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Abstract

Allopolyploidy is particularly widespread among flowering plants and have played an
important role in speciation and diversificatioh species Allopolyploid species generally
show larger distribution than their progenitofglopolyploidy combines hybridization and
whade-genome doublingboth of which lead to substantial genomic and epigenetic changes
and aremajor activators of transposable elements (TH®w allopolyploidizationand the

genomicchangedollowing it affectthe evolutionary historgf species remainsglear.

The main objective of this thesis wasinoestigate the role of allopolyploidg the evolution

of species genome, distribution and ecolo@fe study was based on a model system
composed of four allopolyploidild wheatspeciesAegilops crassa(DDMM), Ae. cylindrica
(DDCC), Ae. geniculatg UUMM) and Ae. triuncialis(CCUU) that derived from the diploids
Ae. caudata(CC), Ae. comosgMM), Ae. tauschii(DD) and Ae. umbellulata UU). Wheat
species have a complex evolutionary history with recurremhoptoid and polyploid

hybridization events as well as complex genomes filled with up to 90% of TEs.

The evolutionary origisand phylogeographic structuoé diploid and allopolyploidAegilops
specieswere assessedacross the species distributiamsing hidy-throughput amplicon
sequencing of30 nuclear markersand Sanger sequencing d plastid markers.The
allopolyploids likely appeared during glacial periods and have rapiepanded their
distribution after the Last Glacial Maximunmabout 10000 years agolnvestigation ofTE
dynamicsusing fingerprinting assay®r six TE familiesshowedoverall randomactivity of

TEs across allopolyploid species rangesyeverwith locatedreactivation ofTEs along the
BalkanrAnatolian suture zone and at the species eamgrginsfor Ae. cylindricaand Ae.
triuncialis. Finally, the ecological niche dynamics of the allopolyploids were inferred based
on the modelled niches of their diploid progenitastgngordination technique. The ecological
niches of the allopolyploidsevr € mai nly similar to tnibhes addi t
although with a slight niche expansion toward more temperate climébese results,
combined with the phylogeographic inferences, suggestedatiogiolyploidy conferred a
broader ecologicahmplitude and higher genomic plasticdgmpared tadiploids, enabling

speciedo expandsuccessfullyithout the need to shift their niche

The allopolyploid Aegilopsspeciesoffered a unique opportunity to address the irgn
impact of allopolyploidy on species evolutignwhich reported genetic and ecological

additivity of their diploid progenitorenabling species to rapidly expand their distribution



Keywords: allopolyploidy, Aegilops high-throughput amplicon sequencinggticulate
phylogeny, phylogeography, LTR retrotransposons dynami&SAP, ecological niche
dynamic



Résumé

Léall opol ypl oidpue, notamment r®pandue chez |
spéciation et la diversification des espéces. Les especes allopolyploides aaiteude

di stribution souvent plus | arge que | eurs pr
et doublement du génome, activateurs majeurs des éléments transposables (ETs) et qui
entrainent des changements génétiques et épigénétiques consequentsmentC

| 6all opol ypl opdi zati on et |l es changements (

évolutive des espéces restent obscures.

Léobjectif principal de cette th se est do®t
génome, de ladistibt i on et de | 6®col ogi e des esp ces.
de blé sauvage allopolyploideAgegilops crassaDDMM), Ae. cylindrica (DDCC), Ae.
geniculata(UUMM) et Ae. triuncialis(CCUU) qui ont dérivé des diploidé®. caudatdCC),

Ae. conosa (MM), Ae. tauschii(DD) and Ae. umbellulata(UU). Les blés ont une histoire

®vol utive compl exe avec des ®v ®nement s r e

all opolyplopde ai nsi gue des g®nomes compl ex

Les origines évolutiveet | a structur e phylAzegldpsdigloidepet i qu e
all opolyplopudes ont ®t ® ®tudi ®es ~ travers |
massi f déamplicons de 30 marqueurs nucl ®air
chloroplastiques. Les allopolyploides seraient apparus durant les périodes glaciaires, ayant
rapidement élargit distribution apres le dernier maximum glaciaire, il y a envird@0Lans.

L6®t ude de |l a dynamigue de si x tef§ moculaiteeas do6E"-
rv®|l ® une activit® al ®atoire des ETs ~ t roa
r®activations | ocal es do6ETs-Anatolie etiem madge del a z o

distribution cheze. cylindricaet Ae. triuncialis La dynamique de niche écologique chez les
allopolyploides, inferrée sur la base des niches de leur progéniteurs diploides via la technique
déordinati on, a r®vwe ® des niches gl obal eme
avec une légére expansioa diche vers des climats plus tempérés. Ces résultats, combinés
aux inf®rences phyl og®ographi ques, sugg rent
amplitude écologigue et une plus grande plasticité génomique comparée a la diploidie,

permettantaue sp ces doé®tendre | eur distribution sa

Les e s fAegidopssal Hé6pol ypl opdes ont of fert | 6opp

| 6i mpact ) l ong terme de | 6all opolyplopdie



allopolyploides étudiés une additivité génétique et écologique de leur progéniteurs diploides
permettant © ces esp ces doé6®tendre efficacem
Mots clés: allopolyploidie, Aegilops s®quen-age haut d®bit do

réticulée, phylogéographie, dynamique des rétrotransposons LTR, SSAP, dynamique de niche

ecologique



Abbreviations

AFLP amplified fragment length polymorphism
LGM last glacial nximum
LTR-RT long terminal repeattrotransposon

MCMC Markov chain MonteCarlo

MSC multispecies coalescence

PCA principal component analysis

PCR polymerase chain reaction

SSAP sequencespecific amplified polymorphism

SsiRNA smallinterferringribonucleic acid
TE transposable element

WGD whole-genome dplication
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General introduction







Introduction

Role of polyploidy in species evolution: a lelegm debate

Polyploidization or whok genome duplicedn (WGD), hasfirst been described about a
century agqStebbins, 1940andis since recognized as a powerful mechanism of speciation
and diversification, especially among flowering plafitsvin, 2002; Woocet al, 2009; Jiao

et al, 2011) Polyploidy indeed seems recurrent within the Angiosperms, which experienced
at least two rounds of ancient polyglmation events (paleopolyploidizatippredatingtheir
origin and radiatbhn (Jiaoet al, 2011; Van de Peast al, 2017) About 15 % of therecent
speciation eventamong Angiospermare estimated to bassociateavith polyploidy (Wood

et al, 2009) Despite playing an important role in the evolution of plants, the question of
polyploidy as an evolutionary advantage or as a hindrance still raisestimjng and
animated debatg$tebbing 1971; Mayroseet al, 2011; Arrigo & Barker, 2012; Soltist al,
2014) The main argument for polyploidy as a hindrance came from Stef@$@4)who
postulated that even though polyploidy may initially confer advantagbaditimited log-

term evolutionary potentiadnd did not contribute tepeciesdiversificationunlike diploids.
Stebbinsd assumpt iaspolyplidybeinhaam ewlutionarg fleedgndhad t o
hypothesis supported by phylogenetic inferences in Mayebsd (2011) and Arrigo and
Barker(2012) However, most (if not all) living organisms are thought to havéegoneat

least one polyploidizatiorventincluding the most diversified plant phyleghe Angiosperms
(Van de Peeret al, 2017) Recurrent WGD may have produced particular genomic
combinations that generated evolutionary novelieisgadvaitageous for species evolution

or adaptationand thereby serving as a catalyst for species diversificéfohis & Soltis,
2016)

The majority of polyploid species identified ar allopolyploids. In contrast with
autopolyploids that form within or among populations of the same species, allopolyploids
involve hybridization between two distinct species followed by WGD. Even though many
autopolyploids probably remain cryptic due toeit morphological similarity with their
progenitors, allopolyploidy is particularly recurrent and widespread among sfgtabbins,
1950; Grant, 1981)

Impact of allopolyploidy on nascent species establishment (revolutionary changes)

Allopolyploidy may ke considered as a hindrance to the establishment of species as it induces

epigenetic instability or changes in the dosage of maternal and paternal geQmmes,



2005) However, allopolyploidy also confers evolutionary advantages such as masking of
deleterious alleles through gene redundancy and permanent fixation ofiirdliu al 0 s
heterozygosityComai, 2005) The genetic divergendeetwe@ al | opol ypl oi ddés p
indeed favour the pairing of homologous chromosomes (i.e. difpk@dlisomic inheritance)

while preventing homeologous pairing (intergenomic recombination). This fixed
heterozygosity increases the individual fitness, aldolce d A hybri d vigor o o
mai ntaining the allelic variants from the &
deleterious alleles. Allopolyploidy is often associated to a selfing reproductive regime, which
increases the effect of heteidut also prevent the nascent allopolyploid individuals to
backcross toward their progenitors, thus avoiding reproductive competition with their

established progenitofse. minority cytotype disadvantage; Levin, 1975)

Allopolyploidization induces a genome reorganization (Figure 1) due to genomic
incompatibilities betweeh he progenitorsdé genomes merged t

positive or deleterious effect on the allopolyploj@®mai, 2005)

Diversification

Conversion

Chromosomal G <
rearrangements enetic

. " changes
DNA loss

Activation of
transposable
elements

B Epigenetic

Chromatin -
changes

remodelling

Methylation

Figure 1. Main features of genome reorganization after allopolyploidization events.
Figure taken from Tayalé and Parisod (2013).

These changes includgructural changes, with elimination &NA sequences and gene

losses through chromosomal rearrangements, and functional changes such as methylation
repatterning that regulates gene expresésmitis & Soltis, 1999; Levin, 2002; Doyt al,

2008; Tayalé & Parisod, 20133uch genome reorganization, commonly observed in the first
generations after allopolyploid formation, highlight departure of allg@oigt genome from

the expected addition of progenitorsoé genomi



genome downsizing, i.e. decreased genome size as compared to the addition of its
progeni t or s dLeitgheé&n Benmett, 2004 yAkopolyploid genomes are typically
mainly filled with transposable elements(TEs) whose agvation following
allopolyploidization(Parisod& Senerchia, 2012jnay lead tosubstantiaktructural changes

contributing to the increase or decrease of allopolyploid genome sizes.

TEs are repetitive DNA fragments whasein function is to transpose themselaesoss the
species (O6hosrans pgoesneo meh r oTubgelp desit tlde rmea@ h& oD p |
retrotranspoandpaisst)e 00 rmeac himcnu ts (Wicker et &,.2007)r ans p o
TE copies constitute the most dynamic part of the genome and contribute to genome size
increasgFedoroff, 2012)representing up to 9% of allopolyploid genomes and especially of

crops (Tenaillon et al, 2010; Brenchleyet al, 2012) Bursts of TEs following
allopolyploidizationdrastically affect the structure of allopolyploid genome, with a dynamic
balance between increased genome size due to TE transposition aabse@gagenome size

due to TE elimination by the host species. Allopolyploid species limit TE proliferation either
through substantial structural mechanisms such as chromosomal rearrangements or through
epigenetic mechanisms such as TEs silencing bycthiglasmic small interferingRNAs

(SiIRNAS).

The maternallyinherited siRNAs have evolved jointly with maternal TE copies but not with
the paternal TE copies present in the allopolyploid individuals. The siRNAs might not
specifically recognize paternal TE cepj as they come from a paternal species that is
genetically divergent from the maternal species (qualitative differences), and may fail to
silence these copies that can thus proliferate. Some studies indeed seem to highlight a higher
TE proliferation of @ternal copies as compared to the maternal c¢piesenstiel & Hartl,

2005) In addition, the number of TEs copies may differ between paternal and maternal
genomes (quantitative differences) also leading to imbalance between siRNA aifthelEs
genome shock hypothesis; Parisod & Senerchia, 20b2) general trend veard genome
downsizing following early generations in synthetic allopolyploids and natural populations
suggests that despite TE proliferation, copies are immediately regulated through TE deletion
during the formation of allopolyploids before genome stabdliafter few generatiorfgilam

et al, 2008; Haet al, 2009) Hybridization appearto have a higher ipact on TE activity

than polyploidyper se(Ainoucheet al, 2009) which may be du& genomic and epigenetic
incompatibilities betweeprogenitor divergent genomes under the genome shock hypothesis

(Senerchiaet al, 2015, 2016) To what extent the genetic divergence between progenitor



species can predict the intensity of the genomic conflicts ehdnges following

allopolyploidizationremains unclear.

Impact of alopolyploidy on longterm species evolution (evolutionary changes)

While the immediate effects of allopolyploidy have been extensively studied, mostly through
synthetic neeallopolyploids(Liu et al, 1998; Gaetat al, 2007; Petiet al, 2010)or natural
necallopolyploids(Ainoucheet al, 2009) the longterm impact ofallopolyploidy on species
evolution have unfortunately been poorly investigated. Allopolyploid species may indeed
evolve changes during theswolutionary history that are not due to allogdtydy per se but
instead facilitated by their allopolyploid state. Fixed heterozygosity and gene redundancy
confer to allopolyploids the advantage of recruiting and modulating the expression of
diversified gene duplicates in tin{Elagel et al., 2008pr in different tissueg¢Adams et al.,

2003; Adams & Wendel, 2008hrough gene subfunctionalization, i.e. the partitioning of
ancestral gene function between duplicates.

Gene subfunctionalization can imply transient epigenetic mechanisms silencing only one of
the homeolgous gene copies, whose function is complemented by the other copy, or affect
both copies. Duplicated genes can lose their initial function (pseudogenization), which might
affect the ecological speciation of the allopolyploid. Pseudogenization occur when gre
inactivated through genetic changesilfstitutions insertions or deletions) or epigenetic
changes, or eliminated through structural rearrangements. On the opposite, duplicated genes
can acquire new functions (neofunctionalization), thereby dfyerg gene functions and
subsequently foster diversification of species and of its ecologidalance New gene
functions can be further recruited by natural selection to improve allopolyploid individual
fitness. Several studies pointed out gene familieat seemed specifically retained in
allopolyploids and particularly sensitive to genome dog&genon & Wolfe, 2007; Freeling

et al, 2012; Pireset al, 2016)or genetic changes asymmetrically affecting genes copies
either from paterna{Shakedet al, 2001)or maternal subgenom@inoucheet al, 2009)
However, the frequency and distributiohgenetic novelties and their relative impact on the
evolutionary success of allopolyploid species remains unclear. On thdelomggenome
redundancy can potentially slow down spede®rsificationandadaptationasit dilutes the
effectsof new mugtionsincluding thatof beneficial mutationsascompared to diploidéOtto,

2007) On the other hand, genome redundancy provide a high amount of genomic material to
accumulate mutations that can further be recruited by the polyploid to rapidly adapt (e.g. to

environmental sesses). Although deleterious mutations can also accumulate, allopolyploidy

6



reduces the incidence of homozygous receg€iaenai, 2005) The question of evolutionary
success of allopolyploid species due to allopolyplgdy seor to the longterm evolution of
allopolyploid genome remains opédoltiset al, 2016)

Impact of allopolyploidy on the ecology of species

Allopolyploid species generallhsow | ar ger geogr aphi cal di stri
distribution which may resultfrom higher dispersalbilities of allopolyploids. Allopolyploids

typically exhibit higher genomic plasticity than their progenitors as a result of gene
redundancyand fixed heterozygosity, as well as increased phenotypic plasticity, which may
further facilitate species range expansion and colonization of new haheats, 2002; te

Beestet al, 2012) Large distribution of allopolyploids may indeed results from a wide range

of ecological tolerance combii n g bot h pr o ¢@tto i&tVhittans 2008)c ol o gy
Combination of high genomic plasticity and broad ecological tolerances potentially enabled
allopolyploids to survive drastic environntahchanges, as suggestedthg high frequency

of polyploid species whose ages were estimated around the Cretdlcerbiasy extinction

mass period, i.e. about @billion years agqFawcettet al, 2009; Soltis & Burleigh, 2009)

By facilitating spea@s expansion, wide ecological amplitude and phenotypic plasticity also
confer to the allopolyploids a high potential of being invagR@nditet al, 2011; Hahret al,

2012; te Beesttal., 2012)

During their lifetime, allopolyploids may also evolve genetic novelties. Whether genetic
novelties acquired during the evolution of allopolyploids underlie the ecological novelties
remains to be investigated. Furthermore, allopolyploids aftenv recurrent and independent
origins (Soltis & Soltis, 2009) Multiple origins nd only increasehe initial genetic diversity

of nascent allopolyploids but it is also suggested to enhance ecological amplitude of
allopolyploids(Meimberget al, 2009) Whether independent origg within an allopolyploid
species give rise to lineages that are cryptic and/or locally adapted to different ecological

nichesremains an open question.

