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Abstract

Adaptation, the process of propagation of beneficial mutations, enables populations and
species to face changing environmental conditions. Cases of convergent (considered
synonym to ‘parallel’ here) adaptation highlight natural selection’s capacity to shape
biological diversity, and provide natural replicates to investigate the extent of predictability in
the genetic basis of adaptation. Recently, a wealth of genomic studies has identified
widespread genomic convergence. However, the evidence has taken many forms, from
responses in the same functions but different loci (function-level convergence) down to the
precision of repeated adaptation via the same genes (gene reuse), raising a question if such
variation can be explained by some unifying force/mechanism. It has been speculated that
patterns of genomic convergence differ among studies because the scale of divergence
differs from case to case. Yet, this observation has not been tested on a unified model
system across a divergence continuum and so underlying factors remain unknown.

In my PhD project | conducted an empirical investigation on how and why patterns of
genomic convergence change with increasing divergence. To do so, | studied the genomic
basis of convergent adaptation to outer (alpine habitats) and inner (whole genome
duplication) environmental challenges. | focused on convergently adapting lineages across
plant model family Brassicaceae, spanning ~0.01 — 25 million years divergence. Leveraging
such naturally replicated system, | aimed to test if the level of gene reuse in convergent
adaptation decreases with increasing divergence between the compared units, if this reflects
the availability of pre-existing variation and genetic constraints such as pleiotropy and what
is the role of function-level convergence.

Using whole genome resequencing and statistical analysis, complemented with experiments,
| identified convergent footprints of selection shared across natural populations and
guantified the extent of genomic convergence. Among the case studies forming my PhD
project, the degree of gene reuse in convergent adaptation strongly depended on genetic
divergence between the compared lineages — while | found substantial gene reuse between
closely related populations, shared genetic underpinnings of adaptation were rare above the
genus level. At such deeper divergences, the lack of gene reuse was compensated by
significant function-level convergence. Finally, at shallow divergence levels, decreasing gene
reuse reflected decreasing probability of allele reuse, i.e. repeated recruitment of the same
standing or introgressed variation by positive selection. This provided a first mechanistic
explanation for the observed divergence scale-dependency of genetic convergence.

In summary, | showed that the gene reuse in convergent adaptation scales with divergence,
reflecting different population-level processes determining the availability of adaptive alleles
at a within-species level. Further, adaptation via different loci involved in the same pathway
become the dominant source of repeatability once the divergence is high and allele sharing
is limiting. Generally, the results of my PhD thesis bring a novel empirical contribution to the
ongoing lively discussion about the drivers of convergent adaptation and the
(un)predictability of evolution. Consequently, they may inform a variety of conservation and
medicinal applications that rely on evolutionary predictability and may be of interest to
geneticists leveraging natural replicates of convergence in studies of adaptation.



Abstrakt

Adaptace, proces Sifeni vyhodnych alel, umoziiuje populacim a druhim celit nepfiznivym
podminkam prostfedi. Pfiklady konvergentni adaptace (zde pouzita jako synonymum Kk
paralelni) ukazuiji dlezitost pfirodniho vybéru pro formovani biologické diversity a umoznuiji
zZjiStovat, do jaké miry je geneticka podstata evoluce predvidatelna. Mnoho nedavnych
genomickych studii odhalilo, Ze je konvergentni evoluce na arovni genomu rozsifena. Jenze
konkrétni podoba se velmi lisf, od odpovédi pomoci stejnych molekularnich drah ale rliznych
mist v genomu (funk&ni konvergence) po opakovanou adaptaci pomoci stejnych gend
(opétovné pouziti gentl). To vede k otazce, jestli takto variabilni systém umoznuje jakékoliv
predikce ohledné mechanism( zodpovédnych za konvergentni adaptaci. Spekuluje se, Ze se
zplsoby konvergentni adaptace lisi podle pfibuznosti zkoumanych linii. JenZe tato mozna
zavislost nikdy nebyla testovana na jednotném modelovém systému napfi¢ Skalou rliznych
pfibuznosti, a tak se nemohla potvrdit ani ona, ani jeji mozné pficiny.

V predkladané PhD préaci jsem empiricky zjiStovala jak a pro€ se genomicka konvergence
li5i s klesajici pfibuznosti. Jako priklad jsem pouZila konvergentni adaptaci k vnéjSim
(alpinské prostfedi) a vnitfnim (celogenomova duplikace) podminkdm. Ty jsem studovala v
rostlinné modelové Celedi brukvovité (Brassicaceae) a zahrnovaly spektrum pfibuznosti mezi
0,01 — 25 miliony let. Diky témto modelovym systémim jsem testovala, jestli se mira
opétovného vyuziti genld v konvergentni adaptaci sniZuje se snizujici se pfibuznosti a jestli
to odrazi dostupnost sdilenych alel nebo genetickA omezeni dané pleiotropii gendl. Nakonec
jsem se ptala, jakou roli v opakované adaptaci hraje funkéni konvergence.

Za pouziti sekvenovani genomu a statistickych analyz, doplnénych experimenty, jsem
identifikovala konvergentni zmény souvisejici s adaptaci a vycislila tak miru genomické
konvergence. Mezi studiemi, které byly soucasti mého PhD projektu, mira opé&tovného
vyuziti gent v konvergentni adaptaci Gzce souvisela s genetickou pfibuznosti srovnavanych
linii. Identifikovala jsem vysokou miru opétovného vyuZiti gend mezi blizce pribuznymi
populacemi a naopak velmi nizkou miru nad Urovni rodu. U takto vzdalené pfibuznych
konvergentnich linii potom byla nizk& mira genové konvergence kompenzovana zvySenou
mirou konvergence na Udrovni funkénich molekularnich drah. Nakonec jsem zjistila, ze u
blizce pfibuznych linii je opétovné vyuziti genli pravdépodobnéjsi diky jejich schopnosti
sdilet spole¢né alely — bud vyménou genovym tokem nebo zdédéné od predkd. Tato zjiSténi
predstavuji prvni objasnéni mechanism( stojicich za sniZujici se mirou opétovného vyuziti
gend s narlstajici evoluéni vzdalenosti mezi liniemi.

Celkové jsem ukazala, Ze mira opétovného pouziti genli v konvergentni adaptaci souvisi s
pfibuznosti, coZ je zapfic¢inéno lepSi dostupnosti spole¢nych alel mezi populacemi uvnitf
druhu. Opakovana adaptace pomoci rozdilnych genl Ucinkujicich ve stejné molekularni
draze naopak dominuje, kdyz je pfibuznost mezi konvergentnimi liniemi (a tedy moznost
sdilet vyhodné alely) limitné nizka. Obecné tyto vysledky nabizeji nové empirické poznatky k
debaté o opakovatelnosti adaptace a z ni vyplyvajici (ne)pfedvidatelnosti evoluce. To mize
v dlsledku pfispét k navrhovani programd ochrany pfirody nebo nalézt vyuziti v oborech
mediciny pracujici s pfedvidatelnosti evoluce.
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Part A — General chapters

Al: Introduction

(Convergent) adaptation, the deterministic aspect of evolution

Adaptive evolution, the propagation of fitter alleles through the action of positive selection
gives rise to innovation in nature, the process which is particularly important under a
changing environment (Lande & Shannon, 1996). Indeed, an adaptively evolving fraction of
the genome is detected in almost all eukaryotic organisms — simulations and empirical
evidence showed that as much as 40 % of genetic variation is likely to be targeted by
positive selection (Booker, Jackson, & Keightley, 2017; Messer & Petrov, 2013). This
provides evidence for the deterministic aspect of evolution and contributes to the neutralist-
selectionist debate about what fraction of genetic variation evolves under deterministic
positive selection and what under stochastic genetic drift (Duret, 2008).

