfartitization (Ozga and Reinecke

2003 |Sotelo-Silveira et al. 2014). However, the development ahpaocarpic (seedless)

fruits without fertilization could be induced by removdltbe apical shoot tip in pea plants

Carbonell and Garcia-Martinez 1980). We found the sameettrue in Ae. arabicum

Emasculated flowers did not show any signs of fruit ghoand became aborted on normally
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growing control plants (Figure 3 B). However, the remafadll growing shoot tips together
with all residual flowers and fruits lead to varying degreésfroit development in
approximately 60% of emasculated flowers (Figure 3 B,C).a3sess morph-affiliation of
parthenocarpic fruits, lignin staining was performed oiit frtoss-sections to check for the
presence or absence of a dehiscence zone at the valyetrreprder. Parthenocarpic fruits
with as well as without a dehiscence zone were detecitgaréF3 D,E), indicating that even
in the absence of fertilization, both fruit morphs che@ produced and thus, morph
determination happens independently of fertilization.

Seed abortion during indehiscent fruit development first becon®visible in late flowers
Prompted by our finding that seeds seem to become systahyadiborted during indehiscent
fruit development in Ae. arabicymwe studied the time course of this phenomenon in more
detail. Pistils of both morphs and of different devel@mtal stages were fixed and cleared
and the number of ovules/seeds was determined (Figure 4). Sulisrshow that for the
dehiscent morph, gynoecia within buds and early flowersyslwantained four to six ovules
(Figure 4 A,B,C). During later stages, the number of dewedp seeds decreased gradually
and became more variable resulting in a wide distribudfame to six seeds in late fruits with
most fruits containing three to four seeds (Figure 4 A,DHox. the indehiscent morph,
however, the great majority of gynoecia within buds andly dxwers contained only four
ovules (Figure 4 A,G,H). Although this may indicate an earyph-specific difference we
consider it as more likely that this difference ist jasconsequence of our sampling strategy
since floral structures developing on main branches ageneral much bigger compared to
those on P-order branches (compare scale bars of Figure 4 B,& Migure 4 G,H). As
indehiscent development proceeded, there was a sharp dropdimseber starting in late
flowers and completed in early fruits which all contdimaly a single seed (Figure 4 A 1-K).
This indicates that at the same time in late flowenen the first external differences between
morphs become visible also the developmental progradinguseed development becomes

morph specific.

Developmental time course of internal fruit patterning

To study how differences in internal structures beconabksted during Ae. arabicum fruit
morph development, cross sections of different devedopal stages were stained with a
safranin/astra blue solution and examined microscopically @sg&r, S2). Like in the

previous analyses, no morphotypical differences could letdet in buds and early flowers
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(Figure 5 A,B,G,H). In contrast to the anatomy of matumelmscent fruits, their early
developmental stages not only resembled the dehiscent mmogantaining more than one
ovule but also in the presence of a septum. Firstnatalifferences occurred, again, in late
flowers where the asymmetric growth of one single sedtd indehiscent morph pushed the
septum towards the side of the opposing seed chamber, pt#gueslting in the rupture of
the septum and fusion of the two locules (Figure 5 C,I).th® same time, also first
indications of cell division and differentiation marketlet onset of dehiscence zone
differentiation exclusively in the dehiscent morph (Figus2 C,I). Dehiscence zone
differentiation proceeded gradually throughout fruit develogmsecoming completed in late
fruit stages with the lignification of cells of the ewdop layer b and the lower replum
(Figures 5 D-F, S2). At this stage, blue stained separati@r kells framed by red stained
lignified cells clearly indicated the predetermined siteigduie separation in the dehiscent
morph, while a closed band of lignified cells was found to sumglothe single locule of
indehiscent fruits, thus preventing fruit opening to occigufes 5 F,L, S2 (LGHSTEHFL

2016)

Morph determination happens in early flowers

All our developmental analyses revealed that first signsnofph-specific differentiation
during Ae. arabicum fruit development become visible in lmedr stages (Figures 1, 4, 5,
S2). The question remained, however, when the fate lofaeerf to produce the one or the
other fruit morph becomes determined. To answer this questie first investigated as to
whether the effect that the removal of side branchesceslthe development of dehiscent
fruits on main branchep (Lenser et al. 2016) (Figure Si)atso be observed fof®order

branches. Indeed we found that the removal of an inagasimber of branches can shift the

fruit morph ratio on P-order branches from 98% indehiscent fruits in untcbatiants to
more than 80% dehiscent fruits on plants where all hes@xcept for a single"®Rorder
branch had been removed (Figure 6 A). Side-branch rembusl apparently induces
dehiscent fruit development throughout the whole plant.

To determine the exact time point of morph determination,tneated plants (n=15) by
removing all branches except for fodf-Brder branches. From these remaining branches, we
removed all fruits, flowers and buds except for the fivggest flower buds (branch 1), five
early flowers (branch 2), five late flowers (branch 3)d &ive early fruits (branch 4). For five
control plants, we marked five structures of the respeatavelopmental stage on fout?-2

order branches without removing any plant parts. As we expdaim our previous results,
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all marked structures on the control plants developed imdehiscent fruits (Figure 6 E,
‘control’ charts). However, on plants undergoing side-branch removal, 63 of 64 fruits that
were formed from buds belonged to the dehiscent morphatmaicthat at this developmental
stage morphs had not yet been determined and could thusuesmasfd by internal or external
factors (Figure 6 B,E). On the same plants, still 48ofruits developing from early flower
belonged to the dehiscent morph, whereas only indehiscetst dexeloped from late flowers
and early fruits (Figure 6C-E, early fruits not shown)alprevious study, the Ae. arabicum
ortholog of the dehiscence zone identity gene INDEHISCEM&ArIND) has been shown to

be differentially expressed between the two fruit morfilenser et al. 2016). Investigating

AearIND expression levels at different developmentages via quantitative reverse
transcription PCR (QRT-PCR) revealed that no morph-gpatiiferences can be detected in
bud stages and differential expression only becomes apparéateiflowers (Figure 6 F).