Allopolyploidy has mainly been investigated under the scope of genetic and epigenetic
changes and tlre consequencesn species evolution. However, studies focusing on the

impact of allopolyploidy on species ecology are relatively (&a&msey & Ramsey, 2014)
Allopolyploid species were initially identified by their intermediate morphology as compared

to their progenitorsd morphol ogy, and furthe
ecological requinments to that of their progenitors. Allopolyploids actually exhibit a mixture

of their progenitor s 0(Saiset @,h20604)dHgweeen polyploilda r a c t «

7



species generally exhibit bigger cell, stomata and pollen sizes than their pnay@tatosey

& Schemske, 202; OrrWeaver, 2015) These morphological changes, which occur
immediately following allopolyploidizationlikely affect the individual fithess and adaptation

to its local environment. In particular, allopolyploids have less numerous but bigger stomata,
which reduces water deficiency and enable plants to be adapted to harsher environments and
extreme climate compared to their progenitor spefiesin, 2002; te Beestt al, 2012)
Polyploidy was also suggested to increase in frequency with lat{8tbbins, 1971)
Allopolyploid species can possibly extend or shift their ecological requiremewardo
harsher conditions compared to their progenitor species. However, many polyploid plant
species are also found in lower latitude and warmer climate, with distribution more or less
overlapping that of their progenitorsuch as théegilopsspeciegvan Slageren, 19940
what extent the ecology of all opolypl oi ds

ecology or results instead from a shift of their ecology from thigiadds unclear.

The Aegilops species: a wsliudied but complex diploidllopolyploid system

The Triticeae tribe represents an ideal model system to investigate the consequences of
allopolyploidy. Several species of this tribe have been sequefiottnational Wheat
Genome Sequencing Consortietmal, 2013; Middletoret al, 2014; The International Wheat
Genome Sequencing Consortium (IWGS®Cal, 2014)and studied for their agronomic value

as they include major crop species. In ipatar, the wild wheat#\egilopsspeciescomprise

many allopolyploid species, among which we focused on four species whose diploid
progenitor species have been confidently identi{iBddaevaet al, 2002, 2004)and that
showed multiple origingMeimberget al, 2009)

The Aegilops species(Poaceae) are annual and predominantly selfing species comprising
diploid, tetraploid and hexaploigscies that are mainly distributed across the Mediterranean
basin and the Iraffiuranian regior(van Slageren, 1994They are mainly found in open and
disturbed habitat§Eig, 1929; van Slageren, 1994; Kiliat al, 2011) Two allopolyploid
speciesAe. triuncialisand Ae. cylindrica have also been reported invasive or with a weedy
behaviour in North Amerg, i.e. outside of their native distributigman Slageren, 1994;
Lyons et al, 2010) The genomes oAegilopsspecieswere defined based on their meiotic
behaviour in hybrid crossing&Kihara, 1954; Kimber & Tsunewaki, 1988and can be
classified under the followingytogenetic karytypes: M, C, D, UN, T or S genome (Table

1).



Table 1: Overview of Aegilopsspecies and of their genome composition, modified from Kiliaet al. (2011) Species sections are given according to van
Slageren(1994) Genomic formulas of species are indicated into brackets, with the maternal gendenknedfor polyploids, following Kimber and

Tsunewaki(1988)
) ) , Diploid Tetraplad Hexaploid
Aegilopsinfrageneric taxon Species Species Species
Aegilops Ae.umbellulatazhuk. (9)] Ae.biuncialis Vis. (UM)
Ae.columnariszZhuk. (UM)
Ae. geniculataRoth (UM)
Ae. kotschyBoiss. (Uus
Ae. neglectaubp. neglecta (UM) Ae. neglectaub®. recta (UMN)
Req. ex Beol. Req. ex Bertol.
Ae. peregringHack. In J. Us)
Fraser) Maire et Weiller
Ae. triuncialisvar. triuncialis (Uc)
Ae. triuncialisvar.persica (Uo
(Boiss.) Eig
VgrtebrataZhuk. emend. Ae. tauschiCoss. (D) Ae: crassashsp. crassgd4x) (DM) Ae: crassaubsp.crassa(6x) (DDM)
Kihara Boiss Boiss.
Ae. ventricos& ausch (DN)
Ae. vavilovii(Zhuk.) (DMS)
Chennav.
Ae. juvelanigThell.) Eig (DMU)
gﬁ:ﬂﬂd”cum(‘]aw' eBpach) Ae. caudatd.. © Ae.cylindrica Host (BC)
gﬁlzrllopyrun(Jaub. et Spach) Ae.comosaSm in Sibth. et Sm. (M)
Ae.Uniaristata Vis. (N)
Sitopsis(Jaub. et Spach) Zhuk ég.bmorms(Forssk.) Jaub. et (&)
Ae.longissimaSchweinf. et S)
Muschl.
Ae sharonensi€&ig (s
Ae. searsiFeldman et Kislev ex (S
Hammer
Ae. speltoide Tausch (S)
Subgenug\mblyopyrum Ae. muticaBoiss) Eigs (M




The Aegilops species have evolvedhrough recurrenthomoploid hybridization and
allopolyploidization events. Numerous studies have investigated tiphylogenetic
relationshipsamongthe Aegilopsand Triticum species(Peterseret al, 2006; Kawahara,
2009; Baumet al, 2012; Marcusseet al, 2014; Bernhardet al, 2017) However, these
studies were mostly based on chloroplastic markers, wdnthreflect the evolution of the
maternal lineageand thus does not hold genomic footprints of hybridizatRimylogenies
inferred from nuclear data remains scarce, a few studies using one to t¢edo€&leterseat

al., 2006)or limited sampling of taxée.g. Marcussemet al, 2014) Both chloroplastic and
nuclear phylogenies inferred to date showed conflicting topologisgecially with the
placement oAe. speltoidesr Ae. muticaPeterseret al, 2006; Baunet al, 2012; Bernhardt
et al, 2017) thus calling forphylogenetic stdies based onsufficientnumber of taxandof

nuclear markers

All allopolyploid species were formed from diploid species having either the UAge.
umbellulatg or the D genome (i.&e. tauschji, with recurrent homoploid hybridizations also
occuring among allopolyploids sharing one of these two genomes. Such biased recurrent
hybridizations among allopolyploid species thus left the common U or D genome mainly
unaltered as they have been evolving through homologous recombination, hence called
Apitwd genomesodo, whereas the other genomes
different and thus evolved through homeologous recombination that structurally and
epigenetically altered t he nfZohaly&reldmanc 062] e d
Feldman & Levy, 2005)

Genomic recombinationsnpact the dynaness of TEs by deleting copies whereas epigenetic
changes alter silencing of TE, which can bergjmessedSenerchiaet al, 2016) TEs
compose almost 90 % of theegilopsgenome(Tenaillonet al, 2010; Luoet al, 2013)and
are mainly represented by lotgrminal retrotransposon (LFRT) families in thisgenus
(Sabot & Schulman, ZIB). Recurrent allopolyploidizatiorand homoploid hybridization
among allopolyploidAegilopsspecies show to massively affect the expression and adagivity
TE copies(Ozkanet al, 2001; Kashkusket al, 2002; Senerchiat al, 2014, 2015, 2016)
Investigation of several LTIRT families among four allopolyploidegilopsspeciegevealed
differental evolutionarydynamicsof TE copies among the speci&enerchieet al, 2014)
Some LTRRT families showed uniform trends of proliferation (iRBARE] Romanj or
quiescence (i.eEgug Nusif), but specific families revealed specmsecific trends (i.e.

Sabine Xalay. TE dynamicsalso differed between the allopolyploid genomes, with the
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differential sulgenome generally showing more structural and functional alterations of its TE
copies than the pivotasulgenome (Senerchiaet al, 2014) The correlation observed
between genetic divergence of progeniiors T Epiescand TE proliferation in the
allopolyploid potentially suggests a strong impact of genomic incompatibilities in TE activity
(genome shock hypothesis). To what extent the genetic divergence between the progenitor
species and their evolutionary historiaBect the incompatibilities between maternal and
paternal TE copieas well asTE dynamics in the allopolyploidemainsunclear.

Genetic divergencamongTE copiescan alsenhance the genomic incompatibilities between

the differential genomesand contibute to substantiagenomic rearrangements these
genomesDifferential introgression of active TE families in natural hybrids suggest that TEs
may play a role in keeping species boundasigsin hybrid zonegSenerchiat al, 2016) In
addition,otherstudies have highlighted the role of certain TE families or specific TE copies

in regulating the expression of nearby gefiesschotte, 2008; Gaalez & Petrov, 2009)

Being highly dynamic, TEs can rapidly increase or decrease the expression of genes involved
in stress responses and hence to cope with rapid environmental cli@agasuberta &
Gonzéalez, 2013) However, TE copies camlso disrupt genes and spread erratically
throughout the allopolyploid genome, which can lead to decreased fithess or death of the
individual. Regarding the contrasted TE dynamics among the species and between their
genomes (pivotavs. differential), TEs might play a role in the apparent evolutionary success
of the allopolyploidAegilopsspecies. However, whether the observed TE dynamics are even
across the species range, and to what extent TE copies have beerednfrerit the

all opol ypl oi doés progenitors or hrmevef thev ol ve
allopolyploid, remaircompletely unkown. Though some recent studies intended to model the
long-term evolution of TE copied.e Rouzicet al, 2007; Szitenbergt al, 2016) empirical

studies are still lacking

TheTriticeaetribe has shown to have a complex evolutionary history punctuated by recurrent
homoploid and polyploid hybridization events making it particularly difficult to resolve
despite extensive investigatiof@hary & Feldman, 1962; van Slageren, 1994; Marcussen

al., 2014; Liet al, 2015 Sandveet al, 2015; Gléminet al, 2018) The multiple origins of the
allopolyploid Aegilopsspecies may have occurred at different timescales or geographical

|l ocati ons, but al so bet ween di fferent pr o
allopolyploid species can hawontrasted evolutionary histories that can in turn affect not

only genome evolution and TE dynamics, but alscal adaptation of the species.
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Intraspecific allopolyploid lineages having different origins may not necessarily have the
same fitness, which ai ses the question of whether ther
than other and that may be the key success of allopolyploids. It thus sapppartant to
extensively and carefully investigate the evolutionary history of allopolyploid species jointly

with their progenitor species and identify the precise origins of allopolyploids across the
whole distribution of the species. Such investigations will provide a better understanding on

the genetic, ecological and historical processes acting on the iemohift allopolyploid

species as Wieas the relative impact of TEynamics on the species evolution.
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Figure 2: Evolutionary relationships and current distribution of four diploid and four of their derivated allopolyploid Aegilopsspecies
Species distribtions are represented with grey crosses for occurrences reported in GBIF détéabssev(vw.gbif.org) and red thumbtacks for
genotyped individualsenomic formula are indicated into brackets following van Slag@i@94) Species genome sizes are reported according

to Eilamet al(2007, 2008)as well as the genome size reduction (%) in allopolyploids compared to the expected addition of progenitor genome
sizes.
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Chapter outline and context

The present PhD project intentls investigatethe longterm impact of alloplyploidy on
species genoméstructural changésand on species distribution and ecologgeographical
expansionvs. new ecological requirementsin particular, the hypothesis of allopolyploid
being thegenetic and ecologicaldditivity of its progenitorsvas tested throughout the chapter

2 (additivity of nucleagenomée, chapter3 (additivity of TE copiespndchapterd (additivity

of ecological niches)The chapter 1 aimed at clarifying the phylogenetic relationships among

the diploidAegilopsspeciegrior to investigating thevolutionof derived allopolyploids.

Chapter 1 intended to disentangle the evolutionary relationships among diplegilops
Triticum speciesto better understand the genomic background of the diploid progenitors of
the allopolypbid species. We used an innovative method to genotype 30 nucleabpyw
markers through simultaneous amplicon sequencing of 48 individualstheiAgcess Array

IFC chip (Fluidigm) coupled with lllumina MiSeq of overlapping patel reads. Our
methodcould detect and filter out paralogs while capturing all genetic variants. We detected
more than one reticulation event at the origin of the D clade, which includes all diploid

Aegilopsspecieexceptthe outrosserd\e. speltoideéthe B cladeandAe. muica (T).

Chapter 2 assessed the evolutionary history of the allopolyphegilopsspeciesbased on
their progenitor origins, their relative ages, and their population genomic structure and
diversity. We extended the NGS amplicon sequencing of Chapter denotype402
individuals within four diploid species and théour derivative allopolyploidspecies across
their distribution range Our results showed that allopolyploids have likely appeared from
different matemal and/or paternal progenitors durisgveral glacial periods in the late
Quaternary and then progressively started to accumulate genetic mutafiengeniculata
appeared older thaAe. triuncialisand Ae. cylindrica(the youngest species). The current
distribution of Aegilopsspecies reflet the effect of range contraction in different refugia
followed by postglacial expansion with secondary contact alom@#tkansAnatolia region.
The wide rangeof allopolyploids thus suggests that these ldtave better colonization

capacities than tlrediploid progenitors.

Chapter 3 investigated TEs dynamics across the allopolyploid ratassesthe long-term
and spatial evolutiomf TE copies We tracked genomeide TE insertions of six LTHRT
families, whose evolutionary trajectories were prasly assesse(Senerchiaet al, 2014)

using sequenespecific amplified polymorphism (SSAP) in the sadf® accessionsf the

14



diploid and allopolyploid species genotyped in Chapter 2. Gemaiohe restructuring of
random sequences, assessed by similar technique (amplified fragmentgelygnorphism,
AFLP), was removed from SSAP signal to highlight-3jgecific dynamics. Comparisons of
allopolyploids to their respective progenitors showed TE dynamics among sgeeigsng
from our expectations, as well as heterogeneous TE dynamicssaspecies range
suggesting that TE copidikely evolve through random processes. Some dRRfamilies,
i.e. BARE, howeverreveal hotspots ofecentTE transpositions irAe. triuncialisand Ae.
cylindrica close to contact zones identified in Chapterr2among marginal individuals,

suggesting that specific evolutionary processes are acting on these TE copies.

Chapter 4 analyzed the impact of apolyploidy on species ecolog/s common ecological
spaceof the eightAegilopsspecies was first modelleoasel on 20 bioclimatic variables
randomly sampled across species rangae ecological niches of allopolyploid species were
then modelled and compared within this ecological space through a PCA on previously
genotyped accessions and 3265 geolocalized ocm@sedata.The ecological niches of
allopolyploid species revealethainly additive, although differentiallpverlapping that of

their respective progenitor species. Most allopolyploid speali&s expanded their niches
toward more temperate climateAllopolyploid niche dynamics suggests that allopolyploidy
per sedid not induce an ecological niche shift [pubbablyconfer the adaptive potential for
rapidly colonizing their habitats and potentially furtlepand to other habitats.
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Abstract

The evolutionary relationships among wheats and relatifegilppsand Triticum specie¥

have been extensively investigated, but phylogenetic stutbe® reported ambiguous
insights and the diploid origin of wheatsbo
studieshavepointed to a complex history of reticulated evolution in the Triticeae tribe that
must be resolved to understand the evolutiorfasyory of this plant group. Inference of
species phylogenies from nuclear loci is challenging in theepoesof reticulationbut we
propose here to combine higfiroughput genotyping of 30 nuclear laepy loci on a
representative samplingf 13 species to reastruct the evolution of diploids in tiiegilops
Triticum group. Distancébased splits network and reticulate networks under the-spdtiies
coalescent model clearly highlighted a hybridization event at the origin of a clade which
included not onlyAe. tauschii (the donor of the D subgenome of bread wheat), but also
several selfing species with divergent genomes. Decomposition of phylogenetic signals of
each of the A, B and D clades confirmed such a reticulated scenario with homoploid
hybridization betwen a progenitor close to theticum donor of the A subgenome of wheats

and a lineage related #e. speltoidest the origin of the majority of diploid relatives of

wheats.

Keywords: Triticeae, reticulate specstwork amplicon sequencing
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Introduct ion

The grass tribe Triticeae comprises some of the Wwaosttbst important cereal crops and
especially the wheat group. The wild relatives of cultivated wheats inédeddopsand
Triticum specieghatare annual grasses naturally o@egacross the Metkrranean region up
to Central Asia(Eig, 1929; van Slageren, 1994, Kiliat al, 2011)and presenting multiple
ploidy levels from diploid (2x = 14)to hexaploid (6x = 42). The phylogenetic relationships
among wild wheats have long been studied, 1929; Kihara, 1975ith a special emphasis
on the diploid progenitors of the hexaploid bread wHeahestivumgenome composition:
BBAADD). Although the diploid Ae. tauschi(DD) andT. monococcunfAA) are commonly
considered as progenitors of cultived whéalving contibuted to the D and A subgenomes
respectively, the origin of the B genome remains debated. The digdoispeltoide§SS), the
only outcrossing species of the group wk&. mutica(TT), has been suggested to be closely
related to the donor of the B generof wheat(Daud & Gustafson, 1996; Petersenal,
2006) Despite nmerous phylogenetic studies attempting at shedding light on the evolution of
wheats and relativgg.g. Peterseat al, 2006; Marcusseat al, 2014; Baidouret al, 2017;
Bernhardtet al, 2017) no consensus has yet been readheet al, 2015b,a; Sandvet al,
2015)

The evolutionary history of th&egilopsand Triticum group revealed indeed complex patter

of divergence, punctuated by recurrent homoploid and polyploid hybridization é¥ehtsy

& Feldman, 1962; Marcusseret al, 2014; Li et al, 2015b) and introgression
(Schoenenbergest al, 2005; Parisocet al, 2013; Senerchiat al, 2016) Despite such a
highly reticulatel evolutionary history, numerous studies focused on phylogenies of maternal
lineages using plastid markers and thuertboked hybridizationYamane & Kawahara,
2005; Dizkiriciet al, 2013; Gornickiet al,, 2014; Bernhardét al, 2017) Phylogenies based

on nuclear DNA remains scarce in the wheat group and often used only fée.doetersen

et al, 2006) or a limited sampling of taxa. In particuldvlarcussenet al. (2014) used
hundreds of nuclear loci, but specifically focused on the origif.odestivumand only
included three candidate progenitors. Although this study unamistyuhighlighted a hybrid
origin of Ae. tauschii sampling restricted to a few species may have distorted the complex
evolutionary history of wheatd.i et al. (2015a)indeed suggested thaegilopsand Triticum
species may have ung@ne multiple rounds of ancient and recent hybridizatibtmwever,a
comprehensive nucledrased investigation of reticulate evolution across Awegyilops

Triticum group supportinghis hypothesis is still lacking.
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Here, we developped an approach usirgiHiihroughput genotyping of multiple loaopy
nuclear loci combined with specific statistical framework to irifex relationships among
diploid representatives of th&egilopsTriticum group while considering reticulate evolution.
Using 30 lowcopy nuclea loci genotyped on 37 accessions from 13 dipléieilops
Triticum species as well as three outgroups, a species network was inferred under the
multispecies coalescent (MSC) modahd highlighted reticulated nodes coherent with
hybridization at the origimf the largest clade dkegilopsspecies (including the bread wheat
progenitorAe. tauschii. As processes such as incomplete lineage sorting may produce similar
splits, the hybrid origin of this diploid clade was confirmed by iteratively removing o cla
when inferring the species phylogenies under the MSC model (i.e. species tree inferred
between AB, A-D or B-D clades).
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Material and Methods

Plant material

One to six accessions were selected for each of the 11 disgitbpsspeciesand?2 diploid
Triticum speciesas well as the Triticeae outgroupsed here(i.e. Taeniatherumcaput
medusagAgropyron mongolicurandSecale cerea)efor a total of 37 accessioifable S1).