Convergent adaptation is the repeated evolution of similar traits by the same or different
genes (gene reuse vs. function-level convergence) leading to a fithess advantage in multiple
independent lineages (Arendt & Reznick, 2008). For three reasons, it provides a useful
framework to study adaptive evolution. First, if a gene and consequently a phenotypic trait
emerges multiple times as a response to a certain environmental trigger, it provides strong
evidence that it is a generally needed response to that trigger (Blount, Lenski, & Losos,
2018). Second, convergence naturally provides much needed replicates to determine the
predictability of adaptive evolution (Gould, 1989), specifically, how likely a certain trait
evolves by gene reuse (Agrawal & Stinchcombe, 2009). Finally, the replicates may be used
to identify genetic factors which are likely underlying this repeatability. Such repeatability
may then provide a framework to estimate a likely level of evolutionary predictability across
natural cases of adaptation (Stern & Orgogozo, 2009; Yeaman, Gerstein, Hodgins, &
Whitlock, 2018). Thus, our attempts to understand adaptive evolution naturally start with a
question: how frequently does adaptation repeat itself? Particularly, what is the fraction of
the genome reused in adaptation?

However, the answer is not straightforward: individual case studies of convergent adaptation
demonstrate large variation. It ranges from absence of any gene reuse (Zou & Zhang, 2015),
similarity in functional pathways but not genes (Birkeland et al., 2020; Cooper et al., 2014),
reuse of a limited number of genes (Foote et al., 2015; Takuno et al., 2015) to abundant
convergence at both gene and functional levels (Lim, Witt, Graham, & Avalos, 2019;
Manceau, Domingues, Linnen, Rosenblum, & Hoekstra, 2010). For example, high-altitude
adaptation of songbirds in Taiwan repeatedly uses the same single nucleotide
polymorphisms (Lai et al., 2019) whereas repeated adaptation to arctic environments in
three different species of Brassicaceae is mediated by different genes but comparable
molecular pathways (Birkeland et al., 2020). This opens a pressing question: can we predict
an evolutionary process which leads to such variable outcomes?



Divergence matters? The role of different sources of adaptive variation.

The divergence between convergently evolving lineages may represent a unifying factor
which underlies the variability in the convergently evolving fraction of genome, and,
consequently, informs about the predictability of adaptive evolution (Blount et al., 2018). This
is an intuitive idea, which has been also supported by some (yet so far indirect)
observations. Specifically, phenotype-oriented meta-analyses suggest that both phenotypic
convergence (Ord & Summers, 2015) and gene reuse underlying particular phenotypic traits
(Conte, Arnegard, Peichel, & Schluter, 2012) decrease with increasing time to the common
ancestor. Moreover, my brief review of published genomic studies suggests that genome-
wide gene reuse in convergent adaptation tends to scale with divergence (Bohutinska,
ViCek, et al., 2021). Thus, there are some hints that divergence provides a significant factor
determining gene reuse in adaptation. Having said that, the evidence is scattered in between
unrelated reviews and meta analyses, without a dedicated empirical system in which such a
relationship could be tested.

An additional question, testable with such empirical inquiry, surrounds the mechanisms
underlying gene reuse in adaptation and thus governing its divergence-dependency. There
are two types of these mechanisms discussed in the literature, yet again without unified
support across divergence scales (Blount et al., 2018; Stern & Orgogozo, 2009; Yeaman et
al., 2018).

First mechanism, which may underlie predictability of convergent adaptation between closely
related lineages, is allele reuse. It refers to the repeated sweep of the same haplotype that is
shared among populations or species either via gene flow or from ancestral (standing)
variation (Barrett & Schluter, 2008). For example, the ample gene reuse in repeated high-
altitude adaptation of songbirds in Taiwan was possible thanks to their access to shared
pool of alleles. These alleles, proven to be beneficial in high-altitude environment, were
already present in the common ancestor of the high-altitude lineages, showing the
importance of standing genetic variation in mediating adaptation (Lai et al., 2019). While
allele reuse has been documented in studies of convergence among closely related lineages
(Alves et al., 2019; Haenel, Roesti, Moser, MacColl, & Berner, 2019; Jones et al., 2012; Lai
et al.,, 2019; Oziolor et al., 2019), the alternative scenario, convergent adaptation from
independent de-novo mutations targeting the same locus dominates empirical inquiries
comparing distantly related taxa (Martin & Orgogozo, 2013; Yeaman et al., 2018). Similarly,
some studies report a decreasing probability of hemiplasy (apparent convergence resulting
from incomplete lineage sorting) with divergence in phylogeny-based studies (Goldstein,
Pollard, Shah, & Pollock, 2015; Mendes, Hahn, & Hahn, 2016). This suggests that the
degree of allele reuse may be the primary factor underlying the hypothesized divergence-
dependency of gene reuse in convergent adaptation, at least at shallow divergence levels
(up to sister species) where incomplete lineage sorting and gene flow are still frequent. Once
again, however, such question has not been systematically addressed in a suitable model
system varying in divergence.

Second, at deeper evolutionary timescales, allele sharing is essentially ruled out by
impermeable reproductive barriers and completed lineage sorting (Hudson & Coyne, 2002).
Still, there are reports of convergent adaptation by gene reuse among different genera,
families or even kingdoms (Martin & Orgogozo, 2013), indicating that different mechanisms
underlie the predictability of gene reuse at deeper divergences. Theory suggests that when
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multiple novel beneficial alleles originate within one lineage, positive selection may
preferentially act only on a subset of them (Stern, 2010). That is because the adaptive
potential of some alleles is constrained by their pleiotropic side-effects, in which individual
variants affect the expression of more than one trait, some of which may be then
maladaptive (Fisher, 1930; Stern, 2000). Consequently, adaptation is expected to be
mediated by a subset of low-pleiotropy genes (Connallon & Hall, 2018). This reduction in the
number of possibly adaptive genes can result in increased convergence by repeated
selection of the same optimally pleiotropic genes (Stern, 2010). This was shown for example
in genes of the anthocyanin pathway, mediating change in the plant petal colour, and in
consequence the adaptation to pollinator preferences. While a change in multiple genes of
the pathway results in petal colour shift, in nature such change is repeatedly mediated via
the most downstream gene of the pathway, which does not have negative side-effects on
other functions like UV-protection or pest resistance (Kopp, 2009). Gene functions and the
structure of gene regulatory networks together determine the level of pleiotropy. They also
change through time, leading to varying pleiotropic constraints between distantly related
species (Conte et al., 2012). This variation is increasing with divergence between the
convergently adapting species, resulting in decreased probability of gene reuse in adaptation
(Martin & Orgogozo, 2013). Thus, the second candidate mechanism for the divergence-
dependency of adaptation, is the diversification of pleiotropic constraints.