Taken together, this data indicates that morph determmaappens in early flowers, just
before first morphotypical differences occur. In |fitevers, morph determination already

happened and thus cannot be influenced by internal or extactaids anymore.

Fruit morph ratio reacts to parameters known to influence primigenicdominance

After having established the time point of fruit morph decisizve wanted to identify
potential molecular determining factors and thus investigatpdssible connection between
fruit morph decision and primigenic dominance. Since the dettidteit morph of Ae.

arabicum occurs primarily on the main shoot and can be indogdatie removal of side

branches (Figures 6, S1)) (Lenser et al. 20Z6hary and Fahn 19%0), it develops

preferentially under conditions which are typical for fbemation of dominant plant organs

Bangerth 1989McCallum 1905aMcCallum 1905b). Auxin can reverse the decapitation

effect in branching control and correlative fruit inhibitigBangerth 198|9Thimann and

Skoog 193B), and we thus investigated if a similar reversion bea observed for the

debranching-induced development of dehiscent fruits. Indeedapblkcation of increasing
auxin concentrations to the cut surface progressively dedréasgortion of dehiscent fruits
that were produced orf®®order branches in response to a drastic cutting treatiffigor¢s 7

A, S3). This prompted us to further test the effect of datfioln and shading on fruit morph

production, two factors known to inhibit shoot branch1ng (Mason eR@l14 (Smith and

Whitelam 1997). Both treatments resulted in a reduced productidehiscent fruits when

compared to untreated control plants (Figures 7 B,C, S3).eTlmsdings corroborate the

existence of a connection between the control of fnudtrph decision and primigenic
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dominance with a preferred induction of dehiscent fruits ugdawth promoting conditions,
and of indehiscent fruits under inhibitory conditions.

Molecular determinants of fruit morph differentiation

Several plant hormones are known to play a role imagalation of primigenic dominance in
the context of shoot branching. To investigate if the shorenones may also influence fruit
morph differentiation, we determined the levels of biwactauxin (indole-3-acetic acid
(IAA)), different forms of cytokinins, and ABA directlgefore morph determination (flower
buds shortly before anthesis), directly after deternanglate flowers) as well as in late fruits
when morph differentiation is complete. Strigolac®have not been included in this analysis

because it is technically not possible to measure these codgpust yet| (Tarkowska et gl.

2014). Hormone analysis revealed that IAA and ABA, which both known as growth

suppressors, showed a peak in abundance in late flowers (Figl)e Bhis peak was
significantly higher in flowers of the indehiscent comparethe dehiscent morph. Cytokinin,
which is known as a growth activator, on the other hdnmved the exact opposite pattern
with a strong peak of abundance exclusively in flowers ofl#fescent morph. To investigate
if these morph-specific differences in hormone levefect a functional connection with fruit
morph determination, we spray-treated flowering Ae. arabiglamts with a synthetic auxin
(2,4-dichlorophenoxyacetic acid: 2,4-D), cytokinin (6-benzylaxpurine: BAP), ABA, and a
synthetic strigolactone analogue (GR24). 2,4-D applicatiortded strong shift towards a
higher ratio of indehiscent fruits while BAP treatmemgngicantly enhanced the portion of
dehiscent fruits (Figures 8 B, S4), indicating that thesenbnes indeed directly influence
fruit morph determination. However, no significant changerint morph ratio could be
detected in response to GR24 and ABA application (FiguresS8lBindicating that at least at
the applied concentrations, these hormones aloneadrsufficient to influence fruit morph
decision.

Gene expression analysis applying gRT-PCR revealed thatether@bicum ortholog of the
branching suppressor BRC1 (AearBRC1) showed an expressidn ipeffowers of the
indehiscent but not the dehiscent morph (Figures 9 A, S5, T@ble Further analyses
demonstrated the presence of similar expression patternswéorAe. arabicum genes
encoding putative cytokinin oxidase/dehydrogenase (CKX) enzasegll as the orthologs
of MORE AXILLARY GROWTH 1 (MAX1), MAX2, MAX3, and MAX4 (Figures 9 B-G, Figure

S5). CKX proteins catalyze the irreversible degradatiorytfkinins in a diverse set of plants

Schmdlling et al. 2003) and are thus likely responsible for catisenipw cytokinin level in
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flowers of the indehiscent morph. MAX orthologs promote slaigone biosynthesis and

signaling |(Domagalska and Leyser 2011) implying that strigolactewels may be high

around the time of morph determination in the indehisbbannot the dehiscent morph. Taken
together, these data suggest that molecular key factors regusaimigenic dominance may
also be involved in the controf fruit dimorphism in Ae. arabicum, with factors that promote
dominance also promoting the formation of dehiscenttsfraind factors that promote

inhibition promoting the formation of indehiscent fruits

Fruit dimorphism likely evolved twice within the Aethionemgaenser et al. 2016). Thus,

the question arises whether the regulation of fruitphnodetermination might be similar
between Ae. arabicum and other dimorphic Aethionema speciesefore, we extended the
hormone spraying analysis to Ae. carneum and Ae. heterocarpoma €selutionary origin
of fruit dimorphism as Ae. arabicum), and Ae. saxatile dpehdent evolutionary origin of
fruit dimorphism). Our results show that, like for Aeahicum, the ratio of indehiscent fruits
within the plants increases towards higher order brantdresll three species, although
overall proportions of the two fruit types are rathgeses specific (compare control groups
in Figure 10). Furthermore, all three species respondsiméar way to auxin and cytokinin
application as Ae. arabicum, that is with higher percestagéndehiscent fruits in response
to auxin and higher ratios of dehiscent fruits in respoasgytokinin (Figures 10, S6). This
indicates that the molecular control of fruit dimogphiis similar in all Aethionema species

under study although it likely traces back to two independeitigonary origins.