The accessions were obtained from ARBRIN or ICARDA germplasmand from persoal
collections. The seeds were sown and grown outdoor at the Botanical garden of Neuchatel
until flowering and deposited as herbarium sheets at the Botanical Museum and Garden of
Lausanneand Porvde-Nant Switzerland. Leaves from young seedlings werepsagnand

dried in silica gel for DNA extractionsingthe DNAeasy kit from Qiagen®following the
manufactured protocol. DNA concentration was then measured by Nanodrop and normalized
at 50ng¢L for subsequent genotyping of nuclear markers. The sampées vandomly

distributed in a 96vell plate with one negative control.

Sequencing of biparentatipherited nuclear markers

A total of 48 candidate lowgopy nuclear loci were selected (see Table S2, Supplemental
Material) based on available evidence frdm titerature(Sang, 2002; Duge et al, 2010)

For each locus, sequences fréwmgilops tauschi{DD) and Triticum aestivum(BBAADD)

were etrieved from assembled genomesilable on EnsemblPlan{&erseyet al, 2014)
through either their antation or the best match following blastN using the corresponding
locus fromTriticum aestivumAvailable sequences for each locus were aligned using MAFFT
(Katoh, 2002) and the resulting alignments were used to design primers in exons
encompassing 400 bp of intronic regions (i.e. one long or two to three short introns) using
Primer3(Koressaar & Remm, 2007; Untergassel, 2012) All primer pairs were designed

to achieve PCR amplification under similar conditions with a Tm around 60°C and tagged
with a 22bp sequence designed to be used with the Access Array barcode library fardllumi

sequencers provided by Fluidigm.

Simultaneous PCR amplifications of all 48 loci were performed on the 37 samples in the
48.48 Access Array Integrative Fluidic Circuit (IFC) chip following Fluidigm instructions.
Two replicates (i.e. 5.1 % of the wholatdset) and one negative were included, for a total of

40 samples processed. The IFC chip mixed the 40 samples and 48 primer pairs in all 1920
possible combinations fd?CR amplification into independent nanochambers before pooling

resulting amplicons foeach sample. Each sample pool was barcoded with a specific 10 bp
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sequence attached at one side of the amplicons thrslugi PCR (7 cycles). Barcoded
sample pools were cleaned from remaining primers using AMPure beads (Agilent) at x0.7
ratio and their qudy checked using Higtsensitive chips on the BioAnalyzer 2100 (Agilent).

All sample pools were quantified twice through reae PCRs using the LightCycler System

in 384well plates with four standards and their absolute concentration estimated ba&sed on
shift of their melting curve from the closest standard (here, the 0.2 nM standard). All samples
were finally pooled at equimolar concentrations by individual pipetting, and this final pool
was cleaned with AMPure beads and checked for quality withArgityzer 2100. The
concentration of this final pool was estimated through gPCR with four replicates and

normalized at 2 nmol before loading into the lllumina MiSeq.

Sequencing of amplicons was performed using the MiSeq Reagent Kit v3 for-gaded
readssequencing (2 x 300 bp). As recommended by Fluidigm, two specific sequencing
primers containing custom Locked Nucleic Acid (LNA oligonucleotides from Exigon

were used at 10 uM to enhance the specificity and sensitivity of the sequencing. Sequencing
qualty was additionally ensured by adding PhiX Control v3 sequencing library from lllumina.

Genotyping of nuclear markers

Pairedend reads were merged using the BBmerge script in BBTbtifs/(jgi.dce.gov/data

andtools/bbtoolsy to correct for dropping quality towards the end of reads as targeted introns
were 400 bp length and paired reads thus overlapped over 200 bp to accurately infer
haplotypes. Merged reads were demultiplexed per sample badetamie indexes without
mismatch as well as per locus based on the sequence of primers allowing for 1 mismatch.
After filtering by their mean Quality Controkith a threshold of 20, reads were locally
aligned by sample and locus using Mugéldgar, 2004)

Resllting alignments were cleaned with a custom R script based on the frequency of
nucleotides, gaps and unknown base at each position. Variants present in less than 10% of the
reads were removed. Remaining allelic variants characterized reads into haplatgpag

which only those present in at least 10% of the haplotypes were kept for further analyses.
Individual haplotypes were then grouped per locus and locally aligned using M®Edh,

2002) These alignments were further manually cleaned for chimeras, null alleles and
repetitive regions by visual inspection. Loci that could not be confidently cleareid ¢oor
coverage were discarded and alignments of remaining loci were iteratively refined using
SATE (Liu et al, 2009)with the following settings for external tools: MAFFT as Aligner,
Muscle as Merger, RAXML(Stamatakis, 2014ps Tree Estimator, GTRGAMMAI as

31


http://jgi.doe.gov/data-and-tools/bbtools/
http://jgi.doe.gov/data-and-tools/bbtools/

nucleotide substitution model, and for SAS3pgecific settings: SAT8-ML, Centroid
decomposition and Nbest a | Fay reacle otus, diplaide r | a
accessions for which only one haplotype was amplified were coded as homozygous (AA)
whereas those having two haplotypes identified were coded as heterozygous (AB) for that

locus.

To assess the origin of the bread wheat genomesspwnding sequences were extracted for
each locus from the reference genomd o&estivun(IWGSC1 assembly; The International
Wheat Genome Sequencing Consortium (IWGS8Cal, 2014)available on EnsemblPlants
(ftp://ftp.ensemblgenomes.org/pub/plants/pre/fasta/triticum_aestivuj/dna/ Additional

outgroup sequencefrom Brachypodium distachyonvere similarly extracted from the

genome reference availableyl.0 INSDC assembly; He International Brachypodium

Initiative, 2010)on EnsemblPlants websitép(//ftp.ensemblgenomes.org/pub/plants/release
39/fasta/brachypodium_distachydna).

Phylogenetic analyses

The evolutionary relationships among taxa of AegjilopsTriticum group were first assessed

using the NeighborNet methd8ryant & Moulton, 2002)ased on the number pairwise

SNP differences (i.e. uncorrected P) between concatenated sequences of the whole dataset and
visualized in SplitsTree@Huson, 1998)WhenT. aestivunwas included in the analyses, each

of its subgenomewas considered as separa di pl oi d o6i ndi vidual 6 an

similarly inferred.

To characterize the reticulation signal, a nuclear species phylogeny was inferred from a single
accession per species using the MSC model in Phyl@Xenet al, 2008; Weret al, 2016)
Inference of the number oéticulationevents was computationally intensive, even with one

accession per species, and only approachadergence.

Reticulated phylogeny was thus supported through an alternative strategy that decomposed
the phylogenetic signal of each clade A, B and D. Accordingly, phylogenetic inferences first
included all three clades and then iteratively removed teecat a time (i.e. on dataset
including either A & B clades, A & D clades or B & D clades). These four species
phylogenies were all assessed under the MSC model using STACEY élame014), a
Bayesian method that infers specieee based on the gernirees, andmplemented in
BEAST2 v2.4.7 (Bouckaest al. 2014). The species trees were inferred by considering each

individual as a species and its haplotypes as the sampled species. A£dnt@s(JC) model
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of nucleotide substitution and a strict maléar clock for all loci was used to run the analysis

for 500 million Markov chain Monte CarloMCMC) generations, with additional 1 million
generations as burnin and tree sampling everyOP@0generations (i.e. 2500 MCMC trees).

All phylogenetic analysewere checked for convergence, i.e. good mixing of MCMC search

is ensured for parameters with an effective sample size (ESS) value higher than 200, on
Tracer v1.7 (Rambautet al., 2018) Maximum Credibility Clade (MCC) trees were
summarized by TreeAnnotator available in BEAST2 with a burnin percentage of 60% and

viewed in FigTree v1.htp://tree.bio.ed.ackisoftware/figtreé).

Node ages were compared between the four phylogenies by fixing the second mosidesal

(i.e. split from S. cerealg at 1 to ensure that different taxon samplings do not affect
estimations of substitution rates and branch lengRelative mde ages werdurther
converted to million years ago (Mydased on the relative time scale of the divergence
between thé\egilopsTriticum species an&. cerealeprovided thasS. cerealaliverged about

4.5 Mya(Bernhardtet al, 2017) Such decomposition of the phylogenetic signal among the
three clades enabled to compare the relative influence of each clade to the species tree
topology and node ageée. muticawas excludedrom these inferences due to conflicting
topologies leading to low node supports when it was included. Similar decomposition of the
phylogenetic signal indeed showad. muticaoutside of the A, B and D clades, with a most

recent divergence from clade Auorting results S1).
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Results

Genotyping ohuclearmarkers

Amplicon sequencing of the 48 nuclear loci among thea8@essionsyielded about 3.9
millions of lllumina MiSeq reads that were stringently filteret arimmed to 1.7 million
reads.This dataet is nested within an extended one including additional accessions and
polyploid species, which was used to filter out supposedly spurious loci based on low
coverage, unspecific amplifications and/or detection of paralogs (details in Chapter 2).
Provided that paralogs amplified despite specific primers are thoroughly filtered out,
simultaneous PCRs of the 48.48 Access Array technology proved efficient and yielded 30
robust loci that were confidently used for subsequent analyses.

Species phylogeny infererisce

The splits network presenting relationships among 37 samples AéthlepsTriticum group

is coherentvith the complex reticulate evolutioof the group(Figure 1). The twadlriticum
species clustered togethard formed the clade,AvhereadAe. speltales(genome Sjormed

the clade Bandwas more closely related the. mutica(genome T)All the otherAegilops
species with genomes D, U, M, C, N and S* presented a common, reticulated node and were
therefore included in an inclusive D cladentaining Aegilops tauschii(genome D).The
splitsnetwork including sequences froh aestivunshowed each of the three subgenomes A,

B and D consistently branching withurartu in clade A,Ae. speltoidesn clade B andAe.

tauschiiin clade D respectively (Supplental Material Figure S1).

The MSC phylogeny inferred with PhyloNet barely converged toward a network that was
coherent with a homoploid hybrid origin of clade D, and in particulakeoftauschiiFigure

2). Although the clade A unambiguously contributedhte hybrid origin of clade D, the other
progenitor was indirectly connected to clade B and appeared related to a more ancient

common ancestor in the Triticeae tribe.
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Figure 1: Reticulate network of diploid AegilopsTriticum speciesThe network was basl

on 30 nuclear loci concatenated without phasing. Each diploid individual displayed two
sequences accounting for individual heterozygosity. Species names are indicated next to
corresponding accessiorong with their genome composition, following vanaddren

(1994) S* refer to all variants of the S genongpecies belonging to the A, B or D clade are
differentially colored.
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35



Species phylogenies under the MSC model using STACEY converged rapidly and showed a
polytomy at the base of all three clades (Figure 3). This patteherent with reticulation
events between these clades, was also apparent when including sequences from wheat
subgenomes (Supplemental Material, Figure S2). The decomposition of phylogeyneis

from specific clades assessed that clades A and B divergexideeply when the D clade was
excluded (Figure 3b). These clades further diverged earlier than clades B and D (Figure 3c) or
clades A and D (Figure 3d). The mean agé¢hef A/B divergence indeed was dated at 0.92
relative to the divergence witd. cerale (i.e. about 4.14 Myawhereaghe age of divergence

was estimated for B/Caround 1.49 Myaand for A/D around2.49 Mya {Table 1). The
divergence age betweetades B and D was the closest to the age of the polytomy between
the three cladegl.76 Mya) supportinga homoploid hybrid origin of the D clade involving a

representative of the B clade as genome progenitor.
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Figure 3: Decomposition of phylogenetic signals from A, B and D clades amoAggilops

T Triticum speciesSpecies phylogenies were infadr@) on the three clades together, (b) on

A and B clades only, (c) on B and D clades only, and (d) on A and D clades only. All species
trees were inferred based on 30 {o@py nuclear loci with one accession per species using
STACEY. Node supports and ative timescale are indicatethe genome composition of the
species is indicated following van Slageren (1994), with S* referring to all variants of the S
genome Species belonging to the A, B or D clades are highlighted witjim red green or

blue retangles respectively.
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Table 1: Relative ages of the most recent common ancestor of the A, B and D clades.
Node ages are given relative to the divergence @ébale cerealand in million years ago
(Mya), provided thaS. cerealaliverged about 4.5 Mya eeording to the plastid phylogeny of
Bernhardtet al. (2017) The means and 95% credibility intervals (Cl) are assessed based on a

sampling of 1000 of the inferred Bayesian trees for the divergence of ABH) A/D and
B/D clades.

Divergence nodes

ABD AB AD BD
_ Mean 0.39 0.92 0.55 0.33
Relative ages
Cl 0.330.49 0.750.99 0.330.68 0.280.40
Mean 1.76 4.14 2.48 1.49

Absolute ages (Mya)
Cl 1.492.21 3.384.46 1.493.06 1.261.80
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Discussion

Decomposinghe speciephylogenyto detect reticulation signal

The splits network presented here based on a representative sampling of 30 nuclear loci
sequenced on 37 accessions acrossAtgilopsTriticum confirmed a complex reticulate
evolution of the knd hypothesized by et al. (2015b)for this group. AllAegilopsspecies

with genomes M, C, D, U, N and S* grouped at the intersection of splits connecting clades A
and B, matching the pattern expected under the hypothesis of a homoploid hybrid origin of
such an inclusive clade. This studythus expends the conclusions of ielzsseret al (2014)

that Ae. tauschiiis of hybrid origin to an entire clade comprising the majorityAefilops
species. The network is further coherent with clades A and B being progenitors of this D
clade, followed by radiation into the current specwdgh their differentially organized
genomes. Such a postulated scenario was further substantiated by the decomposition of
phylogenetic signals underlying polytomies commonly reported in the overall species trees
(Figure 3a). Clades A and B indeed diverdiest about 4.14 Mya, followed by the recent

divergence of clade D from both clades A and B likely occurring aroundVlyd9

Those results also confirmed prior inferen¢Pgterseret al, 2006; Wanget al, 2013b;
Marcusseret al, 2014)that subgenomes dt aestivunhave been contributed By urartu (A
subgenome) ande. tauschi(D subgenome), and a relative&é. speltoide$B subgenome).