In summary, theoretical and scattered empirical evidence suggests that the repeatability of
adaptation is divergence-dependent. Two mechanisms may underlie this relationship, allele
reuse among populations and closely relates species and pleiotropic constraints
diversification at deeper divergences. Yet, the limited focus of individual studies of
convergent adaptation on a single level of divergence does not allow a unified comparison
across divergence scales. Thus, the hypothesis that gene reuse in convergent adaptation
scales with divergence has not yet been systematically tested genome-wide and across
sufficiently broad divergence scale and the underlying evolutionary mechanisms remain
poorly understood.

Beyond gene reuse: the effect of function-level convergence.

Adaptive evolution may also repeat itself at different levels than by selection targeting the
same locus (gene reuse). Changes in different (often regulatory) genes may affect
expression of the same gene or different genes yet still located in the same functional
pathway, leading to repeated acquisition of the same adaptive phenotype (Elmer & Meyer,
2011; Manceau et al., 2010). Such function-level convergence is frequently reported even
when gene reuse is absent, perhaps due to the high divergence between the two
convergently evolving lineages (Birkeland et al., 2020; Cooper et al., 2014). For example,
some vertebrates evolve darker coat color by mutations in the gene MC1R, whereas others
achieve the very same adaptation by selecting mutation in a different gene, Agouti, acting in
the same molecular pathway (Kingsley, Manceau, Wiley, & Hoekstra, 2009; Manceau et al.,
2010).

Because the probability of adaptation by gene reuse is likely to increase with availability of
shared alleles and under higher pleiotropic constraints (see above), one may expect that
much of the convergent adaptation among closely related lineages will rely on gene reuse,



not function-level convergence. Under such scenario, function-level convergence should be
high once lineages repeatedly adapt via de-novo alleles and genes in the adapting molecular
pathway have similar level of pleiotropy. In contrast, if the mutational target size causing
certain adaptation is high (i.e. high number of sites may mutate to achieve the adaptive
phenotype), like in case of loss of function mutations in regulatory genes (Hoekstra & Coyne,
2007; Johanson et al., 2000; Kopp, 2009), the function-level convergence might be prevalent
and unrelated to divergence (Yeaman et al., 2018). From this reasoning, we may draw two
scenarios of function-level convergence (in its strict definition including only convergence by
different genes from the same pathway). First, it is prevalent at all divergence levels because
multiple independent mutations, targeting different genes, may cause the needed
phenotype. Second, it is increasing with decreasing possibility to reuse the same alleles and
with lowering pleiotropic constraints, which may lead to its positive divergence-dependency.
Yet, available literature does not provide empirical system to support either of these
scenarios, or to come with alternative one, leaving space for further investigation.

Thus, it is of interest to investigate how the importance of function-level convergence, both in
absolute and relative terms, varies with divergence between lineages encompassing
convergent adaptation. Further, this brings a question whether function-level convergence
may compensate for the rare gene reuse at deeper divergences.



A2: Aims and model systems

The overall aim of my PhD project was to understand genetic mechanisms governing
repeatability in adaptive evolution of a genome. To do so, | used a multidisciplinary approach
leveraging naturally replicated extreme-adapted plant populations. | used two model
selection pressures: adaptation to whole genome duplication (intrinsic change) and
adaptation to alpine environment (external environmental change). They provide
conveniently strong selection pressures, represented by well-defined set of conditions
(Bomblies, 2020; Korner, 2003) and occurring repeatedly across plant species and
populations.

I, together with my co-authors, sampled and whole genome resequenced sets of ancestral
non-adapted (diploid / foothill) and derived adapted (tetraploid / alpine) populations. Using a
combination of experiments, population genome scans for positive selection and statistical
modelling, | identified candidate genes associated with adaptation to each factor. Then, |
quantified the genome-wide extent of gene reuse and function-level convergence across the
repeated instances of each case of adaptation. Finally, | inquired about the source of the
candidate adaptive variants using population genomic modelling of different parallel
evolution scenarios (Lee & Coop, 2017).

Overall, | analyzed replicated instances of adaptation to a whole genome duplication and to
a challenging alpine environment, spanning a range of divergence from populations within
plant model Arabidopsis to tribes within the plant family Brassicaceae. | tested the following
three hypotheses (Fig. 1):

Central hypotheses:

e Gene reuse in convergent adaptation negatively scales with evolutionary divergence
between repeatedly adapting populations, species and genera.

e The decreasing allele reuse at short divergences and increasing diversification of
pleiotropic constraints at deeper divergences jointly drive this relationship.

e The function-level convergence compensates for limited gene reuse at deeper
divergences.

| performed an empirical assessment of gene and function-level parallelism in convergent
adaptation across species of the model plant family Brassicaceae, spanning ~0.01 — 25
million years of divergence (Fig. 1, (Hohmann, Wolf, Lysak, & Koch, 2015; Novikova et al.,
2016)). | quantified the contribution of allele reuse to evolutionary repeatability, covering
various cases of adaptation to whole genome duplication and alpine environment along this
divergence scale. Leveraging a uniguely broad set of genetic tools and resources that were
developed for the leading plant model Arabidopsis thaliana , | addressed specific questions
on the effect of allele sharing and pleiotropy on the predictability of gene reuse in adaptation
and on the relative importance of function-level convergence. | divided the project into three
parts based on the divergence, addressing following objectives:



Objective 1 — the presence of genomic convergence:

Does selection repeatedly target the same genomic regions or functional categories during
repeated adaptation towards similar factors (CS1, CS2, CS3, CS5, CS6)?

Objective 2 — varying extent of genomic convergence at shallow
divergences:

Does the extent of genomic convergence decrease with increasing genetic divergence
between lineages? To what extent is this relationship explained by repeated recruitment of
the same adaptive alleles (CS1, CS3)?

Objective 3 — varying extent of genomic convergence at deeper
divergences:

What is the role of pleiotropic constraint in genome-wide convergence (CS4, CS5, CS6)? Is
the putative decrease of genomic convergence with increasing divergence between lineages
compensated by function-level convergence (CS5, SC6)?
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Fig. 1: Hypotheses regarding relationships between genomic basis of convergent adaptation
and divergence and the case studies used to address these hypotheses. | propose that
genetically closer lineages adapt to a similar challenge more frequently by gene reuse,
sampling suitable variants from the shared pool (standing or introgressed allele reuse),
which makes their adaptive evolution more predictable. Color ramp symbolizes increasing
divergence between the lineages (~0.01 — 25 Mya across my studies). Horizontal green lines
show the divergence covered by each of the case studies (numbered following the Author
contribution statement). Pictured are species studied throughout the thesis. The divergence
scale is not linear in order to aid visualization.
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A3: Methods

The principal approach of my PhD project lies in the investigation of naturally replicated
cases of adaptation in wild plant populations. | combined systematic field sampling of
multiple ancestral non-adapted (diploid / foothill) and derived adapted (tetraploid / alpine)
populations, followed by whole genome resequencing of these populations, scans for genes
likely targeted by positive selection between them and further interpretation of i the identified
candidate genes in an evolutionary-history as well as functional context via subsequent
statistical analysis, modelling and experiments.