Discussion

Fruit morph determination in Aethionema arabicum is a ‘last-minute’ decision
Prominent differences between the two Ae. arabicum fypéd are the presence of a specific

fruit opening mechanism exclusively in the dehiscent morpivedsas differences in fruit

size and shapg (Lenser et al. 2016). Fruit opening withiBtassicaceae is mediated by the

presence of specialized cells forming a dehiscence zone virddcites controlled tissue

separation upon maturitspence et al. 1996). A recent study in A. thaliana showed that cell

differentiation related to dehiscence zone formation nisiated in open flowers after

pollination |(van Gelderen et al. 2416), which closely corresptmtise developmental stage

where first signs of dehiscence zone differentiatiorevedso detected in the dehiscent morph
of Ae. arabicum (Figures 5, S2). Likewise, it has been demmated that fruit growth and

shape determination of Brassicaceae fruits mainly happmkming post-fertilization
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development (Eldridge et al. 20 |1|€errandiz et al. 19?|9_angowski et al. 2016). This shows
that fruit morph determination in Ae. arabicum happens dydmfore the onset of those

developmental processes most important for morph diffetéon and thus, developmentally,
at the latest possible moment. This ‘last-minute’ decision could be interpreted as a
compromise between developmental necessity (last elargter important fruit parameters)
and the fitness advantage of being able to plastically tafdjusmorph production at the latest
possible moment to short-term changes in environmentalit@morel Interestingly, we
detected morph-specific expression of AearIND only aft@rph determination in late
flowers, while comparative analyses between other Bragsieaspecies forming either
dehiscent or indehiscent fruits revealed differential gexmgression patterns of dehiscence

zone identity genes already in flower byds (Avino et al. gMilhlhausen et al. 2013). Also

in A thaliana, valve marg-specific expression of IND can already be detectedoivelr

buds [(Sorefan et al. 2009), indicating that gene expressitiarne defining dehiscence

behavior of Brassicaceae fruits are usually establishddefere actual tissue differentiation
takes place. It will be interesting to study spatial expresgatterns of Ae. arabicum
dehiscence zone identity genes in stages prior to morghnaeation to see if the dehiscent
character of such early stages also goes along wiile vaargin-specific expression of

respective genes.

Evolutionary aspects of fruit dimorphism and morph plasticity

Dehiscent, two-locular capsules are the typical fript®duced by members of the

BrassicaceagA(-Shehbaz 201j1). They are considered to represent the ahdmstrform

within the family, although indehiscent fruits evolved mamyets independently (Hall et 4l.

2007 |Muhlhausen et al. 2013). Also within the Aethionemeae, phylogenetic sumjgest

dehiscence as the basal character state while postulatimgindependent origins of

indehiscenceg (Lenser et al. 2016). However, the Aethionemase anspecial case in the

evolution of indehiscence because in the context of ghimem, indehiscent fruits are not
formed exclusively but rather develop as an additionalratese to dehiscent fruits on the
same plants. Our data on Ae. arabicum fruit developmentsskioat in all developmental
stages prior to fruit morph determination (buds and eaolydis), flowers exhibit typical
features of the dehiscent morph, like the presence oftdosix ovules and a septum (Figures
2, 4, 5). Only after the final decision, these structuasee degraded in order to adopt the

identity of an indehiscent fruit. These findings corraberthe hypothesis that dehiscent fruits
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are the ancestral fruit form of the Aethionemeae winitkeehiscent fruits are produced by a
derived developmental program.

In some heteromorphic plant species, fruit morph raas been reported to respond

plastically to changes in certain environmental condstifBaker and O'Dowd 198Rle

Clavijo and Jiménez 1998nbert and Ronce 20QLu et al. 2013HMandék and Pysek 1999
Sadeh et al. 2009). In contrast to the production of a fixadrfrorph ratio, a classical bet-

hedging strategy that significantly decreases the ariibmetan fitness in favor of a reduced

fitness-variation over timg¢ (Evans and Dennehy ﬂmﬁiippi and Seger 1989), such a plastic

regulation of fruit morph production may be advantageouausecthe loss in overall fitness
is probably less severe. We showed that in the case.adrabicum, the ratio of indehiscent
fruits increases under adverse growth conditions (@eifah, shading) (Figure 7 B, C). This
supports our previous idea that, with respect to life-hissirgtegy, the multi-seeded
dehiscent fruit morph that produces quick and uniformly germigaeeds represents a high-

risk strategy that only pays off under beneficial envirental conditiong (Lenser et al. 2016)

The single-seeded indehiscent fruit morph whose seeds sdletayed and fractionated
germination, on the other hand, was thought to represent-agk strategy to ensure survival

under unfavorable conditior]s (Lenser et al. 2016). In additmehiscent fruits exhibit less

seed mass as well as overall biomass compared to dehisgént If outer conditions are
hostile and resources are limited, an increased productiamdehiscent fruits thus likely
represents an adaptive advantage, also from an engrgegfective.