In particular, as previously postulatgdDv 0 S § k , 2 0e0 al, 201M0)i specifico
accessions ofe. tauschiisubsp. strangulatalocated along the coast of the Caspian Sea

appear closely related to cultivated bread wheat

The role ofAe. speltoides the origin of the Bsubgenome of . aestivurand more generally

on the origin of the hybrid clade D remains controversial. All species phylogenies indeed
indicated Aegilops as a highly polyphyletic group when thisarly-diverging species
(Bernhardtet al. 2017)was included. Provided our large sampling of species included in the
analyses, the still elusive identification of the progenitor of this clade as a relative. of
speltoidessuggests this diploid taxon either remain$e discovered or went extinct, as also
previously suspectedProvan et al, 2004) Here, the two subspecies #k. speltoides
appeared to have diverged particularly deeply as compared to taxa within other subspecies,
consistent with a fasteceumulation of mutations in this lineage and thus favoring extinction

of the progenitoof the Bsubgenome of wheat as a likely scenario. As opposed to the mainly

selfing Aegilopsspecies Ae. speltoidesind the other taxon yielding conflicting topologies
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(Ae. mutica Supporting result S1) are mainly outcrossers, suggesting that differences in
mating systems might add noise to inferences of species phylogenies by affecting the effective
population sizes (Ne) of species. The impact of variable mating systeyar ability to infer
species trees under scenarios of reticulate evolution remains largely to be explored and, in the
case of the wheat group, might explain the enduring ambiguities regéndioggin of the B
subgenome of bread wheat. Appropriatehndblogies allowing Ne to change along branches

in response to changes in mating systems or hybridization egentgently developing, with

the aim toimprove phylogenetic inferences in clades with porous species boundaries such as

wheas and their relaves.
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Figure S1: Reticulate network of diploid AegilopsTriticum species and hexaploid bread
wheat. The network was based on 30 nuclear loci concatenated withouhgphaach diploid
individual displayed two concatenated sequences accounting for individual heterozygosity.
The hexaploid bread whed@t aestivum(BBAADD) is included with each of its subgenome
treated separatelfhe genome composition of the speciendidated following van Slageren
(1994), with S* referring to all variants of the S geno®pecies belonging to the A, B or D
clade are grouped by color and indicated on the figure.
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Figure S2: Nuclear phylogeny of diploidAegilopsi Triticum species The phylogenetic
tree was inferredinder the Bayesian model, with JC substitgi@and strict molecular clock.
In this analysis, &h accession was considere a separate taxon and gsnotyped
haplotypes as specimerihhe summarized tree followint billion generationswith a burnin
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Supportingresults S1: The specific case of Aegilops mutica = Amblyopyrum muticum

The evolutionary history ofegilops muticaand its influence omegilopsTriticum species
phylogenies revealed surprising. This species has been reported to be maternally Atose to
umbellulata(Chapter 2; Bernhardit al, 2017)whereasghe MSC species trees inferred from
the nuclear markers genotyped here indic&te muticacloser to thecladeB (Figure A) as

also suggested by previous studies (Petees@h2009, Bernhardet al 2017) Ae. muticais
indeed located between thiadesA and Bwhen these two clades are included together in
phylogenetic inferences while it has a more basal position \lecladesA and B are
included separately (Figure B). One hypothesis would beAbaimuticaalso has a hybrid
origin at the saméme as the D clade, which maybe explains why our attempts to infer the
reticulation events using PhyloNet resulted in inconsistent topologies. The taxonomic and
phylogenetic status dke. mutica(also namedAmblyopyrum muticujn considered as sister
spedes of theAegilopsspecies and the only representative of the T genomadll idettated

(van Slageren 1994, Kiliaat al 2011, Peterseat al 2009, Bernhardét al2017) Ae. mutica
should thus be further investigated towards resolution of the evolgtignstory of the

AegilopsTriticumgroup
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Figure A: Species phylogeny of diploidAegilopsi Triticum species based on 30 lcaopy
nuclear loci including Ae. mutica The species trees were inferred from 30-mpy nuclear

loci under the multispeciesoalescent modalisingJC model and strict clock iSTACEY.

The genome composition of the species is indicated following van Slageren (1994), with S*
referring to all variants of the S genoniée species trees included the three clades A, B and
D, or onlytwo clades at a time (A/B, A/D and B/D)

a7



Clade A Clade B
T. monococcum ssp. aegilopoides Ae. speltoides ssp. speltoides

1

T. monococcum ssp. monococcum

1 A Ae. speltoides ssp. lingustica
11
1 T. urartu
1 Ae. mutica
{1 ! Ae. mutica
1 Secale cereale
11 Secale cereale
Agropyron mongolicum Agropyron mongolicum
a) 0.003 b) 0.003

Ae. caudata

0.6
Ae. comosa

0.54
Ae. tauschii

0.4
Ae. umbellulata Clade D

Ae. longissima

Ae. sharonensis

1 1

Ae. searsii

a1 )
Ae. mutica

1
Secale cereale
Agropyron mongolicum

c
' 0.003

Figure B: Species phylogeny of diploidhegilopsi Triticum species based on 30 leaopy
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Table S1. Listof the 37 accessions of the diploidegilopsTriticum species and outgroups
used in the study The genome composition of the species were reported following van
Slageren(1994) The accessions were provided by USDA ABRIN (PI; Clae) or IPK
Gatersleben (AE) genebanks.

Species Genome Accessions

Ae. caudata CC P1551132, Pl 203431, Pl 551125, PI
551131

Ae. comosa MM AE 1258, P1551030, PI 551021, PI
551019, PI1 55145, Pl 551069

Ae. tauschii DD AE 525, P1203326, Pl 431600, Pl 66207

Ae. umbellulata uu Pl 486261, Pl 542381, P| 542377, PI
573516

Ae. uniaristata NN P1554418, Pl 554420

Ae. bicornis RN Clae 47

Ae. sharonensis Sehseh PI 584396, Pl 584412

Ae. seasii SS P1599168, Pl 599149

Ae. speltoides var. speltoides SS P1170204

Ae. speltoides var. lingustica SS P1560528

Ae. longissima Ss P1604127, PI 604108

Ae. mutica TT P1 636562

T. monococcurapp.monococcum AM™A™ P194743

T. monococcurapp.aegiopoides A™A™ P1 427990

T. urartu A'AY P1 428228
Agropyron mongolicum P1499391
Taeniatherum capunedusae P1577709
Secale cereale P1234656, PI 561793

Table S2: List of the 48 genotyped loveopy loci (Electronic material). The information
reportal in the table are as follows: name of the loci as annotatdd aestivunreference
genome, the description of the loci, the corresponding name of the loci found in
Brachypodium distachyoand Ae. tauschii the primer and reverse forward designed for
amgicon sequencing with corresponding melting temperatures in degrees, the expected length
of targeted sequences in number of base pairs and the results of tbeopessing quality
filtering steps. The tables an electronic supplemental material is pded separatelin an
Excel file f o rStelalluynhPhla @Ghaplerl  SuppMat_TableS2
ListOf48LowCopyLoci x | s x 0 .
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Origin and postglacial colonization of diploid and allopolyploid

Aegilopsspecies following the Last Glacial Maximum
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linstitute of Biology, University of Neuchétel, Switzerland
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Abstract

Thelast glacidmaximum (LGM) hadrastically affected the current distribution and genetic
structure of the species, with range contraction into refugia during the LGM followed by
postglaciation recolonization about @00 years ago. Allopolyploidy combis@ybridizaton
betweengeneticallydivergent species and whole genome duplication (WGD), providing a
high and fixed genetic diversity that may hasanferredevolutionary advantages enabling
them to rapidly colonize suitable habitats following glaciation. However, riihe and
evolution of allopolyploidy during the LGM have been untemestigated in the
Mediterranean region. The present study thus investigated the evolutionary history of four
allopolyploid and their four diploid progenitoregilops species across thie whole
distribution. Using 2 plastid and 30 nuclear markers, watifiled severalprogenitorlineages
involved in themultiple originsof the allopolyploidsand assessed the genetic diversity and
structure of the eight species. TAegilopsspecies shoed several refugia mainly in the
Balkans and in Anatolia, from where the intraspecific genetic lineages have expanded. The
genetic lineages that were prevityussolated have then further anthrough a secondary
contact along the suture zone separating Batkans and Anatolia. As expected, genetic
novelties accumulate with the age of the allopolyploid speagefrAe. geniculatabut their
contributionto the allopolyploid success remains to be further investigated.

Keywords: Aegilops phylogeography, Mditerranean region, refugia within refugia, extra

Mediterranean refugia, suture zone.
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Introduction

Quaternary climatic oscillations have drastically influenced the spatial distribution of species
(Hewitt, 2003) driving cycles of range contractions expansions during glacial and
interglacial periods, and thus shaped the genetic structure of the Hbtmiatt, 2004) The
current distribution of genetic diversity within and among species has been mostly influenced
by the Last Glacial Maximum (LGM(Taberletet al, 1998; Hewitt, 2004)which occurred
between 1@00 andb0 000 years ago approximatdi@lark et al, 2009)

Polyploidy, or wholegenome doubling (WGD), has long been hypothesized as an
evolutionary strategy in rapidly colonizing-géciated habitatéStebbins, 1950; Brochmann

et al, 2004) The Arctic, which was covered by the ice sheet during the LGM, is one of the
Earth most polylwid-rich regiors (Brochmannet al, 2004) Polyploidization events seem to
occur more likely following stressful conditiofRamsey & Schemske, 1998)ch as extreme
temperé&ures, which tend to increase the formation of polyploid species through unreduced
gametegTayalé & Parisod, 2013)n particular, allopolgloid species combine hybridization
between divergent progenitor species and WGD, and are generally reported to be more
adapted to extreme climatic conditions than their related diploid species. The fixed
heterozygosity inherent to allopolyploicgnd genora doublingmay indeed confer a high
genetic plasticity enabling allopolyploid species to adapt to a broader range of environmental
conditions and hence rapidly -celonize their habitats or colonize new habitats after
glaciation comparedo diploid relatives (Levin, 2002; Brochmanret al, 2004) Fixed
heterozygosity also lins the loss of genetic diversity when species range contracts during
glacial periods, further contributing to postglacial colonization abilities of allopolyploid
species. Whether glacial periods promote the formation of allopolyploid species and to what
extent allopolyploidy is evolutionarily advantageous in colonizing deglaciated habitats

remains unclear.

The impact of the LGM on polyploid evolution have been mostly studied in the Arctic
(Stebbins, 1984; Adamowict al, 2002; Brochmanet al, 2004) in North AmericaHunter

et al., 2000; Novikovaet al, 2018)or in the Alps(Bavecet al, 2004; Parisod & Besnard,

2007; Gacet al, 2015) where the degeeof glaciation was the highest, however it has been
overlooked in other regions. In particular, the Mediterranean region is hypothesizadeto

served as a global refugiuduring the LGM, where the temperatures were globally cooler
(the O0Southern r ef etql, 2981; Thgrietost Gheddadi,s2002)Be nn e t t

Mediterranean region, known as a biodiversity hotsdédail & Quézel, 1999) is
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characterized by heterogeneous habi{@isompson, 2005; Blondett al, 2010) hence
potentially providing suitable habitats for numerous spediésiqueset al (2018) have
estimated that about 36% of the Mediterranean plants are polyplmdg$act, the
Mediterranean region contains several small refgia h e éwithenfr ediuagi ad mod
Gomez & Lunt, 2007)especially in the Balkans and in the Italian and Iberian peninsula,
which may have played as major sources for postglacial recoloniZ&aberlet & Cheddadi,

2002; Carrioret al, 2003; Médail & Diadema, 2009; Feliner, 201Djfferent scenarios of
postglacial recolonizeon routes arose from phylogeography studies on Mediterranean
species, mostly diploids, involving the Balkans and the Iberian and Italian peninsulas as the
sources (i.e. served as refugia during the LGM) as first suggested by K9®) Many

studies have documented exiMaditerranearrefugia located in the Eastern Mediterranean
(Varga, 2010; Sumitt & Varga, 2012)in cryptic Northern regions such as the Carpathians
(Provan & Bennett, 2008; Wielstret al, 2017)or in the mountaingKihne et al, 2017)
nevertheless essentially focused on animals. Whether Mediterranean plants, especially
polyploid speciesmay have survived in these exthdediterranean refugia remains unclear
despite existing phylogeographic studies on polyploidiidderanean specigMansionet al,

2005; Pimentel & Sahuquillo, 20Q7)

The Aegilopsspecies Roaceae: Pooideae: tribe Tritickae Mediterranean wild grasses
comprising ten diploid species (2x = 14 chromosomes) that differentially combined into
fourteen allopolyploid species. All allopolyploidegilops species were formedrom a
progenitor specielBavingeither the U or D genome (called pivoggnomé, which combined

with another genome (C, M or S; called differential genome) from a related progenitor
species. Those species mainly occur across the Mediterranean BasiajofiaAand Western
Asia, with allopolyploid species usually exhibiting a broader range than the diploid species.
The diploid Aegilopsspeciesbelonging toclade D, which includes all diplasdexceptAe.
speltoidesand Ae. muticaare estimated to hawbvergedabaut 1.49 million years agfMVya,;

see Chapter 1). The diploid species have thus went through intergjacial periods with
rounds of range expansi@ontraction. However, whether the allopolyploid species have
formed during glacial or intergleadi period and have experienced similar rounds of range
expansiorcontraction as their diploid relatives remains unknown. The allopolyplegilops
species are known to originate multiple tinjgteimberget al, 2009; Bernhardet al, 2017)

and such multiple origins hence increased their initial genetic diversity that was further

maintained through fixed heterozygosity. Whether the allopolyploid species have originated
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independently (at different ge@ghical locations) and/or from different progenitor lineages
is however unclear. Inferring the age and origins of the allopolyploid species across their
whole distribution is crucial to evaluate the factors having contributed to their current
geographical distribution and determine to what extent allopolyploidy would confer

evolutionary advantages promoting their expansion.

Here, plastid and nuclear markers were used to comprehensively characterize the
phylogeography of four diploid species and four of rthegrivated allopolyploid species
composing the MCDU cluster, named based on the species genome composition (Figure 1):
the diploidsAe. caudata(CC), Ae. comosgdMM), Ae. tauschii(DD) and Ae. umbellulata

(UU), and the allopolyploid#\e. crassa(DDMM), Ae cylindrica (DDCC), Ae. geniculata
(UUMM) and Ae. triuncialis(UUCC). The relative age of the allopolyplotegilopsspecies

was estimated based on the divergence time of the diploid species. The distribution of genetic
diversity within species, combinedith spatial analyses of isolatidyy-distance (IBD)
pattern, further defined the evolution of intraspecific lineages and the postglacial colonization
history of the diploidvs. allopolyploid Aegilops species. Such insights on the relative
importance of plyploidy per se(i.e. the immediate advantages conferred by WGD and fixed
heterozygosity) and of the losigrm species evolution (i.e. genetic novelties evolved by the
allopolyploid species) offers a better understanding of evolutionary processes shaping

alopolyploid species.

Ae. tauschii (DD) v Ae. caudata (CC)
5056 Mb 5734 Mb
Ae. cylindrica (DDCC)
9379 Mb
L Ae. crassa (DDMM) Ae. triuncialis (DDCC) <
10621 Mb 9712 Mb

Ae. geniculata (UUMM)
10064 Mb
Ae. comosa (MM) Ae. umbellulata (UU)
5408 Mb 4 5262 Mb

Figure 1. Evolutionary relationships of four diploid and four derivative tetraploid
Aegilops species of the MCDU cluster.Genomic formula are indicated into brackets
following van Slagererf1994)and genomes sizes reported according to Edaml. (2007,
2008.
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Material and Methods

Plant material

A total of 420 gedocalized accessions of the eigkegilopsspeciesabout 30 diploid and 80
polyploid accessions of each species, were selected to represent genetic variation across their
distribution ranges (Geral Supplemental MaterialTable S1). For Ae. crassa whose
distribution and seed availability were limited, only 10 accessions were obtained. One to three
additional accessions of ten other dipldidgilopsand Triticum species, and of eight other
speces @Agropyron mongolicumraeniatherum capunedusagSecale cerealelThynopyrum
junceum Dasypyrum villosumHordeum vulgare Bromus hordeaceuand Brachypodium
dystachio, for a total of 26 accessions, wengcluded as outgroups for phylogenetic
infererces. The 446 accessions were obtained from-&R8\ or ICARDA germplasms, and

from personal collections. Seeds of all accessions were sown and grown outdoor at the
Botanical garden of Neuchéatel until flowering and deposited as herbarium sheets at the
Botarical Museum and Garden of Lausanamed Pontde-Nant Switzerland. Leaves from

young seedlings were dried in silica gel for DNA extraction.

DNA was extracted using DNAeasy kit from Qiagen® following the manufacturer protocol.
All DNA samples were distribute and randomized on five 9@ell plates, including 26
accessions replicated once and one accessida.geniculata(Pl 487229) replicated on each

plate (i.e. 6.04 % of the whole dataset) to ensure genotyping accuracy. One negative control
was also addedn each plate. DNA concentration was measured by Nanodrop and normalized

at 10ng¢L and 50nggL for amplification of plastid and nuclear markeespectively.

Sequencing of maternallgheritedplastidmarkers

Two intergenic regions of the plastid genontesT-trnF and ndhFrpl32, were selected for
genotyping based on the polymorphism reported am@uilopsspecies by Meimbergt al.

(2009) Alignments of corresponding regions froke. cylindrica and Ae. geniculata
(Middleton et al, 2014)were used to design primers with Pridi&.3.4(Untergasseet al,

2012) into conserved regions encompassing intergenic sequencemTeirnF, -GBGO

CAG AGA CTC AAT GGAAGG3 6 =@AT GACCTTTTCTTGTGCATCAB 6) and
for ndhFrpl32 (| 5AAT CAT TAT TGA CGG TCC AAG ACC-3 6 a-@@EG GGA TAA

AAA GAA GGG AAAATGA-506) .

PCR amplifications have been performed on 10ng of genomic DNA in 25 pL (1X buffer, 1.5
mM MgClz, 0.5 nM dNTP, 5nM of each primers, 0.2 U GoTaq polymerase from Promega)
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with the following cycles: 240s at 94°C, 3645s at 94°C, 45s at 58°C, 45s at 72°C), 300s at
72°C. Resulting PCR products were checked by electrophoresis on 1% Agarose gels and
sequenced using BigDye v.3.1 (service provided by Macrogen Inc., Amsterdam,
Netherlands). Sequences were manually cleasatyuaw chromatograms and trimmed at

both ends before being concatenated. Stretches of more than seven single nucleotide repeats
were removed from the alignment following Meimbergal. (2009) resulting in a total of

1760 bp. The whole alignment was inferred iteratively using ten to fifteen cyclesT@ SA

(Liu et al, 2009)with the following settings for externtols: MAFFT as Aligner, Muscle as
Merger, RAXML (Stamatakis, 2014)as Tree EstimatorGTRGAMMAI as nucleotide
substitution model, and for SATspecific settings: SAT8-ML, Centroid decomposition and

Abest alignment after | ast i mprovemento.