Each of the case studies forming my PhD project started with whole genome resequencing,
followed by sequence mapping to the corresponding reference genome and variant calling
(following procedure first introduced in (Monnahan et al., 2019)). Using the variant single
nucleotide polymorphism (SNP) data, | identified genomic regions showing signatures of
positive selection associated with whole genome duplication or alpine colonization. To
gather reliable candidates | used a conservative approach combining various selection
scans approaches, reviewed in (Oleksyk, Smith, & O'Brien, 2010; Vitti, Grossman, & Sabeti,
2013; Weigand & Leese, 2018). Next, | annotated the candidate genes into corresponding
molecular pathways or functions, using Gene onthlogy enrichment analysis (Alexa &
Rahnenfiihrer, 2018) and predictions of protein-protein interactions (Szklarczyk et al., 2015).
By overlapping candidate genes and functions among repeated instances of adaptation, |
quantified the genome-wide extent of gene reuse and function-level convergence (CS1-
CS6). For the whole procedure, | used python3 ScanTools_ProtEvol pipeline, a toolset which
| developed by extending the approach of Monnahan et al., 2019 in order to analyze genome
differentiation across multiple populations and used follow up R scripts to further interpret
and functionally annotate the candidate genes (all available at my GitHub account
https://github.com/mbohutinska).

To better understand the evolutionary background and functional interpretation of the
convergent adaptation cases, | further applied modelling and experiments. First, | used
modelling combined with likelihood-based model selection (DMC method, (Lee & Coop,
2017)) and contrasting gene-tree topology weighting (Twisst, (Marburger et al., 2019)) to
identify genes in which selection repeatedly acted on alleles shared among populations and
species, pointing towards gene reuse (CS1, CS3). Then | used RNASeq to inquire about
transcription changes associated with alpine adaptation as a proxy for function-level
convergence (CS2). Finally, | used cytology analyses to better understand the phenotypic
repeatability in adaptation to whole genome duplication (CS3, CS5).
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A4: Key results of my studies

1. Shallow divergence levels (within Arabidopsis)

Alpine adaptation

Populations of alpine plants provide suitable systems for addressing mechanisms of
convergent adaptation in a genomic context. This is especially true in the species of well-
researched Arabidopsis genus. The species thrives mostly in low to mid-elevations (up to
~1,000 m a.s.l.) of Central and Eastern Europe, but occasionally occurs in treeless alpine
habitats (> 2,000 m a.s.l.) (Knotek et al., 2020). Alpine environments are good models to
inquire about convergent adaptation: they pose a spectrum of challenges to plant life and
occur as islands in the landscape, potentially triggering directional selection (Kdrner, 2003).
The challenges include freezing and fluctuating temperatures, strong winds, increased UV
radiation or a short summer season. Such pressures may result in emergence of distinct
alpine morphotypes including contracted rosette plants, dense cushions, large flowers and
big roots (Kérner, 2003; Christian Rellstab et al., 2020). Indeed, we showed that alpine A.
arenosa and A. halleri constitutively exhibit a distinct morphotype characterized by lower
stature, less-lobed and thicker leaves, larger flowers and wider siliques (Bohutinska et al.,
2021, CS1; Knotek et al., 2020; Sramkova-Fuxova et al., 2017).

Following up these results, | and co-authors leveraged seven natural replicates of the
adaptation to stressful alpine environments in two outcrossing Arabidopsis species spanning
~0.6 million years of divergence (Bohutinska et al., 2021, CS1). We analyzed whole genome
sequences of 174 individuals from seven Arabidopsis lineages and found that the degree of
gene reuse in this convergent adaptation strongly depends on genetic divergence between
lineages. A designated model-based approach further revealed that the probability of allele
reuse (repeated recruitment of the same standing or introgressed variation by positive
selection) was the major driver of this pattern. The novelty of this approach lied in the
systematic empirical analysis of genome-wide convergence and its underlying causes over a
wide range of divergence. Such a unified comparison made it possible to identify divergence
as a significant factor shaping the magnitude of genomic parallelism. This highlighted the
importance of considering the demographic history of populations, and the consequent
availability of standing variation, when interpreting the outcomes of convergent evolution
(Bohutinska et al., 2021, CS1).

In a complementary study (Wos, Bohutinskd, Noskova, Mandakova, & Kolaf, 2021, CS2),
we inquired about the presence of function-level convergence across the subset of four out
of the seven alpine adaptation cases from the previous study (Bohutinska et al., 2021, CS1),
spanning divergence of ~10 — 30 thousand years (Arnold, Kim, & Bomblies, 2015). We used
convergent gene expression changes as a proxy for function-level convergence. That is
because similar expression shifts of the same genes are hypothesized to lead to the same
impact on plant functioning but are often caused by genetic changes in different regulatory
genes (Manceau et al.,, 2010). Thus, although the expression-level convergence still
suggests a functional repeatability of adaptation, it is often not driven by gene reuse. Thus,
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by comparing leaf transcriptomes of four distinct foothill-alpine population pairs across four
treatments, we asked about the functional consequences of possible gene expression
convergence in alpine adaptation. We found significant convergence in gene expression at
the level of individual loci with an over-representation of genes involved in biotic stress
response. In addition, we demonstrated a shared differential response of the originally
foothill versus alpine populations to environmental variation across mountain regions.
However, the overlap between these parallel expression candidates and our previously
identified parallel genomic candidates was very limited, suggesting the relationship between
genomic and regulatory convergence is not straightforward as it may be expected by
complexity of regulatory networks in plants (Jacobs et al., 2020; Sobel & Streisfeld, 2013). In
summary, these results suggest frequent evolutionary repeatability in gene expression
changes associated with the colonization of a challenging environment. Such functional
repeatability combines constitutive expression differences and plastic interaction with the
surrounding environment (Wos, Bohutinska, Noskova, Mandakova, & Kolar, 2021, CS2).

Adaptation to whole genome duplication

Whole genome duplication (WGD), is a massive genomic mutation which is also traumatic
event for the cell (Baduel, Bray, Vallejo-Marin, Kolaf, & Yant, 2018). Core processes, from
meiosis to cell cycle regulation, ion homeostasis and transcription, have to adapt to WGD.
Usually this is too much to manage, leading to extinction. From time to time however, a
young polyploid lineage adapt to stabilise, potentially possessing benefits (Hollister et al.,
2012). In the next study of convergence, we investigated a case where repeated WGDs
occurred in two sister Arabidopsis species, leading to successful adaptation (Marburger et
al., 2019, CS3).