Plastic regulation of a phenotypic trait is only poksiib the environmental changes are, at

least to some extent, predictable through the presenceertdirc environmental cues

forecasting future conditions (Abley et al. 20{Bmons 201[L), and if a complex network

including molecular sensors, signal transmission and gegelatery pathways for the

detection of such cues is available. Fruit heteromorpkigmived many times independently

Cruz-Mazo et al. 20QfFernandez et al. 200)imbert 2002), raising the question as to how

such plasticity could emerge repeatedly. Shoot branchingigithasn response to various

environmental factors is well known (Domagalska and Leyser|f®drheau et al. 2015) and

there is at least some evidence that also the strehgtrmic dominance may be modulated

by temperature, light, and nutrient availability (Banget@®d). Based on our data, we thus

propose that in the case of Ae. arabicum, the preexisttgonk that regulates carpic
dominance has been modified to produce fruit dimorphisnith vihe underlying
environmental plasticity carried over into the productiérdionorphic fruit (Figures 7-10).

Dehiscent fruits are shown to develop preferentially undestirpromoting conditions while
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indehiscent fruits are primarily produced under growth inhipitmnditions. These parallels
in terms of environmental response are consistent witltas patterns of hormone response
and gene expression between primigenic dominance and fryghrdetermination. Dehiscent
fruits would thus be equivalent to normal dominant fruits, thed effect on indehiscent fruit
would be equivalent to the growth-inhibition normally obserredominated fruits. This is
consistent withle depressed growth rate and high abscission potential se@nimdehiscent
morph, similar to fruits undergoing correlative inhibitBangerth, 1989)There are two key
differences to standard carpic dominance in Ae. arabicuntlyFirsstead of variable growth
inhibition, indehiscent fruits undergo a precise levelgodwth inhibition that creates a
guantitatively distinct morph. Secondly, instead of catglabortion before abscission, the
indehiscent fruits retain a single viable seed. Indehidogihtherefore undergo a precise and
highly-specific developmental program that produces smaNiabte fruit. Interestingly, our
data on Ae. saxatile, an Aethionema species which indepdénéenived fruit dimorphism,
indicates thathis specific modulation of carpic dominance probably ewblaé least two
times independently. More research, also including morgtardly related di- or
heteromorphic species, is needed to investigate if attarafithe carpic dominance pathway

may be commonly found during the evolution of fruit hetesgwhism.

The molecular regulation of fruit morph determination

A clear challenge is to understand how changes in the cwpminance regulatory program
might lead to fruit dimorphism. Currently, due to theklad transgenic technology in Ae.
arabicum, functional data about the molecular regulatiofruitf morph determination are
limited to hormone application experiments (Figures 8, EQjthermore, at a mechanistic
level, carpic dominance is not well characterized in qgcies. Nevertheless, we can offer
some speculation, based on evidence derived from megswimmone and gene expression
levels (Figures 8, 9) and on the assumption that the regulaetwork controlling carpic
dominancses closely related to the shoot branching regulatory netwoidK®Y & Bennett, in

press) This hypothesis has been previously proposed because ofgssiRiilarities between

these phenomena in terms of auxin action and trangBargérth 198P) and is further

supported by the fact that both processes react in similgs Wwa environmental factors
Bangerth 200D0)

Consistent with previous suggestions, we propose that aereedscore pathway could

underlie all primigenic dominance phenomena (Bangerth, 1989; W&alIBennett, in press),
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including fruit morph determination in Aethionema specieshis Ibasic regulatory module,
high auxin export from developing organs leads to their gr@md dominance in the shoot
system and conversely low auxin export leads to inbibi{iBangerth, 1989). Low auxin
levels in flowers of the dehiscent compared to the indehisoenph (Figure 8) could be
indicative of this high auxin export, By comparison witiost branching, we propose that
low cytokinin and high strigolactone levels in indehisdenit might act to inhibit this auxin
export, thereby preventing the growth of the fruit. Whilaieect effect on fruit morph
determination of strigolactone was not observed (Figure 8&) gene expression analysis
(Figure 9) clearly points towards a temporally restricted/aabn of strigolactone signaling
during indehiscent morph development. Further experimentsjuding optimized
strigolactone treatments, will be required to understand uhetibnal relevance of this

signalling peak.

We propose that the key factor in generating the pretimerphism of Ae. arabicum fruits
may be the high expression of the. BRC1 transcrigaotor in indehiscent fruits (Figure 9A)
Recent data suggest that BRC1 is paridulimportant for generating the binary ‘switching’

behaviour of axillary buds, in which buds normally either aencompletely inhibited, or

become completely active. By contrast, brcl buds displeontinuous spectrum of activation

states in response to auxjn (Seale et al. ROBR1 expression in fruits might thus be

especially important for a producing a binary readout of hoaisignals, allowing robust

switching between fruit types, instead of a morpholdgamntinuum of fruit phenotypes

Lenser et al. 20165eale et al. 2017). As with shoot branching, the effect wkayin and

strigolactone on fruit development might also be grdieed through modulation of BRC1
expression. So far BRC1 has only been reported to plajearrthe repression of branching

and floral transition, with gene expression being exeéihg detected in dormant axillary buds

Aguilar-Martinez et al. 20QyNiwa et al. 201B). An intriguing possibility is therefore that

BRC1 has been specifically recruited to regulate fruit idgwveent in Aethionema species.
Examination of BRC1 expression in fruits of other Biesceae species could begin to test
this idea, and targeted gene knockout or overexpression analysAeBRC1 will be very

informative once technically feasible.