The plastid markers were used to infer the maternal relationships among all 446 accessions of
the Aegilopsand outgroup species through a haplotype network of concatenated sequences
based on the Mediadoining method performed following Bandettal.(1999)in SplitsTree4

(Huson & Bryant, 2006)Gaps and uninformative siteere excluded from the inference.

Sequencing andenotypingf biparentally inherited nuclear markers

From the 446 accessions genotyped at plastid markers, 425 accessions (including 24
replicates, i.e. 5.65 % of this dataset) were also genotyped at 4®ywnuclear loci using
amplicon sequencing as in Chapter 1 (Gen8rghplemental Materialable S1). The 425
acessions were simultaneously P@Riplified with four negative controls using eight 48.48
Access Array Integrative Fluidic Circuit (IFC) chips leming Fluidigm instructions.
Samples were barcoded with a specific 18sbguence, pooled into a single library and
sequenced using the lllumina MiSeq Reagent Kit v3. Painedreads (2 x 300 bp) were
merged using BBmergehifp://jgi.doe.gov/datandtools/bbtoolsy, filtered for a mean

Quality Control above 20, demultiplexed and locally aligned by sample and locus using
Muscle (Edgar, 2004) Variants present in less than 10 % of the reads were renamged
remaining alleles were characterizatb haplotypegor each locusamong which only those
present in at least 10% of the haplotypes were kept for further an#fteesalignement
using SATé(Liu et al, 2009) chimeras, null alleles aneépetitive regions were detectbg

visual inspectiorand filtered o

The presence of paralogs was assessed at each locus through a combination of the-Robinson
Fould metric(RF dstance, which measures the distance between an unrooted gene tree and

the species tree; Robinson & Foulds, 1984d the global node support of the gene tree. The
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species tree was inferred from all loci on a subset of diploid individuals using the STACEY
model (Jones, 2014)mplemented in BEASTZBouckaertet al, 2014) considering each
individual as a distinct population and assuming a J@agor (JC) moddbr the nucleotide
substitution rateand a stricmolecularclock. Gene trees wersferred using BEAST2 on the
same subset of individuals and under the same model. High RF values and high node supports
indicated gene tree with strongly supported topologies, but appearing highly different from
the species tree topology, and thus suppottee presence of paralogs. Gene trees were
further inspected for three types of topological features indicative of paralogy: (i) ingroup
species (i.e. the eight studigskgilops species) coalescing deeply, (ii) alleles within an
individual coalescing degpand (iii) outgroups coalescing shallowly. For the loci showing
one allele of an outgroup being closely related to the ingroups, only the spurious allele was

removed.

Allele dosage inferred by sequencing coverage of each haplotype was considerednygisleadi

due to possible biases introduced by PCR amplification. In particular, allele dosage estimated

at - /- were commonly reported in polyploid individuals, precludi¥y- to be distinguished

from -7- with confidence. Accordingly, Ele dosage was conservatively assessed for

diploid individuals presenting one (A) or two haplotypes (AB) as homozygous (AA) or
heterozygous (AB) respectively. Similarly, tetraploid individuals presenting one (A), two
(AB), three (ABC) or four (ABCD) haplygpes were assumed as having (AAAA), (AABB),

(ABC-) and (ABCD) genot-ppeoresppohndivebytownat i

Assignment of homeologous sequenca@dopolyploidsubgenome

For each nuclear locus in each polyploid species, haplotppesy identical to those
segregating in diploid progenitor species were assigned to the corresponding subgenome or
considered as shared between subgenomes when shared by diploids, otherwise they were
considered as derived haplotypes and assigned to dispetvgenome using phylogenetic
distances based on gene trees (Supplemental Makggiale S2. Such derived haplotypes

were related to a specific diploid progenitor species and assigned to the corresponding
subgenome when showing shorter branch lengtten with other diploids. Derived
haplotypes showing unclear phylogenetic relationships with haplotypes from progenitor
species were considered as of unknown origin. When a subgenome was assigned only one

haplotype at a given locus, corresponding hapbtyas considered as homozygous and
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coded accordingly. When one of the subgenomes was not assigned any haplotype at a given

locus, corresponding haplotypes were coded as missing data and considered as being lost.

Relative contribution of diploid progeniteto the genome of their derivated polyploid

We measured the relative contribution of diploid progenitors to their allopolyploid derivatives

based on the assignment of allopolyploid nuclear haplotypes to their corresponding
subgenomes. Haplotypes identita those segregating in either diploid progenitor(s) were
considered as Aconserved haplotypeso wher eascs
considered as fAderived haplotypeso. Hapl ot yj
amplified atagi ven subgenome and | ocus were catego
allopolyploid species, the proportions of conserved, derived and lost haplotypes were
calculated as the number adrrespondindnaplotypes segregating within the species divided

by the total number of haplotypes, i.e. four haplotypes (corresponding to the ploidy level of

the species)and multiplied by the number of individuals within the species. The relative
proportions of haplotypes from each subgenome segregating within an lyglojmb

individual are expected to be equal (50% and 50% for a tetraploid individual) under the

genetic additivity of progenitor species.

Phylogenetic inferences of-parental origins of the allopolyploid species

Allopolyploid multi-labeled species tre@gere inferred from sequences of nuclear loci using

the AlloppNET mode(Jones, 2014; Oxelmaat al, 2017)incorpording hybridization events,

as implemented in BEAST v1.8(®rummondet al, 2012) The specietrees were assessed

on a data subset constituted of two individuals per genetic clusters inferred by STRUCTURE
for each species (see belowlloppNET inferred the origin of one tetraploid spes at a

time, by assigning each pair homologous sequences (i.e. its two subgenomes) to one of the
premised progenitor species. In the cas@afcrassawe included one hexaploid individual

by splitting its three subgmniduale a first oteo t wo
containing the two subgenomes common with the actual tetraploid individuals and another
one containing the third subgenome and an empty subgenome (i.e. constituted of only empty
sequences). The use of an empty subgenome enabteddentify the progenitor species of

the third subgenome of the hexaploid individual without affecting the infergidoees,

2014) The analyses were run for 500 millionalMov chain Monte Carlo (MCMC)
generationsincluding 500000 generations as bumiand the trees were sampled every
100000 generations. The phylogenetic analyses were checked for convergence, i.e. good

mixing of MCMC searchwas ensured for parameters with an effective sample size (ESS)
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value higher than 200, on Tracer vIRambautet al, 2018) Maximum Credibility Clade
(MCC) trees were summarized by TreeAnnotator available in BEAST2 with a burnin
percentage of 60% and viewed in FigTree v1.4Bp(/tree.bio.ed.ac.uk/software/figtree/

Thenode ages of the allopolyploid species tr@ese estimated as the relative branch length
separating the allopolyploids from the split node betwploid Aegilopsprogenitors, whose

age wagnferred in Chapter L i . e . age of «c¢lade D), al.so ter
The relative ages of the allopolyploid species, estimated in million years ago (Mya),
corresponded to the relative time schéween the divergence between diploid progenitors

and the divergence of the allopolyploids from their diploid progenitors.

Analyses of genetic variation among species

For both plastid and nuclear loci, allelic richness (AR) within species was estimatesl as
expected number of alleles amdngene copiesk being defined as the minimum sample size

of 10 and 40 gene copies reportedAm crassdor plastid and nuclear markers respectively.
Gene diversity within and among species was estimated after tcamréor sample size
following (Nei, 1978)from unordered alleleshf i.e. all alleles considered equidistany
ordered alleles\ i.e. considering the phylogenetic distances agradleles as their proportion

of nucleotide substitutions) using SPAGe{Mardy & Vekemans, 2002)For clarity, the
genetic diversityv wi | | be referred here as fAphyl ogene
Nei 6s g e n ehtGegeticdlivevsityrbasedtdyandv was then partitioned within and
among species to estimate genetic differentiation as @d Nst respectively. Nt is
equivalent to @r but accouning for the genetic distance between allel@€mparisons
showing significantly higher & than G thus indicatd that closely related alles occued

within species rather than among spe¢ksns & Petit, 1996)Differences between 43 and

Nst were tested through 10000 alleles permutations and significance considered from one
tailed test in SPAGeD..

For nuclear log the observed heterozygosity (Ho) was estimated by SPAGeDi for each
species as the average proportion of heterozygous individuals within the species.
Additionally, the individual Ho(Ho)) was manually calculated for each individual as the
proportion of bci for which the individual was heterozygous and mapped accordingly to their
geographical locations. Furthermore, patterns of genetic differentiation between the eight
Aegilops species were assessed through a Principal Component Analysis (PCA) on a

frequency matrix based on the presence or absence of each haplotype found for each locus

63


http://tree.bio.ed.ac.uk/software/figtree/

according to the ploidy level in each individual using thedgkageadegenet(Jombart,
2008)

Analyses of gestic variation within species

Genetic structure within each species was assessed from nuclear loci using the Bayesian
clustering method implemented in STRUCTURE 2 @4tchardet al, 2000) The optimal

number of genetic subgroups (K) was selected through STRUCTURE HARVE&E&HR

vonHoldt, 2012¥ollowing thead hocdeltaK procedurewhichestimatedhe rate of change in

the log probability of data between successive K valggannoet al, 2005, from analyses

based on the admixture model and correlated alleles for K between one and é&ghtoor

di ploid and polyploid speci BIGMCrgensratiens withv el vy .
1 0 0 6a&3Bumin were run and repeated ten times, and the optimal K value was selected as

the highest peak showed by the corresponding deltaK. The populatictust under the

opti mal K was further anal yz dM@MCigaenersiohR UCT UR
1 0 0 6a&3lufhin and 20 iterations. Individual assignment probabilities were averaged over

all these iterations using the FullSearch algorithm in CLUMPP 1(lgkobsson &
Rosenberg, 2007) St acked bar plot representations Wwe
v0.9.4(Archeret al, 2017)

Patterns of isolation by distance (IBD)

The pairwise geographic distances among individuals were estimated using the R package
geosphergHijmans, 2017) which computedhe Euclidean distansdetween geographical
locations by considering the Eartligsoid. The pairwise genetic distances among individuals
were estimated in SPAGe[iHardy & Vekemans, 200 s t h e d&statistic based®rs

the probability of identity of genes within and among individuals, which is thus analogous to
Fs1/(1-Fs1) (Rousset, 2000)For each species, signal of isolation by distance was tested by
comparing the geographic and genetic paiendistance matrices throughanel tess using

the Rpackagevegan with significance tested through 20000 permutations. Mantel tests were
similarly performed within each genetic clusters inferred by STRUCTURE, admixed
individuals assigned to one cluster using values from tmea@x with a threshold at 0.5p

detect lineagspecific evolutionary history.
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Results

Genotyping and haplotype network of plastid markers

The alignment of concatenated plastid sequences from the 446 individualsxdhBgpl32

and trnT-trnF loci was 176 bp in length including gaps and presented 69 parsimony
informative sites. The species relationships showed by the haplotype network were consistent
with previous studies and offered evidence that several polyploid species originated multiple
times (Figue 2). In particular, the polyploide. cylindrica(DDCC) shared two distinct
haplotypes that appeared identical with those segregating within the didoidauschii

(DD), indicating recurrent origins of the polyploid involving different maternal lineafjdse

same progenitor species. Similarly, the polypldid. triuncialis (UUCC) shared multiple
haplotypeghat appeared identical with plastid sequences from both the dipleidsaudata

(CC) andAe. umbellulata UU), supporting at least two recurrerrigins involving the two
diploid species as maternal progenitors. The polyphsd geniculatalUUMM) presented
highly diversified haplotypes closely related to the diplael umbellulatabut that appear
specific to this species, supporting divergencehef polyploid fromits maternal progenitor
species. The polyploide. crassafDDMM) showed a unique haplotype that also appeared
distinct from any of the surmised diploid progenitor species. Although generally consistent
with multiple origins of polyploidspecies, plastid markers do not unambiguously resolve their

precise maternal origin(s).
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Figure 2: Maternal origins of the allopolyploid Aegilopsspecies The plastid haplotype
network was based on concatenated intergenic reguimsrpl32 andtrnT-trnF for a total of

1760 bp length. Nodes are scaled by the number of samples sharing the same haplotypes.
Eight species of the MCDU cluster were colored following the legend. The clade A, B or D to
which belongs theAegilopsspecies according to Macurssenhal (2014) are indicated by

dotted areas.
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Genotyping of nuclear markers

The amplicon sequencing of the 48 nuclear Eiong the 446 individuals (i.e. including
previously genotyped individuals from Chapter 1) yielded about 43 millions of lllumina
MiSeq reads that were stringently filtereadatrimmed to 18 million readspresentative of
haplotypes segregating in the #eyed species. The same seven loci as in Chap@émyq
CyC, Glycin, MCMC3 PCNA_ 6L, PHY_AandS1rng were poorly or unspecifically amplified

and hence removed from further analyses.

The combination of RF distances and global node support of gene treacto of the 41
remaining loci further detected patent paralogs. Four REIB2 RPA2A CBSand 2Fe23
showed both high RF distances and high node support (Supplemental Material Figure S1),
and were removed. Seven additional gl Atrans GTPase mtCarrier, pyroP, SUI1and
tRNAsyN presented suspicious gene tree topologies (Supplemental Material Figure S2) and
were conservatively excluded. One haplotype ofzthelocus showed identical haplotypes in

an outgroup and an ingroup species, and only shigposedly spurious haplotype was
removed. This filtering step resulted in a stringent removal of 11 additional loci, leaving 30

robust loci that were used to analyze the evolutionary history of the species.

Population structure within Aegilops species

All Aegilopsspecies revealed genetic clusters that were spatially strudftigadre 3 and
Supplemental Mterial Figure SB The optimal number of genetic clusters was K=3 for the
diploid Ae. comosaas well as the polyploid&e. geniculataandAe. triuncidis, while it was

K=2 for the otherspecies(Supplemental Material Figure B4in most species, a specific
cluster appeared geographically more widespread than the other cluster(s) and contact regions
between such clusters presented a particularly highoption of admixed individuals.

The diploidAe. caudatandAe. comosaresented all their genetic clusters in the Balkans and
one cluster (Ca_k3) eamding across Anatolia (Figurg. Bimilarly, Ae. umbellulatashowed
multiple genetic clusters in the Wem part of Anatolia, whereas a specific one extended
across Anatolia. In contrasfie. tauschiishowed a less intermingled distribution with a
particularly divergent genetic clusteésypplemental Material, Figure B5being specifically

located in the cuent center of the species range, along the Caspiafr-seiae 3.
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Figure 3: Genetic diversity and population structure ofAegilopsspeciesMaternal origin of polyploids as evidenced by plastid markers is
underlined (except fohe. crassp Genetic diferentiation calculated assgand Nst following Pons and Petit (1996) is indicated between each
coherent pairs of species. Comparisons betwegra@ Nst were tested for significancand associated-yalue indicated as followed: (***) <

0.001, (**) < Q01, (*) < 0.05 and") not significant. Species distributions are represented with grey crosses for occurrences reported in GBIF
database and circles for genotyped individuals. Population structures were inferred for each species using STRUCTURBuTehes

genetic clusters K is indicated on the maps and clusters represented by pie charts and stacked histograms using grgsedi€hteaofame of

each cluster is indicated in the stacked bars. The phylogenetic relationships between allithelgstiees found in the eight species is shown by

four colors representing the M (yellow), C (green), D (red) and U (blue) genomes as assessed thgbbghJgaiing method
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Allopolyploid multilabeled species trees inferences

The multilabeled speciesees of the three polyploid specieée. cylindrica Ae. geniculata

andAe triuncialis- showed unambiguous assignment of the allopolyploid subgenomes to the

corresponohg progenitor species (Figure).4However, allopolyploid haplotypes usually
formed nostly monophyletic clades sharingcammonancestor with their corresponding
progenitor species rather than being indicative of specific progeAitoordingly, no specific
diploid lineage was apparent at the originAd. geniculata(Figure 4) or Ae. tiuncialis
(Figure d). One lineage ofe. geniculatg Ge_k3) however presented divergent haplotypes
related to distinct lineages from thodiploid progenitors (Figuread, consistent with an
independent origin that would have been overlooked by plastidFagure 2). Noticeably,
the origin ofAe. cylindricaseemingly involved the same lineage of the diplael tauschii
(Ta_k1) that was also involved as third subgenome of hexaplicrassaCr_k2; Figure
4c). Ae. crassashowed the deepest divergencenirits progenitor species and exact diploid

progenitor were hence hayddentified.