The analysis rested upon the whole genome resequencing of 92 diploid and tetraploid
individuals of the two Arabidopsis outcrossers, A. arenosa and A. lyrata, diverging ~ 0.6
million of years ago (Novikova et al., 2016). We identified regions with signals of selective
sweeps in tetraploids of both species. Majority of these regions overlapped between the two
species, suggesting high degree of gene reuse in adaptation. The reused genes mostly
encoded a set of physically and functionally interacting proteins governing meiosis crossover
number and distribution. We further demonstrated that the species exchanged the reused
alleles via interspecific gene flow, which enhanced rapid and efficient adaptation. Overall,
sharing of these alleles allowed the sum of these species to become better than their
constituent parts, allowing the repeatedly originated autotetraploids to survive the unstable
post-WGD phase and to escape an extinction. This further highlighted allele reuse as a
crucial mechanism promoting repeated recruitment of the same allele in adaptation of
recently diverged sister species, which are still able to access their shared pool of genetic
variation (Marburger et al., 2019, CS3).

2. Deeper divergence levels (beyond Arabidopsis)

Alpine adaptation

Alpine adaptation in plants is widespread and broaddiversity of Angiosperms can thrive in
higher altitudes above a treeline (Kérner, 2003). Many cases of alpine adaptation have been
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described in the model plant family Brassicaceae (Christian Rellstab et al., 2020; T. Zhang et
al., 2019). Plants of this family are often characterised by small genomes and their relations
to model plant Arabidopsis thaliana make them good models for genomic studies of
adaptation. Indeed, Brassicaceae literature involves six genome-wide studies of alpine
adaptation (Gunther, Lampei, Barilar, & Schmid, 2016; Haméala & Savolainen, 2019; Kubota
et al., 2015; C. Rellstab et al., 2017; J. Zhang et al., 2016; T. Zhang et al., 2019), including
five species diverging 0.5 — 18 millions of years ago (Hohmann et al., 2015; Novikova et al.,
2016). Thus, we made use of the available candidate gene lists from these studies,
complemented them with our parallel candidate gene lists of Arabidopsis arenosa and A.
halleri and tested whether the relationship between the degree of gene reuse and
divergence persists at deeper phylogenetic scales (Bohutinska et al., 2021, CS1). We were
able to identify significant gene reuse among different Arabidopsis species and function-level
convergence among the Brassicaceae genera. However, the degree of gene reuse was
significantly higher for comparisons within a genus (Arabidopsis) than between genera while
such a trend was absent for convergent functions. That suggests that there are limits to gene
reuse at above genus-level divergences. However, the limited degree of gene reuse did not
allow to test for the contribution of pleiotropic constraints to genomic convergence in this
model system. Taken together, these results suggest that there are likely similar functions
associated with alpine adaptation among different lineages, species and even genera from
distinct tribes of Brassicaceae. Yet, the probability of reusing the same genes within these
functions decreases with increasing divergence among the lineages, thus reducing the
chance to identify gene reuse among diverged lineages (Bohutinska et al., 2021, CS1).

Adaptation to whole genome duplication

The instant meiotic and physiological consequences of WGD necessitate the concerted
adjustment of a wide range of core functions (Bomblies, 2020), but nevertheless natural
outcomes of WGD have repeatedly survived across kingdoms (Bomblies, Higgins, & Yant,
2015). Given this repeated adaptation despite obvious challenges, we asked: how do distant
and thus genetically independent lineages survive WGD? Are the solutions to this well-
defined selection pressure constrained to a limited set of genes, suggesting gene reuse due
to the pleiotropy constraints? To answer this, we investigated a repeated adaptation to WGD
between three distant Brassicaceae species, Arabidopsis arenosa (Bohutinska, Handrick, et
al., 2021, CS4), Cardamine amara (Bohutinska, Alston, et al., 2021, CS5) and Cochlearia
species complex (Bray et al., 2020, CS6), separated by 25 million years (Hohmann et al.,
2015).

First, we studied the adaptation to whole genome duplication in A. arenosa, which has
become an increasingly important model for understanding the causes and consequences of
the adaptive evolution of meiosis (Bohutinska, Handrick, et al., 2021, CS4). We performed
sets of genome scans for tetraploid-specific selection in A. arenosa and identified a number
of candidate genes for the evolution of tetraploid stability. We further found that the
magnitude of molecular adaptation to tetraploidy, both in terms of number of loci and the
extent of SNP changes, much exceeded our expectations based on the adaptive evolution of
diploid lineages. In tetraploids, the number of positively selected amino acid changes, and
the extent of selection on conserved amino acids and amino acids with predicted functional
changes stand out both qualitatively and quantitatively. We also found that it was unlikely
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that most of the tetraploid-specific alleles were selected from standing variation, suggesting
they mostly accumulated by evolution and/or co-evolution of novel alleles in the tetraploid
lineage. These findings had fundamental implications for understanding how essential
conserved processes can respond to sudden selection pressures.

Building on the list of candidate genes for the evolution of tetraploid stability in A. arenosa
(and the same adaptive alleles introgressed with A. lyrata, see Results of CS3), we next
asked if these solutions have been repeated in a divergent yet still genomically comparable
Brassicaceae species C. amara (Bohutinskd, Alston, et al., 2021, CS5). Our analysis rested
upon the population genomic scans for selection and cytological phenotyping in the diverse
wild outcrosser C. amara, which experienced a WGD event fully independent of A. arenosa
and A. lyrata (~ 17 million years of divergence (Hohmann et al., 2015)). Importantly, C.
amara is a perennial herb harbouring high level of genetic diversity (similar to both A.
arenosa and A. lyrata) and shares a similar evolutionary history, with a likely single
geographic origin, followed by autotetraploid expansion associated with glacial oscillations
(Zozomova-Lihova et al., 2015). We sampled 100 C. amara individuals in a replicated
resequencing scheme, generated a novel reference genome, and cytologically assessed
both cytotypes to understand meiotic behavior before and after WGD. We localized signals
of selection to gene-sized peaks in each independently formed tetraploid, comparing C.
amara with A. arenosa.

We discovered that the specific genes required to repeatedly adapt to WGD were
remarkably flexible. Our results pointed to a minimally constrained, highly polygenic basis for
the distributed control of meiosis, DNA repair, and cell cycle following WGD. While this
observation supported our hypothesis about decreasing gene reuse with increasing
divergence, the limited gene overlap did not allow us to test for the effect of pleiotropic
constraints on gene reuse.

Despite the minimal gene reuse, we found a strong support for function-level convergence.
Both species adapted by the same functional classes (as determined by gene ontology
enrichment) and by the same protein-protein interaction networks. Based on this, we
concluded that there are multiple solutions to WGD-associated challenges, allowing diverse
species to establish as autopolyploids. We further showed that gene reuse was limited at the
divergence levels where species were no longer able to share potentially adaptive alleles.
This was in contrast to our expectations, suggesting that pleiotropic constraints likely not
largely affected adaptation to whole genome duplication. Finally, we propose that function-
level convergence, i.e. adaptation by different genes leading to the same function, may be
the dominant mechanism of convergent adaptation between distantly related species,
reflecting the decreasing relative importance of gene reuse (Bohutinska, Alston, et al., 2021,
CSb).