The exact role of ABA during the regulation of shoot bramghs not very well understood

Gonzalez-Grandio et al. 2013). It has been shown to act @mehimg repressor in several

species and has been implicated to play a role during shagense, possibly being
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controlled by auxin, BRC1, or a combination of bpth (Beganid Aldrich 199QChatfield et

al. ZOO(HEIiasson 197?rEmery et al. 1998Galoch et al. 1998Gocal et al. 1991Gonzalez
Grandio et al. 201Knox and Wareing 198fRuttink et al. 200[ITucker 1976). ABA is also

found in high concentrations in inhibited fruts (Banget©89), and we observed thatAe.

arabicum, ABA levels specifically increase in flowers of itigehiscent morph (Figure/®),
but that fruit morph ratio did not change in respons@Bé spray-application (Figure 8 B).
We thus propose that ABA does not determine fruit molpit,as in shoot branching acts
downstream of auxin (and possibly BRC1) to promote growth imdnibin indehiscent fruits.

Several studies indicate that crosstalk between auxincgokinin signaling is involved in

various aspects of fruit development, like apical/bpatterning of the gynoecium, regulation

of inflorescence meristem activity, and dehiscence zifferentiation [(Bartrina et al. 20]1

Marsch-Martinez et al. 201i&ehra and Franks 20[1Sorefan et al. 2009). Future research

will elucidate if on top of their role in fruit morph deion, auxin and cytokinin may also be

directly involved in morph differentiation. Cytokinifior example, is known as a positive

regulator of gynoecium size and ovule development (iBaret al. 201{1). It is thus tempting

to speculate that in Ae. arabicum, higher cytokinin levels dutetgscent fruit development
may be responsible for the increased final fruit sizelevlower cytokinin levels during

indehiscent fruit development may be involved in the prooéssed abortion.

Experimental procedures

Plant material and growth conditions

Experiments were conducted on Ae. arabicum (L.) A.DC. plaftacoession ES1020
(obtained from Eric Schranz, Wageningen), Ae. carneum (B&ni&ol.) B.F. plants of
accession KM2496, Ae. heterocarpum J.G. plants of accession KM2ADPe. saxatile (L.)
R.Br. plants of accession OSBU 95-0245-10-00 (all obtained fktems Mummenhoff,
Osnabrick). Plants were grown on soil under long-day conditf{16 h light/20°C and 8 h
dark/18°C) in a greenhouse. For comparative analyses oWwthenbrphs of Ae. arabicum
buds, flowers, or fruits were harvested either frolfid@der branches of plants that grew
undisturbed (indehiscent morph) or from the main brangilasits where all newly emerging

side branches had constantly been removed during plagiogevent (dehiscent morph).

Lignin staining and microscopic analysis
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Flower and fruit stages were fixed in FAA (2% formaldehyde, 346i@ acetic acid, 60%
EtOH, 0.1% Tween-20) at 4°C for 24 h, embedded in Paraplast Roth GmbH + Co. KG)

and sectioned at 8 pm thickness on a Leica RM 2145 microtbhe-sections were de-

waxed and stained for 2 min with safranin/astra blue (Sigmachld®orporation)| (Gerlach

1984), followed by microscopic analysis using a Leica DM5500 B as@mpe (Leica

Microsystems GmbH). The imaging process was managed usirigpitee Application Suite
V 4.4 software. Images of whole flowers and fruits were imequising a Leica M205 FA
stereomicroscope (Leica, Germany) employing the Maultifo module of the Leica
Application Suite software.

Pollen and pollen tube staining
To discriminate aborted from non-aborted pollen, maturbeastat the onset of dehiscence

were dissected from early flowers, placed in a drop of Aldeastaining solution (Alexander

1969) on a microscopic slide, covered with a coverslip semled with rubber cement

(Fixogum). Slides were incubated at 40°C in the dark faarithanalyzed with a Leica M205
FA stereomicroscope as described above.

Aniline blue staining of pollen tubes was performed essentiallyeasribed| (Ishiguro et gl.

2001). Flowers were collected and fixed in ethanol/acetic &Rifl) for 2h at room

temperature. After washing three times for 5 min. with degdhiHbO, pistils were dissected
from flowers and incubated in 8 M NaOH overnight. Pistilsenthen washed three times for
1h with deionized KO and incubated with aniline blue solution (0.1% aniline blue in 0.1 M
K2HPQOs-KOH buffer, pH 11) for 3h in the dark. The stained pistiexe placed in a drop of
glycerol on a microscope slide, covered with a coigerahd observed under UV light

excitation with a Leica DM5500 B microscope.

Analysis of ovule number

Flower and fruit stages were fixed in FAA (2% formaldehyde, 386i@ acetic acid, 60%
EtOH, 0.1% Tween-20) at 4°C for 24 h and washed three timbs/@# EtOH. Afterwards
they were cleared by incubating overnight in clearingit&m (2.5g chloral hydrate per ml
30% glycerol). For flower stages, outer floral organsewemoved under a stereomicroscope.
Cleared pistils were placed in a drop of glycerol on ierascope slide, covered with a

coverslip and observed with a Leica DM5500 B microscope.