Assignment ohomeologou$aplotypes could be accurately assessed for all polyploids except
Ae. crassaMost haplotypes of\e. crassavere speciespecific and coalescecfore one or

both its surmised diploid progenitors. Half of the individuals genotyped were suspected to be
hexaploids while the other half seemed tetraploids, which was further confirmed by
chromosome counting and flow cytometry (data not shown). Theraéadfemultilabeled
species tree ofe. crassasimilarly showed ambiguous genome assignment of the selected
individuals (Figue 4d). The hexaploid individual included in the species network inference
however showed its two subgenomes similar to the subgenthraetetraploid individuals
whereas its third subgenome revealed clearly grouped with a specific lineage of its diploid

progenitorAe. tauschii

Ae. crassawas seemingly the oldest allopolyploid species, with an estimated age between
1.75 and 1.37 MyaAe. geniculataappeared as the second oldest allopolyploid species with
an estimated age of 1.28 Mya, followed by the seemingly youngest speciggincialisand

Ae. cylindricashowing the shallowest divergence with 0.65 Mya and 0.77 Mya respectively.

Basal on the population structure analyses and the paternal origins of the allopolyploids
Aegilops all species revealed distinct internal genetic structures that were consistent with the

phylogenetic analyses (Figure 3 and 4d), the two genetic clustergdfeithinAe. crassa

distinguished the tetraploid individuals (Cr_k1) in the West part of its distribution from the
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Figure 4. Parental origins of the allopolyploid Aegilops species The origins of
allopolyploids were assessed using mlalbieled speciesees for each allopolyploid species

and based on representative individuals of each diploid and allopolyploid species. Accessions
ID of each individual and their genetic clusters as assessed by STRUCTURE are specified.
Each allopolyploid individual has twhbranches corresponding to their homeologous pairs
(subgenomes). The diploid progenitors groups are highlighted by colored rectangles. The
allopolyploid individuals are abbreviated on branch tips as follow: GEN @geniculaty TRI

(Ae. triuncialig, CYL (Ae. cylindricg and CRA Ae. crassa The split of the allopolyploid
species from their diploid progenitor species is indicated by the red dashed line, with the
relative age (in million years ago; Mya) shown below and calculated based on the divergence
age of the diploid species (indicated by the red circle) estimated in Chapter 1 at around 1.49
Mya.

71



hexaploid ones (Cr_k2) in the Northeast part of its distributim. cylindricashowed a
genetic cluster mainly restricted to the Balkans (Cy_k1), whehmasther extended across
Anatolia and Central Asia (Cy_k2). The two main genetic clusterseofgeniculatawvere

mostly restricted to either the Northwest coast (Ge_k1) or the East and Southwest coast
(Ge_k?2) of the Mediterranean Sea whereas a thirdtigeclaster including as few as seven
individuals (Ge_k3) presented a scattered distribution in Anatolia and North Africa. The three
genetic clusters inferred withie. triuncialisshowed a relatively specific distribution along

the North and East coast the Mediterranean Sea (Tr_k1), throughout Anatolia (Tr_k2) or
scattered across the whdpecies distribution (Tr_k3).

Di pl oid progenitor so geoatidiveisityuti on to their
Subgenomes of each allopolyplodégilopsspecies showed equalgportions of conserved,
derived and lost haplotypes from their diploid progenitor species (Table 1 and Supplemental
Material Table S1). However, allopolyploid species presented contrasted proportions of each
haplotype category, witAe. cylindricashowingthe most conserved genome with 9% 3f
conserved haplotypes (Supplemental Material Table S1) followedebytriuncialis with

77.6% of conserved haplotypes aA@. geniculatsshowing equaproportions of conserved
(51.3%) and derived haplotgs (41.96). In contrast to those polyploids species presenting
relatively stable subgenomes with low proportions of lost haplotypescrassavas chefly
composed of derived (58.4%) and lost (28)Gaplotypes.

Genetic diversity within Aegilops species

As expectedgenetic diversity withinAegilopsspecies differs between nuclear and plastid
markers, as well as between diploids and polyploids (Table 2). The plastid markers show
relatively high allelic richness (AR = 5.29.02) and genetic diversith € 0.79- 0.99 in all
species, except for the diplofk. umbellulatgd AR = 3.47,h = 0.52) and the polyploid&e.
cylindrica (AR = 3.17,h = 0.38) andAe. crassaAR=3, h=0.35). Ae. comosahowed the
highest AR (8.24) and (0.95) among diploids whil&e. geniculatasshowed the highest AR
(9.02) andh (0.98) among polyploids. The phylogenetic diversity showed a contrasted
pattern, with the diploidAe. caudata(v = 0.0015) and the polyploide. triuncialis (v =
0.0013) showing higherthan the other species (v =000007).
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Tabl e 1: Rel ative propor tvs.fome w fh afipcloontsyeprevseod ahnaGumsgenieg) QalEesyods aesignatesp e ¢ i
polyploid haplotypes being identical to those segregating in diploid progenitor species. New haplotypes desidaptesshspecifically
segregating within polyploid species. Proportions of loss correspond to the proportion of subgenomes for which anydwmpptbbgassigned

at a given locus and individual or that could not be assigned. The pivotal genomes dreiunderd a c c or d i-chigf fteor etnhtei afl p i gve
hypothesigZohary & Feldman, 1962)

Species Genome Conserved haplotypes Derived haplotypes Lost haplotypes
D U M C D U M C D U M c
Ae. cylindrica DDCC 0.495 0.448 0.001 0.035 0.002 0.019
Ae. crassa DDMM  0.227 0.003 0.317 0.267 0.053 0.133
Ae. geniculata UUMM 0.268 0.245 0.207 0.212 0.016 0.052
Ae. triuncialis UUCC 0.400 0.376 0.087 0.112 0.019 0.006

Table 2: Genetic diversity within Aegilopsspecies of the MCDU clusterAR is the allelic richness calculated as the expected number of
alleles among the minimum number gene copies found in a speciés:.iceassa which was 40 and 10 gene copies for nuclear markers and
plastid markers respectively. Ho is the observed heterozyghsgyhe genetic diversity corrected for sample size as defined b{d 8l&8)and

vis the genetic diversity with ordered alleles, i.e. with phylogenetic distances between alleles taken into account.

Species Genome Number of Number of Plastid markers Nuclear markers
occurrences  genotyped AR h Y AR h \Y Ho

Ae. caudata CcC 102 29 7.41 0.92 0.0015 350 041 0.005 0.12
Ae. comosa MM 67 30 8.24 0.95 0.0004 477 050 0.007 0.06
Ae. tauschii DD 197 41 5.94 0.80 0.0003 284 040 0.003 0.00
Ae. umbellulata uu 76 26 3.47 0.52 0.0001 278 033 0.002 0.15
Ae. cylindrica DDCC 328 82 2.80 0.35 0.0002 230 050 0.013 0.64
Ae. geniculata UUMM 1366 81 9.02 0.98 0.0007 595 0.61 0.013 0.56
Ae. triuncialis uucc 1076 76 5.29 0.79 0.0013 381 056 0.013 0.58
Ae. crassa DDMM 53 10 3.00 0.38 0.0000 3.30 0.63 0.017 0.66
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The nuclear diversity showed similar trends to plastid markers, with A&ircomosand

Ae. geniculatahighlighting genetically highly diverse species, wherges cylindrica
appeared genetically homogenous. The phylogenetic diwenwas twice lower in diploidsy(

= 0.0020.007) as compared to polyploids{0.0130.017. The observed heterozygosity Ho
was relatively low for diploids (maximum 0.15), but consistently close to 0.5 in polyploids,
reflecting both the selfing regint# Aegilopsspecies and the fixed heterozygosity expected in
allopolyploid species.

Inspecting the geographical distribution of individual observed heterozydékity among
species, three main hotspots presenting high proportions of individuals wlthHbigvere
located in a region encompassing the south of Balkans and the western part of Anatolia, in the
eastern part of Anatolia and in Central A6tupplemental Material Figure B& he diploids

Ae. caudataand Ae. comosahowed particularly highlo; along the Souttand East coast of
Greece, butHo presented no specific pattern for allopolyploids, althoégh triuncialis
showed particularly higheHoi among individuals from AnatoligSupplemental Material
Figure S6.

Genetic differentiation among Adégps species

Genetic differentiation at nuclear loci was even and relatively high among diploid species
(Figure 4) with Gt (0.540.61) always significantly lower thansiN (0.830.86). It was
slightly lower (Gt = 0.320.40) and generally not significantlgifferent from Nst for
allopolyploids.

The comparison of allopolyploids to their respective diploid progenitors shosiatively
similar Nst but significantly higher Ntthan G, indicating that a considerable proportion of
the diploid phylogenetic divsity has been transmitted to the derived spgediging polyploid
speciation. Alhough relatively similar, th phylogenetic diversitgeemed slightlgontrasted
genetic differentiation from each of their progenitor, WAl cylindricaandAe. crassaeing
less differentiated fromAe. tauschiithan from their differential progenitors, whereas.
geniculataandAe. triuncialis similarly showed lower differentiation withe. umbellulataas

compared to their specific progenitor.

Patterns of isolation by diance (IBD)

Mantel tests yielded contrasted results among diploid and allopolyploid species (Table 3),
with significant IBD in all diploid species excefe. tauschiiand nonrsignificant IBD in all
allopolyploids excepfe. cylindrica Significant IBD wasalso consistently observed within
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the main of the genetic cluster of each species, eXapgeniculataand Ae. triuncialisthat

showed no IBD at all.

Table 3: Mantel tests of isolation by distance withinAegilops species.Pairwise genetic

distance withh s peci es were a&timditee. aManmntRolustsest s
were reported in the table with the associate@lpes indicated as followed: (***) < 0.001,

(**) < 0.01, (*) <0.05 andf) not significant.

(@) Ae. caudata Ae. comosa Ae. tauschii Ae. umbellulata
(CC) (MM) (DD) (VU)

Total  0.455™ Total 0.226™ Total -0.004"s Total 0.483™

Ca k1l 0577” Co_k1 -0.241" Ta k1 0.367™ Um_k1 0.181"

Ca_k2 0.221™ Co_k2 o0.301 Ta k2 -0.125 Um k2 0.852°

Co k3 -0.177m

(b) Ae. crassa Ae. cylindrica Ae. geniculata Ae. triuncialis
(DDMM) (DDCC) (UUMM) (UuCQ)

Total 0.172m Total 0.145 Total  0.0427 Total 0.055"

Cr_k1 0.855 Cy k1 o0.184 Ge k1 o0.1127 Tr_k1 -0.025"

Cr_k2 0631 Cy k2 0.169" Ge_k2 0.124r Tr_k2 -0.025"

Ge_k3 0.304m Tr_k3 -0.070™
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Discussion

Multiple and independent origins of the allopolyploid species

Maternaland phylogeneticelationships amondegilopsspecies (Figure 2 4) are mostly
consistent with previous studi¢Beterseret al, 2006; Meimberget al, 20®; Bernhardtet
al., 2017)and here further support multiple origins of allopolyploid species sucheas
cylindrica, Ae. geniculataandAe. triuncialis The origins ofAe. triuncialisfrom both diploid
species as maternal progenitess paticularly appaent, whereas data fde. cylindricaand
Ae. geniculatawere rather coherent with origin(s) from a single maternal progenitor.
Although in slight constrast with Meimbegg al. (2009)who reported bmaternal origins of
Ae. cylindrica maternal relationships presented here also confirmed previous olosenait
accessions frome. mutica(T) andAe. caudatgCC) sharing similar plastid haplotypes with
Ae. umbellulatdUU) indicative of chloroplast captu(Badaeveet al, 2004; Bernhardét al,
2017)

Multiple nuclear loci further enabled inference of the paterrigirgs) of polyploids (Figure

4). Although coherent with a single paternal originA#. triuncialis nuclear loci clearly
identified multiple paternal origins involving different lineages of diploid progenitosein
cylindrica as well asAe. geniculataNoticeably, the genetic lineage Ak. tauschiinvolved
here in the evolution dhe. cylindricaappeared different from the lineage identified along the
Caspian Sea that also contributed the D genome of the hexaploid Wisesstivun{Dvorak

et al, 1998; Peterseet al, 2006; Wanget al, 2013b)

Progenitors of the allopolyploide. crassgDDMM) seem to have been misidentified in prior
works (Badaevaet al, 1998) This species indeed appeared older than its postulated
progenitorAe. comosgdMM) in the multilabeled tree, suggesting the likely involvement of a
relatively ancient common ancestor and also expigitihe lack of conserved M haplotypes
reported here. Hexaploid individuals A&. crasseseem to occur in theontheast part of the
species distribution corresponding to Central Asia. The genome of the hexaploids showed
clearly similar to the genome of taploids Ae. crassaand have an additional genome
identical to the widespread lineage. tauschii(Ta_k1), supporting the origin of hexaploids
through the merging of tetraploile. crassaand Ae. tauschiiiBadaevaet al, 1998, 2002)

Given the unclear origin dke. crassaresults regarding the genetic diversity and population

structure inferred for this species should thus be carefully interpreted. Thorough phylogenetic
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aralyses involving allAegilopsand Triticum species as well as diverse related species is

necessary to untangle the evolutionary historgj@fcrassa

Impact of LGM on species evolution and distributiange

The inferred age of the allopolyploid speciesunambiguously coherent with their origin
before the LGM.Ae. crassaseem likely to have formed an allopolyploid species first,
followed byAe. geniculataln contrastAe. triuncialisand Ae. cylindricaappeared younger.
Rough age estimates based on dhergence among the four diploid species (around 1.49
Mya; Chapter 1) can hardly offer precise absolute datingAbutrassaand Ae. geniculata
seem to have originated during climatic oscillations of the Donau period around.2875
Mya, whereasAe. tiuncialis and the recent lineage @éfe. geniculata(Ge_k3) may have
evolved during the Gunz period some BBB7 Mya andAe. cylindrica seemingly appeared

at the beginning of the Mindel period 0.65 Mya. Although their origin during a glacial or
interglecial remains elusive, allopolyploidegilops species have likely endured multiple
glaciatinterglacial periods resulting in cycles of range contraetxpansionthat have

considerably impaetthe currentdistribution of their genetic diversity.

Despite sch complex spatibemporal dynamicsAegilopsspecies all showed distinct genetic
clusters being spatially coherent and generally separated by admixed individuals. Such a
pattern appears coherent with the allopatric evolution of independent geneticscinste
distinct refugia during range contraction of the LGM, followed by secondary contact during
postglacial expansiofClark et al, 2009) Significant IBD within widespread genetic lineages

of each species likely reflectsetih expansion along migration routes from their last refugia.
The higher individual heterozygosififo)) observed along secondary contact zones supports
this hypothesis. Interestingly, patterns of individual heterozygosity appeared similar for
multiple speies, highlighting zones of secondary contact of general importance in the
Balkans, in the West and in the East of Anatolia. Such geographical clustering of contact
zones looks characteristic of suture zones first defined by Remi(ifd68)and here appesir
consistent with the phylogeographic break already reported between the Balkans and the
Anatolian regio (Bilgin, 2011) Phylogeographicreak between West and East of Anatolia

has also been observed in several stuflisged in Bilgin, 2011) but the phipgeographic
pattern of theAegilops species does not correlate with the intAamatolia suture zone.
Neverthelessthe Anatolian egion hadlikely served as refugia for mogtegilopsspecies,

hence constitutingn extraMediterranean refugiurthat may havelayed a role in surviving

the LGM as important as the Southern refy§ehmitt & Varga, 2012)
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The restricted distribution of diploidegilopsspecies anaf their genetic clusters in the
BalkansWest Anatolia forAe. comosandAe. caudatain Anatolia forAe. umbellulataand
around the Cspian Sea foAe. tauschiiis coherent with limited dispersal from their last
refugia. On the contrary, albolyploid species showed largdistribution ranges and
widespread genetic clusters indicative of a greater dispersal ability than diploids. The exac
location of refugia having hosted widespread allopolyploids sucheagylindricaand Ae.
geniculataremairs elusive due to the genetic uniformity of their main lineages, but likely
include Anatolia and the Southern refugia (i.e. the Balkans and/dbénan and Italian
peninsulas). Coherent with its relatively ancient orighg. geniculatashowed a strong
phylogeographic structure with clusters mostly restricted to the Ndestern and the South
Eastern parts of the Mediterranean bdBigure 3. A third genetic lineage (Ge_k3) showed a
disjoint distribution around Anatolia and in the North of Africa. Although humawiated
migration may have shaped the current distribution of genetic variatiéw.irgeniculata
(Arrigo et al, 2010) a scenario involving the persistence of a relictual lineage across multiple
of contractiorexpansion cycles and the swamping by other-plastial recolonisers may
likely explain such a disjunction. Similarly, the altdpploid Ae. triuncialis showed
phylogeographic breaks located within Anatolia and likely survived the LGM in multiple
refugia before presenting a rapid recolonization leading to a patchy distribution of genetic
clusters. Given that allegilopsspecies inestigated here are selfers and present unspecialized
dispersal units similar to species with either a D or a U genome, such a contrasted pattern is
likely due to specificities of being allopolyploid. Multiple origins of the allopolyploid species
indeed cdainly increased their initial genetic diversityhich was mostly maintaingtirough

fixed heterozygosity. Such an allopolyploid genetic system thus most prdieal@yimited

the consequences of inbreeding and genetic drift inherent to cycles of @mgaction
expansion and therebyfacilitatedthe expansion of polyploid species as comgére their

diploid progenitors.