In the final study, we extended the divergence scale up to ~ 25 million years by including
diploid-autotetraploid Cochlearia system from Great Britain (Bray et al, 2020). Like C. amara
and A. arenosa, the British diploid and tetraploid populations are also characterised by high
genetic diversity and evolutionary history involving likely single origin of autotetraploids and
their following spread (Bray et al., 2020, CS6; Gill, 2008). We detected genes and processes
under selection following WGD in the Cochlearia species complex by performing a scan for
selective sweeps following WGD by resequencing two diploid and six tetraploid populations
of British Cochlearia. We then contrasted our results with two independent WGDs in
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Arabidopsis arenosa and Cardamine amara. Similarly to previous study, we found that the
specific genes recruited to respond to WGD were highly flexible among the species,
suggesting minimal gene reuse. However, we again found that WGD required the evolution
of similar convergently adapting functional processes in all three cases, further supporting

the observation that function-level convergence compensates for limited gene reuse (Bray et
al., 2020, CS®6).



A5: Conclusions: Divergence matters!

In my PhD project, | analyzed genome-wide variation over multiple instances of naturally
replicated extreme-adapted populations and species. To address my objectives more
broadly, | studied cases of genomic adaptation towards two distinct selective agents: alpine
environment (CS1, CS2) and whole genome duplication (CS3 — CS6). | worked with
convergence across a broad divergence scale, starting at shallow divergences among
populations of the same species, extending up to deeper divergences among different tribes
of the family Brassicaceae (Hohmann et al., 2015).

First, | asked for the presence of genomic convergence — if positive selection repeatedly
targets the same genomic regions or functional categories in cases of repeated adaptation.
Using a combination of population genome scans for positive selection and statistical
modelling, | identified significant genomic convergence at the level of gene reuse and
repeated functional pathways (CS1 — CS6). | further empirically demonstrated that the extent
of gene reuse decreases with increasing divergence between compared lineages. In
contrast, function-level convergence has been present across the whole divergence scale
studied and, unlike gene reuse, its magnitude in absolute terms did not scale with
divergence (CS1, CS2, CS5, CS6).

Second, | inquired about mechanisms underlying varying extent of genomic convergence at
shallow divergence levels. | showed that the negative relationship between gene reuse and
divergence was largely explained by the decreasing role of allele reuse among related
Arabidopsis lineages, which share ancestral or introgressed alleles (CS1, CS3). That could
possibly reflect either genetic (weak hybridization barriers, widespread ancestral
polymorphism between closely related lineages (Hudson & Coyne, 2002) or ecological
reasons (lower niche differentiation and geographical proximity (Bradburd & Ralph, 2019;
Graham, Storch, & Machac, 2018)). Further, | identified a significant function-level
convergence, the reuse of different genes from the same pathway, as a mechanism further
increasing repeatability among closely related lineages (CS2).

Third, | investigated possible factors explaining the varying extent of genomic convergence
at deeper divergences, to test for the effect of pleiotropic constraint diversification on gene
reuse. In contrast to high gene reuse among closely related populations and species, |
identified critically low levels of gene reuse among less related species (CS4 — CS6). This
offers two hypotheses for the role of pleiotropy constraints diversification on shaping
genomic convergence: (i) it has a significant impact on the limited gene reuse and high
degree of function-level convergence by directing selection towards different low pleiotropy
genes in the distant Brassicaceae species, (ii) it has only minor role and gene reuse at
higher divergences has other causes or is purely stochastic. These hypotheses could be
further followed by understanding of function-level convergence among distantly related
lineages in the context of the selected gene regulatory networks. Finally, the low gene reuse
in convergent adaptation among distantly related species of the family Brassicaceae was
compensated by significant function-level convergence, in which species repeatedly adapted
by different genes involved in the same functional pathways (CS5, CS6). That corresponds
to the reports of frequent function-level convergence in other genomic studies of convergent
adaptation among diverged species (Birkeland et al., 2020; Cooper et al., 2014; Whiting et
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al., 2021).

Altogether, these findings provide empirical support for predictions on genetic convergence
(Conte et al., 2012; Ord & Summers, 2015), and unravel general mechanisms that may help
explain ample variability in the extent of genomic convergence in adaptation that was
reported, yet remained unexplained, in many case studies (Blount et al., 2018; Hibbins,
Gibson, & Hahn, 2020; Martin & Orgogozo, 2013; Morales et al., 2019). The decreasing role
of allele reuse with divergence agrees with theoretical expectations that the evolutionary
potential of a population depends on the availability of preexisting (standing or introgressed)
genetic variation (Barrett & Schluter, 2008; Ralph & Coop, 2015; Thompson, Osmond, &
Schluter, 2019) and that the extent of shared polymorphism decreases with increasing
differentiation between diverging lineages (Charlesworth, Charlesworth, & Barton, 2003;
Hudson & Coyne, 2002). The overall low gene reuse at higher divergence levels highlights
function-level convergence as an important factor underlying repeatability of adaptive
evolution (Manceau et al., 2010; Whiting et al., 2021). In general, my PhD project brings an
empirical contribution to the understanding of the drivers of repeated convergent adaptation
and the following (un)predictability of adaptive evolution. It further demonstrates the
importance of a quantitative understanding of divergence for the assessment of predictability
of adaptive evolution (Blount et al., 2018) and brings support to the emerging view of the
ubiquitous influence of divergence scale on different evolutionary and ecological
mechanisms (Graham et al., 2018).

Based on my results, | suggest that further studies shall focus on genome-wide convergence
among distantly related lineages in the context of regulatory networks to better understand
the role of pleiotropic constraint diversification in shaping the magnitude of gene reuse.
Further, it is of interest to test if the role of varying pleiotropic constraints is diminished within
a species due to frequent sharing of beneficial alleles. Finally, further quantitative and
functional genetic research shall bring experimental evidence for fitness advantage of the
reused alleles and for their possible pleiotropic consequences.
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Fig. 2: Schematic summary of the principal findings of my PhD project on the relationships
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Parallel adaptation provides valuable insight into the predictability
of evolutionary change through replicated natural experiments. A
steadily increasing number of studies have demonstrated genomic
parallelism, yet the magnitude of this parallelism varies depending
on whether populations, species, or genera are compared. This led
us to hypothesize that the magnitude of genomic parallelism scales
with genetic divergence between lineages, but whether this is the
case and the underlying evolutionary processes remain unknown.
Here, we resequenced seven parallel lineages of two Arabidopsis
species, which repeatedly adapted to challenging alpine environ-
ments. By combining genome-wide divergence scans with model-
based approaches, we detected a suite of 151 genes that show par-
allel signatures of positive selection associated with alpine coloni-
zation, involved in response to cold, high radiation, short season,
herbivores, and pathogens. We complemented these parallel candi-
dates with published gene lists from five additional alpine Brassica-
ceae and tested our hypothesis on a broad scale spanning ~0.02 to
18 My of divergence. Indeed, we found quantitatively variable ge-
nomic parallelism whose extent significantly decreased with in-
creasing divergence between the compared lineages. We further
modeled parallel evolution over the Arabidopsis candidate genes
and showed that a decreasing probability of repeated selection on
the same standing or introgressed alleles drives the observed pat-
tern of divergence-dependent parallelism. We therefore conclude
that genetic divergence between populations, species, and genera,
affecting the pool of shared variants, is an important factor in the
predictability of genome evolution.