Determination of fruit morph ratio and experimental growth treatments
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For calculation of fruit morph ratio, the number ollyuwoutgrown dehiscent and indehiscent
fruits on the main branch, of-brder branches, and on higher-order branch¥s(23¢ was
determined separately per plant. In case of Ae. carneamt @fchitecture did not allow the
clear distinction of a main branch and thus, onf{f &nd higher-order branches were
categorized. To exclude fruits that got aborted during dpweént, only those containing at
least one fully developed seed were included into the asals study the effect of auxin on
the “cutting-response”, all branches except for one 2"-order branch were removed from
plants (n=9/treatment). Blocks of 1.2% agar containing 0.1M SME2-(N-
morpholino)ethanesulfonic acid) buffer pH 5.8, 0.1% dimesulfoxide (DMSO) and the
synthetic auxin analog 2,4-D (Duchefa Biochemie B.V., The Nlethds) at a concentration
of O uM (control), 10 uM, or 1 mM, respectively, were inthia¢ely placed on top of the cut
surface of the main branch and covered with aluminium Aoftesh cut was made and a new
agar block was applied daily. To study the effect of defoliatal except for 10 leaves were
removed from the main branch at the onset of floweand all except for 3 leaves were
removed from higher-order branches! (2", and 3rd) once they started to flower (n=9
plants/treatment). For the shading experiment, plantd5treatment) were either grown
under full greenhouse illumination (~245 uE?®) or covered under a 2mm Makrolon®
slide (Kunststoffhandel Rexin GmbH, Germany) (~220 pEsW). For hormone application,
plants (n=10/treatment) were sprayed three times per weabkdeionized water containing
0.1% DMSO, 0.01% Silwet L-77, and 10 uM of the synthetic hoesat4-D (Duchefa
Biochemie B.V., The Netherlands), BAP (TCI Deutschland @ntbermany), ABA (Sigma-
Aldrich Chemie GmbH, Germany), or strigolactone GR24 (Chiral&. BThe Netherlands),
starting at the onset of flowering. Control plants wspeayed with the same solution but

without the addition of any hormone.

Measurement of hormone levels

Levels of IAA, cytokinins and ABA were determined and comgabetween buds, late
flowers and late fruits of both Ae. arabicum morphs. Cyiok were extracted in modified
Bieleski buffer (methanol/ water/formic acid, 15/4/1, viviging an internal standard of
stable isotopically labelled cytokinins (0.5 pmol of cytokinisd® ribosides, N-glucosides, 1
pmol of O-glucosides and nucleotides) and then purified usimgstid phase extraction
columns, a C18 octadecylsilica-based column (500 mg of sprApplied Separations) and

after that an Oasis MCX column (30 mg of mixed-mode sonméhtreversed-phase/cation-

exchange properties, Waters) (Antoniadi et al. §@dbrev and Kaminek 2002). IAA and
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ABA were extracted using an aqueous solution of methah®%( MeOH/HO, Vv/v)
containing 10 pmol ofHe]-(+)-cis,trans-ABA andCq]-IAA and purified using Oasis HLB
columns (30 mg mt, Waters)| (Flokova et al. 20[14). Levels of the cytokiniAg) and ABA
were determined by isotope dilution method using ultra high peaioce liquid

chromatography tandem electrospray mass spectrometrystaible isotope-labelled internal

standards used as a referepce (Flokova et al}[804¢nova et al. 201P).

Ortholog Identification
To identify orthologs of A thaliana genes in Ae. arabicum wdiegppphe method described

previously |(Lenser et al. 20[L6). In short, A thaliana query sequeves searched with

BLASTP [Altschul et al. 1990) against a plant-specific, cushoale protein database

Lenser et al. 2016). Results were filtered for having at 188% query coverage and

according to Rost (1999) to detect clearly homologous sequengesResulting sequences

were aligned using MAFFT version 7.03Tb (Katoh and Standley|2@1&)tomatic mode,

and alignments were inspected manually and trimmed using Jaleisiow 2.8[ (Clamp et g

2004). Final neighbor-joining phylogenies were constructed usinck@ee-SD|(Frickenhaus

and Beszteri 20Q8Howe et al. 200R) with 1,000 bootstrap samples and displayed and

midpoint rooted with FigTree version 1.4t&t@://tree.bio.ed.ac.uk/software/figtrie/

Gene expression analysis via quantitative RT-PCR

Total RNA from buds, flowers and fruits of the two morples extracted using QIlAzol Lysis
Reagent (Qiagen, Hilden, Germany). Extracts were digestdd n@combinant DNase |
(Roche, Mannheim, Germany) followed by RNA clean-up using RNEH&syspin columns
(Qiagen, Hilden, Germany). RNA integrity was analysed usind’taet RNA Nano assay of
a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, \C34)\) and absence of genomic
DNA was tested by PCR using primers designed to amplify tlaeIlNB gene (Table S2).
cDNA synthesis was performed on 500 ng of DNase | digested WiNATranscriptor RT
(Roche, Mannheim, Germany) using oligo(gbTprimers. Quantitative RT-PCR reactions
were performed in triplicate on an Mx 3005P cycler (Agileetfnologies, Santa Clara, CA,
USA) using the Maxima™ SYBR Green/Rox gPCR Master Mix (2x) (Thermo Fisher
Scientific, Waltham, MA, USA) with 1 pl of 1:5 diluted cDNA as template and 0.3 puM of
forward and reverse primer (Table S2). The following tlenonofile was used: 95°C for 10

min, 40 cycles of 95°C for 15 sec, 63°C for 30 sec, and 72f@0dosec. Raw data were