Relative contribution of parental genomes geaheticnovelties to the colonization success of

allopolyploid species

The comparison fophylogeographies fromAegilopsallopolyploids offers further insights on

the impact of their relative ages or specific genome combinations on their wide distributions
following the LGM. Surveyed allopolyploid species presented here a majority of codserve
haplotypes from their diploid progenitor speciesth the youngallopolyploid Ae. cylindrica
presentinguip to 95% of the genatibackground of its progenitovghereas it dropped to about
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50% in the older speciegse. geniculataHaplotypes from both pregitorswere conserved in
derived allopolyploid specieand presentedelatively similar Nst indicative of similar
contribution and supporting balanced reorganization of subgenomes. This pattern contrasts
with expectations of the pivotdlifferential genore hypothesis, whereby allopolyploid
species sharing a common pivotal genome recurrently hybridize and see this subgenome
conserved under homologous recombination, whereas the other (differential) subgenome goes
through considerable changes following homgolus recombinatioiZohary & Feldman,

1962; Feldman & Levy, 20055uch observations based on {o@py loci support previous
insights from repetitive sequences to conclude on limited consequences of introgression
among specie¢Senerchiaet al, 2014) but studies including functional genes underlying
phenotypic differentiation are necess@Morjan & Rieseberg, 2004; Feldma al, 2012)
Available data rather support rand@ocumulation of genetic mutations as the time passes,
but to what extent allopolyploids evolved genetic novelties supporting range expansion
through time (e.g. adaptation to a wider range of ecological niches) or, in contrast,
accumulated deleterious chasg remains elusive. Here, not only relatively young
allopolyploids such ag\e. cylindricaand Ae. triuncialis but also older ones such a.
geniculatashowed higher genetic diversity going along with greater spatial extension than
their respective diploi progenitors, supporting the hypothesis that polyploidy is
advantageous. Noticeably, another ancient allopolyplad&l crassashowed a highly
contrasted pattern, with a scarce distribution likely reflecting a once widespread range and
evidence of adtlonal rounds of allopolyploidizatianlo what extent this pattern is indicative

of an extinction meltdown and represents more than an exception remains unknown.
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Figure S1: Distribution of gene trees for each nuclear locus based on their global node
support and RobinsonFould distance valuesThe full nameand details of each locus are
indicated in the electronic suppleental material Table S2 from Chapter 1:
fiStellaHuynh_PhD_Chapterl SuppMat_Tabid$&Of48LowCopyLoci x | s x 0 .

Figure S2: Gene trees of the 43 lowopy loci (Electronic Material). The electronic
material can be found under the following PowerPoint  document:
AStell aHuynh_PhD_ Ch a pG eenr e2T_rSeuepspQM aZ& LEackeglacit pepSt2x 0
the gene tree was inferred based on all unique haplotypes sequenced among the studied
species using BEAST2 for 500 million MCMC generations and 10% burnin. Trees were
summaized with TreeAnnotator with 80 % burnin and then viewed in FigTiges of
summarized trees were manually labelled with species or individual sharing the corresponding
haplotype(s) followed by a number (corresponding to the number of single haplotggag sh

the tip) or by fAxd (corresponding to more
brackets. Tips only represented by a single MCAHgilopsspecies were colored accordingly

to the species as follows: orangke( caudaty pink-purple Ae. comsa), light pink Ae.

crassg, yellow (Ae. cylindricg, red @e. geniculaty turquoise QAe. tausch), green Ae.
triuncialis) and dark blueAe. umbellulata
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Figure S3 Detailed population structure of the eight MCDU Aegilops species Each
genotyped awession is represented by a pie chart with gradients of grey corresponding to the
genetic clusters inferred by STRUCTURE under admixture model. The outer color of pie
charts corresponds to the genome associated to the genetic cluster as follows: (M) as dar
yellow, (C) as green, (D) as gradients of red and (U) as gradients of blue. Occurrences of each
species as recorded in GBIF databaser@presented by grey crosses.
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Figure S4 Optimal number of genetic clusters of the eightAegilops species.The
calculation of optimal number of genetic clusters was based on deltaK following Estaaino

(2005)
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Figure S5 Genetic differentiation among the eight MCDU Aegilopsspecies assessed by
Principal Component Analysis (PCA).The PCA is based on haplotypes frequencies for 30
nuclear loci. The first PC, which explains 6.58% of the total genetic variance, is only driven
by Ae. crassaThe second and third PCs, summarizing 5.96% and 4.63% of the variance
respectively, however better discriminates the efggilopsspeciesColors corresponding to
each species is shown in the above legend.
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Figure S6 Individual observed heterozygosity (Ho) within Aegilopsspecies.Individual

Ho was calculated as the proportion of heterozygous loci among the 30 nuclear loci for each
genotyped individual. For each species (a to h) and all diggitopsspecies (i), individuals

are represdad by a circle proportional to their Ho value divided int8 2lasses with break
values defined following the quantile method implemented in ArcGIS.
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Abstract

Transposable elements (TES) play an important role in plant evolution and diversification. In
particular, longterminal repeatatrotransposns (LRTRT) represent thenajor fraction of

crop genomes and are rapidlytiaated following allopolyploidizationHowever, the long

term evolution of LTRRT copies within their allopolyploid hostsmains largely unknown.

We thusinvestigated TE dynamids four allopolyploidAegilopsspecies across their natural
distribution ranges and testedthe+vood di t i vi ty of progenitorso
from lost loci within allopolyploids. Six retrotransposons families were amplified using SSAP
fingemprinting and compared to genomede AFLP to distinguish recent TE proliferation or
deletion (SSAP) from random genetic changes (AFLP) in 402 individuals from the four
allopolyploid species and their four diploid progenitor species. Our study highligirigd |

term evolution of TE copies that is speeggecific and likely driven by random processes. It
was also coherent with punctuataetivation ofTE copies fronspecific LTRRT families in
accessions locared ithe BalkansAnatolia suture zone andt the margins of species
distribution. Losses of TE copies were mainly observed in the differential genomes,
hypothesized as evolving through homeologous recombinations, than in the pivotal genomes,
al so called O6unaltered6 as naionoAlthough glausible,r o u g h
the hypothesis of uncontrolled paternal TE copies by the maternal siRNA machinery cannot
fully explain the reactivation or asymmetrical losses of TEs observed in the allopolyploids,
especially inAe. triuncialis considering itsbi-maternal origin.The differential TE losses
between allopolyploid genomé®weversupport the pivotatlifferential genome hypothesis.
Nevertheless, other molecular mechanisms or extrinsic processes may also underlie the

evolution of pivotal and differgial genomes within these allopolyploid species.

Keywords: transposable elements, LTR retrotransposons, allopolyplegilops individual
TE dynamics, SSAP.
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Introduction

Transposable el ements (TEs), al so entafbundkcd fse
in all organisms and whose primary function stands inrselicating throughout the genome.

TESs thus represent the most dynamic part of the genome and have playgd@dantrole in

species evolution and diversificatigfeldman & Levy, 2005; Lisch, 2013; Olivet al,

2013; Belyayev, 2014; Senerctea al, 2015) TEs replicate through two gresses and are

classified accordinglyWickeretd., 2007) t hr ouegahdpasfieopymechani sm
which necessitate an RNA intermediater t hr otaigdp aat éocumechani sm (
TEs from Class | are particularly predominant among plants and are mainly represented by
long terminal repat retrotransposons(LTR-RT; Kumar & Bennetzen, B®).
Retrotransposons constitute up to 90 % of the genome among(TeoEllonet al, 2010;

Luo et al, 2013)and might thus have played an important role in their evolutionary history.
Hybridization and polyploidizationvents, which is known recurrent throughout the evolution

of crops(Feldman & Levy, 2015)are indeed the major activators of T&nsposition(i.e.

genome Bock; Parisod & Senerchia, 2012)

Allopolyploidy, i.e. the merging of genetically divergent genomes into a single organism by a
combination of hybridization and whole genome doubling, prevate ideal substrate for
investigating TE dynamics across largant populations. Allopolyploids show a general
tendency to genome downsizing compared to the expected additivity of their progenitor
genome(Song et al, 1995; Ozkan, 2003; Leitckt al, 2008) indicative of substantial
genome restructuring and epigenetic chan@asyle et al, 2008) Allopolyploid genomes
indeed regulate the number of TE copies through either stable mechanisms, i.e. genomic
rearrangements suppressing large portions of DNA containing TE ddfeesgomeryet al,

1991; Devos, 2002)r labile mechaems, i.e. epigenetic silencing via maternafierited
cytoplasmic small interference RNA (siRNA) repressing nuclear TE act{uisch &
Slotkin, 2011; Fedoroff, 2012) Such changes may occur imdiegely following
allopolyploidization( i . e . O0revodatimbmargyamhahge take pl
l'ifetime (i.ce. dFeldman & ltevy,02012)While reviolationgrg shényes
contribute to the establishment of nascent allopolyploid species, the evolutionary changes
contribute to the buildup of the genetic diversity within the species and therefore is related to
the overall fitness and colonizing capacities of the allopolyploid spéeedman & Levy,

2012) However, the immediate consequenoéallopolyploidy on the evolutionary dynamics

of retrotransposon copies has been extensively investifjatstikushet al, 2003; Feldman
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& Levy, 2009; Parisod & Senerchia, 201&®phereas the lonterm evolution of TE copies
across allopolyploid species has been poorly addressed. Some stigdjested that the long
term evolution of TEs is mainly driven by genetic dfife Rouzicet al, 2007; Szitenbergt

al.,, 2016) but whether similarevoluionary processes underlie TEs dynamics across

allopolyploid species rangésunknown.

The AegilopsspeciegPoaceae) are annual, predominantly selfing, wild wheats, with a native
distribution including the Mediterranean Sea, Anatolia and Central As@glops comprises

diploid, allotetraploid and allohexaploid species that share a complex evolutionary history
involving recurrent homoploid and polyploid hybridization events among the diploids and
allopolyploid speciegChapter 1& 2; van Slageren, 1994; Meimberg al, 2009) In

particular, two diploid specieg\e. tauschi(DD) andAe. umbellulatgUU), haverecurrently

combined with othediploid species to form th&egilopsallopolyploid species, among which

those sharing a common U or D genome also recurrently hyb(iflihary & Feldman, 1962;
Badaeveet al, 2002, 2004)According to Zohary and Feldman (1962), the owmn genomes

U and D (also call ed Opi vot al genomeso) t
recombination and thereby remain unaltenetiereas the other recombining genomes (also
call ed odi fferenti al genomeso) evodng éod t hr c
substantial restructuring of these genonfes he d@p if f ®@traeint i al genomeo
Hybridizations among allopolyploid species sharing common pivotal genomes have indeed
been reported and are still recurrently occurrifgldman, 1965; Pazy & Zohary, 1965;
Senerchiaet al, 2016) The pivotakdifferential genome hypothesthus results in genetic
asymmetry, formdy referring to structural asymmetZohary & Feldman, 1962)put also

includes functional asymmetry(Feldman & Levy, 2012)i.e. the evolutionary changes

distinctly affecting pivotal and differential genomes through subfunctionalization (division of

the initial functions of a gene among @splicatedcopies) or neofunctionalization (alteration

of the initial functions of a @ne). Recurrent interspecific hybridizations, combined with
intraspecific hybridizations in the suture zones (see Chapter 2), likely enhance-pivotal

differential asymmetry as well as TEs bursts

Retrotransposons make up to 90 % of the Aegilops gesmanearding to Luo et a(2013)

among which 50 % are represented by only eight HRIR families including Nusif or
BAREL (Chouletet al, 2010) Higher restruatring of the differential genome than of the
pivotal genome was mainly supported by Senerchia et al. (2014) through the survey of the

evolutionary dynamics of the main LTRT families among four allopolyploid Aegilops
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speciesAe. cylindrica (DDCC), Ae. cissa (DDMM), Ae. geniculata (UUMM) and Ae.
triuncialis (UUCC). In contrast, comparison of nuclear Joopy loci among the same four
allotetraploid species and their diploid progenitor specié®. comosa (MM), Ae. caudata
(CC), Ae. tauschii (DD) and Ae. umllulata (UU)i showed no asymmetrical gene losses
toward one of the progenitor genome (see Chapter 2), suggesting that restructuring of
differential genomes might differently affect nuclear loapy loci and TE copie§Shakedet

al,, 2001)

Whetherthe pivotaldifferential genome restructuringpserved by Senerchét al. (2014)is
consistent across species ramgemay differ among spees lineages remains unknown, as
the authorsnvestigated TE dynamics on a limited sampling of three accessions per species.
The present study aimed ainderstanding the evolutionargrocesses and molecular
mechanisms acting on tHeng-term evolutionof LTR-RT families across the distribution
range of the four allopolyploidegilopsspeciesThe evolutionary dynamics of TEs, defined
here as the deviation of allopolyploid TE copies from the expected addition of both its diploid
progenitor copiegi.e. TE poliferation or TE loss)was investigated on six abundant LRR
families with contrasted evolutionary dynamics according to Senesthé. (2014) two
quiescentEgug Nusif), two active BARE1 Roman) and two with speciespecific dynamics
(Sabine and XalaX. Their evolutionary dynamics was assesslkbugh 402 accessions
covering the whole distribution of the four allopolyploids and their dipleidgenitors
(Figure 1). Retrotransposons isolated through seqespesfic amplified polymorphism
(SSAP) werecompared to genom@ide random sequences assad by amplified fragment
length polymorphism (AFLP) to highlight the dynamics of TEs and their possible
geographical components in the light of the evolutionary history of the allopolypdgjdiops

species inferred in Chapter 2.
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Figure 1. Evolutionary relationships and current distribution of four diploid and their four derivated allopolyploid Aegilopsspecies

Species distributions are represented with grey crosses for occurrences reported in GBIF tétadbase/(v.gbif.org) and red thumbtacks for
genotyped individuals. Genomic formula are indicated into brackets following van Slageren (1994). Species genome pasdaecerding
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Material and Methods

Plant material

A total of 402 accessions of the eighegilopsspecies were selected for genotyping to
represent variation across the species distribuaoges. All accessions were gecalized

except four from Senerchiet al. (2014) with an average precision below 5 km. Seeds of
about 30 accessions for each diploid and 80 accessions for each allopolyploid species were
obtained from ARSGRIN, ICARDA and IPK Gaterseleben (Genegalpplemental Material

Table S1). A few additional accessions were obtained from ICARDA germplasm and from
field collections (Arrigo et al, 2010; Senerchiaet al, 2014) For Ae. crassa whose
distribution and seed availability were limited, pil0 accessions were obtained. Seeds were
sown and grown outdoor at the Botanical garden of Neuchéatel until flowering and deposited
as herbarium sheets at the Botanical Museum and Garden of Lawsahionide-Nant
Switzerland. Leaves from young seedBngere sampled and dried in silica gel for DNA
extraction using DNAeasy kit from Qiagen® following the manufacturer protocol. The
quality of each individual DNA was checked on 1% agarose gel, its concentration measured
by Nanodrop and then normalized an@@L. Individuals were randomly positioned in-96

well plates with 12 accessions replicated twice, one accegstomgé¢niculataPl 487229) and

one negative control replicated in each plate, for a total of 428 individDatsdataset also
included 7 oubf the 12 allopolyploid accessions genotyped and analyzed by Senetrahia
(2014) for crossvalidation of the molecular fingerprinting techniques (Supplementary
Material Table S1).

Molecular fingerprinting techniques

Amplified fragment length polymorphism (AFLP) and sequespecific amplified
polymorphsm (SSAP) were carried out following the protocol of Parisod and Ch{Z08)
Briefly, digestion of genomic DNA witlEcoRIl and Msd (New England Biolabs Inc.) and
then ligation of doublstranded adaptors with T4 ligager¢mega were performed at 37°C.
After inactivation of enzymes &5°C for 20 min, preselective amplification was carried out
using primers corresponding to the adaptors with GoTag®DNA polymerase (Promega).
Twenty-fold diluted PCR products were selectively amplified with a touchdown PCR using
primers with three additi@l nucleotides. UnlabelleMsd primers were used together with
fluorescently labelledEcoRI primers for AFLP and with fluorescently labelled 'R
family-specific primers designed by Senerchial (2014)for SSAP (Supplemental Material
Table S2). SSAP thus mostly amplified the region encompassing dimint of
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retrotransposon insertions and their flanking genomic sequences. To minimize experimental
inconsistencies, digestion and ligation steps were performed simultaneously and PCRs were
carried out on thermocyclers with fixed ramp rate. Genotyping eat@s were estimated
based on the 26 replicates (i.e. ~ 6.2 % of the dataset) following Bbaln(2004) The 402
Aegilopsaccessions were characterized onEBRI-Msd combinations of AFLP selective
primers and on three conmaitions of TEspecific andVisd selective primers for each LFR

RT family based on Senerched al (2014) (Supplemental Material Table S2). Selective PCR
products amplified with FANM, VIC® or NED™ fluorescent dye were pooled together with
GeneScah 500 LIZ™ Size Standard and separated with an ABI 373(MNA Analyzer.
Resulting electropherograms were visualized and scored with GenefMgBkdtGenetic8)

using manual bin sets and default peak detection parameters for AFLP. The scoring was

manually checked and loci recorded as present (1) or absenb{famg matrices.