parallelism | evolution | genomics | alpine adaptation | Arabidopsis

E volution is driven by a complex interplay of deterministic and
stochastic forces whose relative importance is a matter of
debate (1). Being largely a historical process, we have limited
ability to experimentally test for the predictability of evolution in
its full complexity (ie., in natural environments) (2). Distinct
lineages that independently adapted to similar conditions by
similar phenotype (termed parallel,” considered synonymous to
“convergent” here) can provide invaluable insights into the issue
(3, 4). An improved understanding of the probability of parallel
evolution in nature may inform on constraints on evolutionary
change and provide insights relevant for predicting the evolution
of pathogens (5-7), pests (8 9), or species in human-polluted
environments (10, 11). Although the past few decades have seen
an increasing body of work supporting the parallel emergence of
traits by the same genes and even alleles, we know surprisingly
little about what makes parallel evolution more likely and, by
extension, what factors underlie evolutionary predictability (1, 12).

A wealth of literature describes the probability of “genetic”
parallelism, showing why certain genes are involved in parallel
adaptation more often than others (13). There is theoretical and
empirical evidence for the effect of pleiotropic constraints,
availability of beneficial mutations or position in the regulatory
network all having an impact on the degree of parallelism at the

PNAS 2021 Vol. 118 No. 21 2022713118

level of a single locus (3, 13-18). In contrast, we know little about
causes underlying “genomic” parallelism (i.e., what fraction of
the genome is reused in adaptation and why). Individual case
studies demonstrate large variation in genomic parallelism,
ranging from absence of any parallelism (19), similarity in
functional pathways but not genes (20, 21), and reuse of a limited
number of genes (22-24) to abundant parallelism at both gene
and functional levels (25, 26). Yet, there is little consensus about
what determines variation in the degree of gene reuse (fraction
of genes that repeatedly emerge as selection candidates) across
investigated systems (1).

Divergence (the term used here to consistently describe both
intra- and interspecific genetic differentiation) between the com-
pared instances of parallelism appears as a potential driver of the
variation in gene reuse (14, 27, 28). Phenotype-oriented meta-
analyses suggest that both phenotypic convergence (28) and ge-
netic parallelism underlying phenotypic traits (14) decrease with
increasing time to the common ancestor. Although a similar tar-
geted multiscale comparison is lacking at the genomic level, our
brief review of published studies (29 cases, Dataset S1) suggests
that also gene reuse tends to scale with divergence (Fig. L4 and S7
Appendix, Fig. §1). Moreover, allele reuse (repeated sweep of the
same haplotype that is shared among populations either via gene
flow or from standing genetic variation) frequently underlies

Significance

Repeated evolution tends to be more predictable. The impressive
spectrum of recent reports on genomic parallelism, however,
revealed that the fraction of the genome that evolves in parallel
varies greatly, possibly reflecting different evolutionary scales
investigated. Here, we demonstrate divergence-dependent par-
allelism using a comprehensive genome-wide dataset comprising
12 cases of parallel alpine adaptation and identify decreasing
probability of adaptive re-use of genetic variation as the major
underlying cause. This finding empirically demonstrates that
evolutionary predictability is scale dependent and suggests that
availability of preexisting variation drives parallelism within and
among populations and species. Altogether, our results inform
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Fig. 1. Hypotheses regarding relationships between genomic parallelism and divergence and the Arabidopsis system used to address these hypotheses. (A)
Based on our literature review, we propose that genetically closer lineages adapt to a similar challenge more frequently by gene reuse, sampling suitable
variants from the shared pool (allele reuse), which makes their adaptive evolution more predictable. Color ramp symbolizes rising divergence between the
lineages (~0.02 to 18 Mya in this study); the symbols denote different divergence levels tested here using resequenced genomes of 22 Arabidopsis populations
(circles) and meta-analysis of candidates in Brassicaceae (asterisks). (B) Spatial arrangement of lineages of varying divergence (neutral Fsr; bins only aid vi-
sualization; all tests were performed on a continuous scale) encompassing parallel alpine colonization within the two Arabidopsis outcrossers from central
Europe: A. arenosa (diploid: aVT; autotetraploid: aNT, aZT, aRD, and aFG) and A. halleri (diploid: hNT and hFG). Note that only two of the ten between-species
pairs (dark green) are shown to aid visibility. The color scale corresponds to the left part of the color ramp used in A. (C) Photos of representative alpine and
foothill habitat. (D) Representative phenotypes of originally foothill and alpine populations grown in common garden demonstrating phenotypic conver-
gence. Scale bar corresponds to 4 cm. (E) Morphological differentiation among 223 A. arenosa individuals originating from foothill (black) and alpine (gray)
populations from four regions after two generations in a common garden. Principal component analysis was run using 16 morphelogical traits taken from
ref. 45.
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parallel adaptation between closely related lineages (29-32), while
parallelism from independent de novo mutations at the same locus
dominates between distantly related taxa (13). Similarly, previous
studies reported a decreasing probability of hemiplasy (apparent
convergence resulting from gene tree discordance) with diver-
gence in phylogeny-based studies (33, 34). This suggests that the
degree of allele reuse may be the primary factor underlying the
hypothesized divergence-dependency of parallel genome evolu-
tion, possibly reflecting either weak hybridization barriers, wide-
spread ancestral polymorphism between closely related lineages
(35), or ecological reasons (lower niche differentiation and geo-
graphical proximity) (36, 37). However, the generally restricted
focus of individual studies of genomic parallelism on a single level
of divergence does not lend itself to a unified comparison across
divergence scales. Although different ages of compared lineages
affect a variety of evolutionary—ecological processes such as di-
versification rates, community structure, or niche conservatism
(37), the hypothesis that genomic parallelism scales with diver-
gence has not yet been systematically tested, and the underlying
evolutionary processes remain poorly understood.

Here, we aimed to test this hypothesis and investigate whether
allele reuse is a major factor underlying the relationship. We
analyzed replicated instances of adaptation to a challenging al-
pine environment, spanning a range of divergence from pop-
ulations to tribes within the plant family Brassicaceae (38-43)
(Fig. 14). First, we took advantage of a unique naturally multi-
replicated setup in the plant model genus Arabidopsis that was so
far neglected from a genomic perspective (Fig. 1B). Two pre-
dominantly foothill-dwelling Arabidopsis outcrossers (4. arenosa,
A. halleri) exhibit scattered, morphologically distinct alpine oc-
currences at rocky outcrops above the timberline (Fig. 1C). These
alpine forms are separated from the widespread foothill pop-
ulation by a distribution gap spanning at least 500 m of elevation.
Previous genetic and phenotypic investigations and follow-up
analyses presented here showed that the scattered alpine forms
of both species represent independent alpine colonization in each
mountain range, followed by parallel phenotypic differentiation
(Fig. 1 D and E) (44-46). Thus, we sequenced genomes from
seven alpine and adjacent foothill population pairs, covering all
European lineages encompassing the alpine ecotype. We discov-
ered a suite of 151 genes from multiple functional pathways rel-
evant to alpine stress that were repeatedly differentiated between
foothill and alpine populations. This points toward a polygenic,
multifactorial basis of parallel alpine adaptation.