4

analysed using LinRegPCR (Ramakers et al. gBdter et al. 200P) to obtain sample C
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values and PCR efficiencies (E) for each primer pairv&lues for triplicate reactions were
averaged and relative quantities of expression for each were calculated as @& "Crso),
where Cal is the sample with the lowest\@lue i.e. the highest expression level and SOI is
the sample of interest. For normalisation, relative tjties of expression were divided by the
geometric mean of the relative quantities of expressidnthree normaliser genes
(AA53G00443, AA118G00007, AA75G000¢4whose expression stability throughout all

relevant tissues had been determined beforehand using géMansesompele et al. 2002)

Accession numbers

Sequence data from Ae. arabicum can be found in CoGe database

https://genomevolution.org/coge/under the following accession numbers: AearBRC1
(AA26G00528); AearCKX5 (AA31G00410); AearCKX7 (AA8G00229); AearIND
(AA32G00014); AearMAX1 (AA32G01051); AearMAX2 (AA21G00053); AearMAX3
(AA21G00246); AearMAX4 (AA590G00001); genes used for gRT-PCR normalizatio
(AA53G00443; AA118G00007; AA75G00044).
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Figure S2: Comparative analysis of dehiscence zone patterning duringléulopment.
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Figure S3: Change of fruit morph number in response to auxin treatnaefoliation and

shading.

Figure S4: Change of fruit morph number in response to spray-tredtwih synthetic

hormone solutions.

Figure S5:Phylogenies of Ae. arabicum orthologs of A thaliana genes.

Figure S6: Change of fruit morph number of different dimorphic Aethioaespecies in
response to spray-treatment with synthetic hormone so4iti

Table S1:Species abbreviations used during phylogeny reconstruction.

Table S2:Overview about primers used for quantitative RT-PCR analysis

Figure legends

Figure 1: Fruit development in Ae. arabicum.Two distinct fruit morphs develop from Ae.
arabicum flowers: a larger, dehiscent (C-F) and a smaiigehiscent morph (G-J). However,
in buds (A) and early flowers (B) phenotypically only agée morph can be recognized. First
morphotypic differences only become apparent in latedig two days after anthesis, when
fast fruit growth becomes visible in flowers producing deént fruits (C) while fruits remain
concealed by outer floral organs in flowers producing indehisfruits (G). Three to four
days after anthesis, outer floral organs are shed danty fruits of both morphs (D, H) and
fruit growth proceeds for approximately another week dniits reach their final size (E, ).
Afterwards, fruit maturation continues until approximatd/ days after anthesis, fruits are
completely dry and readily open (F) or abscise (J) upenhanical stimulation. Scale bars

represent 1 mm.

Figure 2. Comparative analysis of pollen viability and pollen tube growth.Different
parameters related to fertility have been comparativeblyaed in early (A-F) and late
flowers (G-H) of the dehiscent (A,C,E) and indehiscentpihgiB,D,F-H). No morphotypic
differences with respect to abundance or stainability 8éparains could be detected when
mature anthers at thmset of dehiscence were treated with Alexander’s stain (A,B). Aniline
blue staining (C-H) revealed no difference in pollen tubewtin (C,D) and in addition
showed that pollen tubes in both types of flowers grew towardee than one ovule
(indicated by white arrows in E,F), even though indehistreiis are known to develop only

one ripe seed. In late flowers of the indehiscent monphane of the ovules showed obvious
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growth indicating seed development (indicated by whitevesrin G,H). Since the internal
position of this developing seed varied between differlemtelrs, the decision which of the

ovules will develop further seems to be positionally indepeinde

Figure 3: Fertilization capacity of pollen and parthenocarpic fruit development.A: Pie
chart showing total numbers of dehiscent fruits (dark greygehiscent fruits (white), not
fully developed fruits (mid grey), and early aborted fr(light grey) developing from pistils
that have been hand-pollinated with pollen derived fraawdkrs of the dehiscent (left) or
indehiscent (right) morph, respectively. No morph specifitecéhce in fertilization capacity
of pollen can be detected. B: Bar chart depicting theepgage of flowers that show fruit
development after emasculation treatment. 15 flowerthi@e branches were emasculated on
five normally growing control plants (m) and five plants where all other branches and floral
structures had been removed by cuttiag.(Error bars represent standard deviation. C: Fruit
pictures showing a typical fruit of the indehiscent (teft) and dehiscent (top right) morph
and a continuum of parthenocarpic fruit phenotypes dewgjopn one exemplary plant
undergoing the “cutting treatment” as described in B. D-E: 8 pum cross-sections of
parthenocarpic fruits at the valve-replum border sthiwith safranin and astra blue, which
stains lignified cells in red and non-lignified cells in bludio®n are exemplary pictures
indicating that parthenocarpic fruits can belong to bttk dehiscent (D: dehiscence zone

present) or the indehiscent (E: dehiscence zone absemf.mo

Figure 4: Timeline of ovule reduction during fruit development. A: Bubble chart
depicting the reduction of ovule/seed number during the dewednt of dehiscent (left side)
and indehiscent (right side) fruits of Ae. arabicum. The sif each bubble is proportional to
the number of biological replicates it represents. Twdmnological replicates have been
scored per stage. B-K: Representative pictures of diffeseages of development towards
dehiscent (B-F) and indehiscent (G-K) fruits that hagerbcleared with chloral hydrate. If
present, outer floral organs have been removed. Sheavhuals (B,G), early flowers (C,H),

late flowers (D,l), early fruits (E,J), and late fau{f,K). Scale bars represent 500 pum.