Binary matrices were further cleaned by removing loci under the following criteria: (i) loci
below 60 bp length to prevent size homoplasy (Vekenedre. 2002), (i) loci that were
found differently scored in more than 15 % of the repdisdiii) loci that were present in less
than 5% in the whole datasé€iy) loci that were present in less than 5% of the individuals

within a species.

Genetic diversity, differentiation and structure of Aegilops species assessed by AFLP and
SSAP loci

The genetic diversity of eachegilopss peci es was est i madveNei, as Ne
1978)for AFLP and each LTHRT family using the Byesian method with nemniform prior

distribution of allele frequencies (assuming £ 1) as implemented in AFLPsufvekemans
etal,2002) Pairwi se genetic distances among spec
di stances (D) modified by Lynch and Milligan
sampling among species. Correlations betweeh ma ces of pairwise Nei 0
among species for AFLP with each of the six LRR families were tested by Mantel tests in

R with the Pearson method and 100 000 permutations. Significance was assessed with a
sequential Bonferroni correction, ledystarting at 8.33 x 1for a significance equivalent to

0.05, to account for multiple comparisqiiice, 1989)

The genetic structure within eaétgilopsspecies was inferred based on genovide AFLP
loci using the duzzy means clustering method, a noondel basé algorithm enabling
investigation ofselfing speciesfor which HardyWeinberg equilibrium is not expected. The

c-fuzzy means clustering was performed throughctheangunction from the packagel07
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on R cran, with a fuzziness parameter of 1.07, antédder K = 1 to K = 8 through 1000
repetitions for each KK being the number of genetic cluste®r each species, the best K

was chosen based on the intergroup variance that was best maximized, a proxy of clustering
accuracy analogous to the strategypmsed by Evannet al. (2005)andadapted by Arriget

al. (2010)

Analyses of allopolyploidandprofiles

The intraspecific genetic variah captured by the large samplingthin each Aegilops

species allowedo accurately infethe observed band profiles diploid and allopolyploid,

and therebyto better assess the expected allopolyploid hamodiles through combinational
probabilitiesfollowing Senerchiat al(2014) For each locug the observed band profile was
estimated as the frequencies of band presence (1) and band absence (0) present at the given
locus among accessions of the diploid progenitorg1(D, D1(0) ; and D(1) j, D2(0) j,
respectively) and for each accessionof the derived allopolyploid (A(1);, A(0) i,
respectively). The allopolyploid band profile expected under the additivity of its progenitors
band profiles was defined at each lo¢as the probability of band mence E(1)and band
absence E(Q)based on the observed frequencies of band presence and band absence in the
progenitors. The expected allopolyploid band profile at each lpcwss calculated as

Op O p O p O p O mn Oomn O p and omn

O 1 O 1 following Senerchiat al. (2014). The observed allopolyploid band profile

of each accessionwas then compadeto the expected allopolyploid band profile at each
locus j. Probabilities of additive bands (i.e. identity between expected and observed
allopolyploid profiles) was assessed &p 0p on 0 1 . Nonadditive

profiles were asseed as probabilities of new bands (i.e. presence of a band in the observed
allopolyploid profile despite absence in the expected profilepas 0 p or of lost

bands (i.e. band absence in the observed allopolyploid profile despite predededge in

the expected profile) &8 p o .

Individual probabilities of additivgéA), new(N) and lost(L) bands calculated for each locus
were summed across loci and divided by the total number of bands to obtain individual
proportions ofA, N and Lbands for AFLP and each LTRT family. For each allopolyploid
accession, the ratio (R) of lost bands divided by new bands was individually calculated and
log-transformed so that R = log(L/N). The ratio R was interpreted as TE proliferation if
log(L/N) < 0 or TE deletion if log(L/N) > 0.
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The probabilities of A, N and L bands and the ratio R assessed for the seven accessions taken
from Senerchiat al. (2014)were compared with the probabilities formerly inferred by these
authors to evaluate the impact of large sampling across speciess amgeoleular

fingerprinting results.

Origin of lost bands in allopolyploid species

The origin of lost bands was assessed for each tetraploid species on loci presenting band
presence in only one progenitor (i.e. either the pivotal or the differential genome in the
allopolyploid). For each allopolyploid species, and then for each-RTRamily, differences

in proportions of lost bands among pivotal and differential genomes were assessed using one

way ANOVA test on R cran aftemalidationof distribution normality (ot shown).

Departure of TE dynamics (SSAP) from genaevite activity (AFLP)

For each LTRRT family, individual proportions of A, N and L bands and R were compared

with corresponding individual proportions measured for AFLP to highlightsgécific

restruct r i ng from O6background noi $asédfingerprigting t ech
methods unlinked to TSpecific activity as assessed by AFLP. Comparisons were carried out

for each allopolyploid species through emay ANOVA followed by pairwise compaons

with Tukeybds honest spog hoctdsis to assdss LFRTffdmdiese nc e s
significantly differing from AFLP at 5% levels, using the packagecolaeon R cran.

To investigate the intraspecific TE dynamics, the departure of indivotaportions of A, L
and N bands and the ratio R measured for each-RTRamily from the corresponding
proportions measured for AFLP was assessed refelred toas -sftor es 0. For
allopolyploid accession and LFRT family, the individual zscore wa calculated as the ratio
of band proportion (A, L, N or R) from the LTRT family divided by the corresponding
band proportion from AFLP, and the ratio was further subtracted toyobtain positive or
negative zscore Standard deviations (sd) of indivial zscores (z) were assessed within
species for each LTRT family and used as significance threshold for interpreting individual
TE dynamics as follows: TEs were considered as significantly eliminated ifQz5xsd,
proliferating if z > 0.%sd, or quiscent if-0.5xsd < z < 0.58sd. For each LTHRT family and
category of band proportions (A, L, N and R), the individuatares were mapped over the
geographical location of each accession with corresponding TE ac{mitly figures
corresponding to N an® bands were shown herejo detect geographically structured
patterns of recent TE activity, spatial autocorrelation tests were performed across each
allopolyploid species range and for each LRR family and each category of band
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proportions (A, L,N armd R) using EcoGeneticson R cran(Roseret al, 2017) Spatial

autocorrelation waassessed usirgh e Mor an 6 s | -nearest metl®od (k)asthea nd t

weighting mode for local analysisith k=10 (i.e. usig the 10 nearest neighbdis assess

Mo r a habdssignificancassessedith1 006 000 per mut ati ons.
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Results

Comparison of individual genotyping from AFLP and SSAP techniques

The stringent scoring resulted in 522 bands for AFLP and from 146 b8abtsé to 287
bands Egug for SSAP loci SupplementaMaterial Table S3), with an error rate ranging
from 3.31 % for AFLP to 5.84 % fausif (Supplemental Material Table S2). Toerrelation
coefficientr between fragment sizes and their relative frequemaigged front =-0.6827 for
Nusifto r =-0.2960 forRomanj indicating relatively high frequency of short fragments in our
dataset. Comparison of the seven accessions in common with See¢rh{@014)revealed
relatively consistent band proportions (Supplemental Material Table S1), with a majority of
additive bands (A = 0.7040.891) followed by lost bands (L = 0.08®.213) and a minority

of new bands (N = 0.0250.112).

Genetic diversity, differentiation and structure in diploid and tetraploid Aegilops species

The Nei 0s ¢ eNdie varied andongvsgecies and AR families (Table 1)The

genetic diversity revealed higher among diploids, Wthv ranging from 0.088 to 0.234 for
Xalax and Sabinein Ae. caudatathan among allopolyploids, witNdiv ranging from 0.059

for BARELlin Ae. cyindrica to 0.170 forNusifin Ae. geniculataln overall, the LTRRT
families BARE1 Sabine and Nusif showed higherNdiv among species than AFLP.
Comparisons of Nei 6s <RT mmileesane AFLPbaendny pagwise e a ¢ h
species through Manteldts showed all LTHRT families significantly correlated with AFLP

after Bonferroni correction (data not shown), indicating similar patterns of divergence among
species for LTRRT families and genomeide AFLP.

Population structure analyses based on gensime AFLP loci showed alhegilopsspecies
composed of two to three genetic clusters that were geographically structured (Supplemental
Material Figure S1). Three genetic clusters were found for the dipf@dsomosdM) and

Ae. tauschii(D) as well as tb allopolyploidsAe. geniculata UM) and Ae. triuncialis(UC)
whereas two genetic clusters were detected for the other spAeiegeniculataappear
genetically uniform across its distribution except in Italy where the three genetic clusters co
occur.Ae.cylindricawas genetically mostly uniform with no clear geographic structure of its
two genetic cluster\e. tauschirevealed a finer genetic structwkthe accessions occurring
along the coast of the Caspian Sea, with a small genetic cluster (Tec&t@d on the South

coast and spreading eastward. The genetic structéye. @rassaonsistentlydistinguished
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Table 1: Genetic diversity within AegilopsspeciesNei 6 s gene
errors (x) for random sequences (assessed by AFLP) as well as the 6 TE families (assessed by SSAP).

d i Jideandsailopojyplomspecies is1predentedl with standard

Ae. Ae.
B Ae. Ae. crassa o _ o
Ae. caudata Ae.comosa Ae. tauschii cylindrica geniculata  Ae. triuncialis
umbellulata (genome
(genome C) (genome M) (genome D) (genome (genome  (genome UC)
(genome U) DM)
DC) UM)
AFLP 0.121 £ 0.007 0.144 +0.008 0.138 + 0.008 0.101 £ 0.007 0.102 + 0.008 0.063 + 0.005 0.140 + 0.007 0.085 = 0.006
Egug 0.096 £ 0.009 0.161 +0.011 0.132 £0.010 0.107 £0.010 0.121 +0.012 0.060 = 0.007 0.139 +0.010 0.087 £ 0.08
Nusif 0.163 +0.014 0.151 +0.013 0.133£0.013 0.167 £ 0.014 0.160 + 0.015 0.103 £0.011 0.170 £ 0.013 0.144 + 0.012
BARE1 0.114+0.011 0.175+0.012 0.156 £0.012 0.131£0.011 0.118 £ 0.012 0.059 + 0.007 0.138 £ 0.010 0.127+ 0.010
Romani 0.091+0.012 0.111+0.012 0.116 +£0.013 0.063 £ 0.010 0.094+ 0.014 0.068 +0.009 0.110 £ 0.011 0.061 + 0.010
Sabine  0.234 +0.017 0.128 £ 0.015 0.117 + 0.014 0.120 £ 0.015 0.103+0.016 0.106 + 0.012 0.109 + 0.012 0.147 £ 0.014
Xalax 0.088 + 0.010 0.125+0.011 0.100 £ 0.010 0.081 +£0.010 0.071 +0.010 0.061 +0.008 0.120 + 0.010 0.086 + 0.009
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the tetraploid (Cr_k2) and hexaploid (Cr_k1) accessions, in the East and West part of the
species distribution respectively, as previouslgsssd in Chapter 2.

Contrasted allopolyploid genonmmestructuringamong LTRRT families

Allopolyploid band profiles, i.e. proportions of additive (A), new (N) and lost (L) bands and
the logscaled ratio L/N (R), showed differential deviation from expecpedgenitor
additivity among species and LTRT families (Figure 2). All fourallopolyploid species
showed mainly additive (Supplemental Material Table S4), with proportions of A bands
around 0.80, and higher genetic losses (L bands ranging from 0.09896) €han genetic
novelties (N bands ranging from 0.033 to 0.087).

All LTR-RT families showed contrasted evolutionary trajectories among species (Figure 2).
The LTRRT families Nusif and Equg assessed as quiescent in Senerehial. (2014)
showed here significantly different from random sequences (AfitR)higher proportion of

N and L bands amonge. geniculatdor Egugand higher proportion of L bands amaofg.
triuncialis for Nusif The expected active LFRT families BARE1 and Romanishowed
significantly high proportions of N bands and a low R (I[& proliferation) amongAe.
triuncialis for BAREland amongAe. cylindricafor Romani The LTRRT families Sabine

and Xalax showed constrasted evolutionary trajectories but differing from the trajectories
previously assessed by Senerchtaal. (2014) Sabinesimilarly showed gjnificantly low
proportionsof N bands and high R (i.e. TE elimination) amofg. geniculatabut high
proportions of L and N bands amoAg. triuncialisandAe. cylindricaindicating a highTE
dynamics with turnover between deletion and proliferatibf E copies Xalax showed high

proportions of N bands and low R exclusively améweg cylindrica(i.e. TE proliferation).

Origin of lost bands in the allopolyploid species

All allopolyploids exceptAe. geniculatashowed significantly higher proportion of lost bands
from the differentiagenome than from the pivotal genome (Figure 3) witlalpeP < 0.01.

Ae. geniculatashowed norsignificant difference in the overall proportions of lost bands
between the two genomeB £ 0.63), which is consistent with the differences observed at the
LTR-RT family level (Supplemental Material Table SBe. geniculataindeed showed
significantly higher proportions of lost bands from differential genomé&@onani(P< 0.05)
whereaBBARE 1significantly showed opposite proportions towards pivotal gen®x® 05).
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Figure 2: Deviation from the expected additivity of progenitors inAegilopsallopolyploid
species.Proportions of deviating bands for sikE families investigated by SSAP (crosses)
compared to genoraeide proportions of AFLE (black ellipses). (a) Proportions of additive
bands (A). (b) Proportions ¢dstbands (N). (c) Proportions aewbands (C). (d) Logcaled

ratio between proportions of lost and new bands (R). TE families having significantly
different proportions do nieshare small letters and are presented in grey if not significantly
different from AFLPs, as assessed by Tukey tests.
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Figure 3: Proportion of lost bands originating from the differential or the pivotal
genomes in fourAegilopsallopolyploid speciesSignificant differences were assessed for all
proportions of TEs families (assessed by SSAPs) within Aagilopsspecies through one

way ANOVA tests. Significance of the tests are reported in each plevasi ). Medians

and quatrtiles are shown as leexand whiskers shows minimum and maximum values within
1.5 interquartile ranges. White circles represent outlier data whereas black circles represent
proportions of lost random sequences as assessed by AFLPs.

Individual departure of LTRRT family (SSAP)yhamics from AFLP genonveide variation

LTR-RT families mostly showed higimtraspecificvariation of individual proportions of A, L
and N bands andf R across species (data not showpwever, sme LTRRT families
exhibited general trends in a giveresgs, e.gSabineshowed a clear trend towandore L

bands among ale. triuncialisandAe. cylindricaindividualscompared to other species

Overall, the geographic distribution of individual -Becific zscores showed no strong
spatial structure acss allopolyploid species rargéFigure 4 and Supplemental Material
Figures S257). Among the 96 patterns of spatial autocorrelation tests assessed across

individual zscores, fourteen were assessed as significant, eight of which appeaked in

geniculata(Table 3.
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Table 2: Spatial structure of individual TE dynamics within allopolyploid host species.

Individual TE dynamics were measured as departures from AFLP scores for the additive

bands (A), new bands (N), lost bands (L) and ratio of lost bandsneveibands (R). The

presence of spatial structure of individual TE dynamics was tested through spatial
autocorrelation within four allopolyploidegilopsspecies for six TE familieBARE] Egug

Nusif Romanj Sabine XalaX. Significant correlations areont e d

correl atioeins are noted o
Ae. Ae. Ae. Ae.
crassa cylindrica geniculata triuncialis
(DM) (DC) (UM) (U
A N L R A N L R A N L R A N L R
Egug - - - - - - - - . S
Nusif - - - - - - -+ - -+ - - -
BARE1 - - - - -+ o+ -+
Romani - - - - - - - - - - - - - - -
Sabine - - - - -+ -+ - -+ - - - -
Xalax - - - - - - - - + + - -+ -+

0 + ésigndicarmt

For instanceBARE1showed particularly high individual-gcores for the propodn of N

bands inAe. geniculataaccession®ccurringin the Balkansthe Levantand North Africa

whereaghose locatedn the Iberianor Italian peninsula showed particularly low individual

z-scores (Figure 4). In addition to these few spatial autoetioal patterns, the region

non

between the Balkans and Anatolia and the margins of species distribution seemed to

concentrate recent TE activities. particular Ae. cylindricashowed especially high TE
activity in the West and East regions of Anatolia while. triuncialis showed high TE
activity in the region between the Balkans ambtolia(Figure 4 and Supplemental Material
Figure S2S7). In addition high zscores ratios (R bands), indicatiwehigher proportion of
TE proliferation than of TE deletiomgvealed particularly marked fofalax Egug Sabine
ofAe.

and BARE1 families at

the

range margins
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Figure 4: Levels of BARE1 proliferation within genotyped accessionscross allopolyloid Aegilopsspecies rangeProliferation ofBARE1
copies is expressed here as -$her e@@p)ar ¢ BARERnoN degomengeovariatiornassessed byo t e d
AFLP. Negative zscores are represented by blue circles with increasing sizes for values low@r3harb/-2.5 standard deviation respectively,
indicative of low TE proliferation. Positive-gcores are represented by red circles with increasing sizes for values higher than 0.5/1.5/2.5
standard deviation respectively, indicative of high TE proliferation. Vahetsieen-0.5 and 0.5 standard deviation, considered as not
significantly different from AFLP (i.e. quiescent TE copies), are represented by small grey circles.
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