Figure 5: Comparative analysis of internal tissue patterning during fruit development.
Shown are 8 um cross-sections of buds (A,G), earlyeitewB,H), late flowers (C,1), early
fruits (D, J) and late fruits before (E,K) and aft€tL) the onset of lignification. Sections

have been treated with safranin and astra blue, which digmiged cells in red and non-
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lignified cells in blue. The distinct stages depict the dgaralent towards dehiscent (A-F) or
indehiscent (G-L) fruits, respectively. First differendesween the morphs become apparent

in the late flower stage. Scale bars represent 200 pm.

Figure 6: Fruit morph decision happens in early flowers.A: Bar chart showing that the
ratio of dehiscent (dark grey) and indehiscent (light grieyis produced on -order
branches is gradually reversed in response to the remioamliocreasing number of branches
from the plants (a: plants grow undisturbed; b: removahaih branch; c: removal of main
branch and all Sorder branches; d: removal of all branches exceptfifer 2"-order
branches; e: removal of all branches except for 8kerdler branch). Shown is the fruit ratio
in percent £ standard deviation. When high-stringency cutsirgpplied to different floral
stages growing on"%order branches, it is shown that this treatment is &blcompletely
reverse the fate of buds and of approximately 70% oy élawvers (B,C,E). This indicates
that although the same structures would develop into indehisoés if grown undisturbed
(control charts in E), their fate to become the onetber fruit morph is not yet determined
and can be influenced by certain factors. At late flowagest, however, the fate already
seems determined and only indehiscent fruits are producgutel®f the cutting treatment
(D,E). Numbers within the pie charts represent the absolutger of dehiscent (dark grey)
or indehiscent (light grey) fruits developing from thespective developmental stages in
response to high-stringency cutting or on non-cut copleoits. gqRT-PCR data on AearIND
gene expression (F) shows that differential expressitwele® morphs is only detectable after
(flowers) but not before (buds) fruit morph determinationov@h is the mean relative
expression of four biological replicates * standard dewiatSignificant differences between

the two morphs are indicated by asterisks (** P <0.01).

Figure 7. Change of fruit morph ratio in response to auxin treatmat, defoliation and
shading.Bar charts comparing the fruit morph ratio between urdceabntrol plants with A:
plants where all branches except for ofig¢d2der branch have been removed and different
concentrations of the synthetic auxin 2,4-dichlorophentety@ acid (2,4-D) have been
applied to the cut surface; B: plants that underwent a d&olitreatment; C: plants grown
under shade conditions. Shown is the ratio of dehisaark (grey) and indehiscent (light
grey) fruits produced on a singlé®drder branch (A) or throughout the whole plant (B, C)
with individual scoring of fruit numbers on the main tirh, F-order, and higher order

(2"+3%) branches, respectively. Error bars represent standaiatida from n=9 (A, B) or
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n=15 (C) plants per treatment. Significant differencesamparison to the control group are
indicated by asterisks (* P <0.05; ** P <0.01).

Figure 8: Role of plant hormones in fruit morph formation. The role of plant hormones
during fruit morph formation has been analyzed A: by coatpaaly measuring hormone
levels in buds, late flowers and late fruits of thaisleent (dark grey) and indehiscent (light
grey) morph, respectively, and B: by determining the fruitphaatio of plants spray-treated
with 2,4-D (synthetic auxin 2,4-dichlorophenoxyaetic acidBAP (cytokinin 6-
benzylaminopurine), GR24 (synthetic strigolactone analogAB} (abscisic acid) and only
the plain spraying solution (Control). Error bars represtandard deviation from n=3
biological replicate samples per developmental stageo(A)=10 plants per treatment (B).
Significant differences between morphs (A) or in comparito the control group (B) are
indicated by asterisks (* P <0.05; ** P <0.01).

Figure 9: Expression of shoot branching regulatory genes during Aearabicum fruit
development.Comparative gene expressianalysis of genes involved in the regulation of
shoot branching between different stages (buds, late flowdrfaits) of the dehiscent (dark
grey) and indehiscent (light grey) morph by gRT-PCR. Redatxpression levelare shown
for the ortholog of the central branching repressor.dahéliana AearBRCL1 (A), two putative
cytokinin oxidases/dehydrogenases AearCKX5 (B) and AearCKX7and four genes whose
orthologs are involved in strigolactone synthesis Ae@M(D), AearMAX2 (E), AearMAX3
(F), and AearMAX4 (G). Error bars represent standard dewmiafrom four biological
replicates per stage. Significant differences betweevtb morphs are indicated by asterisks
(* P<0.05; ** P<0.01).

Figure 10: Role of plant hormones in fruit morph formation of different dimorphic
Aethionema speciesThe role of plant hormones during fruit morph formatloes been
analyzed for Aethionema carneum (A), Aethionema heterocarpum (B),Aathionema
saxatile (C). Shown are pictures of the dehiscent (leff)iadehiscent (right) fruit morph as
well as bar charts depicting the fruit morph ratio of tdaspray-treated with 2,4-D (synthetic
auxin 2,4-dichlorophenoxyaetic acid), BAP (cytokinin 6-beamyhopurine) and only the
plain spraying solution (Control). The ratio of dehisceddrk grey) and indehiscent (light
grey) fruits has been determined individually on the maamdin (only B and C), Storder,

and higher order {2+39) branches, respectively. Scale bars represent 1 mrar Bars
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represent standard deviation from n=10 plants per treatn@gnificant differences in

comparison to the control group are indicated by asterisks (* P <0.05; ** P <0.01).
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