We took advantage of this set of well-defined parallel selection
candidates and tested whether the degree of gene reuse de-
creases with increasing divergence between the compared line-
ages (Fig. 14). By extending our analysis to five additional alpine
Brassicaceae species, we further tested whether there are limits
to gene reuse above the species level. Finally, we inquired about
possible underlying evolutionary processes by estimating the
extent of allele reuse using a designated modeling approach.
Overall, our empirical analysis provides a perspective to the
ongoing discussion about the variability in the reported magni-
tude of parallel genome evolution and identifies allele reuse as
an important evolutionary process shaping the extent of genomic
parallelism between populations, species, and genera.

Results

Parallel Alpine Colonization by Distinct Lineages of Arabidopsis. We
retrieved whole-genome sequences from 11 alpine and 11 nearby
foothill populations (174 individuals in total, seven to eight per
population) covering all seven mountain regions with known oc-
currence of 4. arenosa or A. halleri alpine forms (a set of populations
from one mountain region is further referred to as a “lineage™;
Fig. 1B and SI Appendix, Fig. 52 and Tables 51 and S2). Within each
species, population structure analyses based on genome-wide four-
fold degenerate (4d) synonymous single nucleotide polymorphisms
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(SNPs) demonstrated clear grouping according to lineage but not
alpine environment, suggesting parallel alpine colonization of each
mountain region by a distinct genetic lineage (SI Appendix, Figs. §3
and 54). This was in line with separation histories between diploid
populations of A. halleri estimated in Relate (SI Appendix, Fig. S5)
and previous coalescent simulations on broader population sampling
of A. arenosa (45). The only exception was the two spatially closest
lineages of A. arenosa (aVT and aZT) for which alpine populations
clustered together, keeping the corresponding foothill populations
paraphyletic. Due to considerable pre- (spatial segregation) and
postzygotic (ploidy difference) barriers between the alpine pop-
ulations from these two lineages (47), we left aZT and aVT as
separate units in the following analyses for the sake of clarity (ex-
clusion of this pair of lineages did not lead to qualitatively different
results; ST Appendix, Text S1).

‘We observed a gradient of neutral differentiation among the
seven lineages, quantified as average pairwise 4d-Fgr between
foothill populations from each lineage, ranging from 0.07 to 0.56
(81 Appendix, Table S3). To control for potential effects of linked
selection on our divergence estimates, we also calculated Fsy
differentiation using noncoding sites that are distant from se-
lectively constrained sites (Materials and Methods). These Fsr
values strongly correlated with 4d-Fgp (Pearson’s r = 0.93,
Pvalue < 0.001). Further, 4d-Fgy values correlated with absolute
neutral divergence (4d-Dxy, Pearson’s r = .89, P < 0.0001), and
we further refer to them consistently as “divergence.” All pop-
ulations showed high levels of 4d-nucleotide diversity (mean =
0.023, SD = 0.005), as expected for strict outcrossers, and no
remarkable deviation from neutrality [the range of 4d-Tajima’s
D was —0.16 tp 0.6, well within the neutrality interval =2 to 2
proposed by Tajima (48); SI Appendix, Table §4]. We found no
signs of severe demographic change that would be associated
with alpine colonization (similar 4d-nucleotide diversity and 4d-
Tajima’s D of alpine and foothill populations; Wilcoxon rank
test, P = (.70 and (.92, respectively; n = 22). Coalescent-based
demographic inference further supported a no-bottleneck model
even for the outlier population with the highest 4d-Tajima’s D
value (population LAC of aFG lineage, ST Appendix, Fig. S6).

Genomic Basis of Parallel Alpine Adaptation. Leveraging whole-
genome resequencing data of the seven natural replicates, we
identified a set of genes showing signatures of parallel directional
selection associated with alpine colonization. We used a conser-
vative approach taking the intersection of Fgr-based divergence
scans designed to control for potential confounding signal of local
selection within each ecotype (Materials and Methods) and candi-
date detection under a Bayesian framework that accounts for
neutral processes (BayPass) and identified from 100 to 716 gene
candidates in the seven lineages. Of these, we identified 196 gene
candidates that were shared between at least two lineages and
further tested whether they are consistent with parallel adaptation
using neutral simulations in the Distinguishing Modes of Conver-
gence (DMC) maximum composite likelihood framework (49)
(Materials and Methods). Out of the 196 shared gene candidates, we
identified 151 genes showing significantly higher support for the
parallel alpine selection model as compared to a neutral model
assuming no selection in DMC (further referred to as “parallel
gene candidates”™). This set of genes contains an enrichment of
differentiated nonsynonymous SNPs (81 Appendix, Table S5), and
we did not find any evidence that this was explained by weaker
selective constraint compared to the rest of the genome (approxi-
mated by ratio of their nonsynonymous-to-synonymous diversity; ST
Appendix, Table S6 and Fig. 57 and Text 52). Further, Fgr values
calculated for the 5% outlier windows do not correlate with re-
combination rate (Pearson’s r = 0.037, P = 0.67), and such genes do
not tend to cluster in regions of low recombination rates (57 Ap-
pendix, Figs. S8 and §9).
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Functional annotations of the parallel gene candidates using
The Arabidopsis Information Resource (TAIR) database and
associated publications (Dataset S2), protein—protein interaction
database STRING (51 Appendix, Fig. 5§10), and gene onthology
(GO) enrichment analysis (Dataset S3) suggest a complex poly-
genic basis of alpine adaptation, involving multiple major func-
tional categories, well-matching expectations for a response to a
multifactorial environmental stress (ST Appendix, Text S3). Six of
the physiological adaptations to alpine environment, encompass-
ing both abiotic and biotic stress, stand out (broadly following ref.
50), both in terms of number of associated parallel candidate
genes and functional pathways (Fig. 2). We further discuss these
putative alpine adaptations and their functional implications in (57
Appendix, Text S3).

Ubiquitous Gene and Function-Level Parallelism and Their Relationship
with Divergence. Using the set of parallel gene candidates identified
in Arabidopsis lineages, we quantified the degree of parallelism at
the level of genes and gene functions (biological processes). We
overlapped the seven lineage-specific candidate gene lists across all
21 pairwise combinations of the lineages and identified significant
parallelism (nonrandom number of overlapping genes, P < 0.05,
Fisher’s exact test, Fig. 34) among 15 (71%) lineage pairs
(ST Appendix, Table §7). Notably, the overlaps were significant for
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10 out of 11 pairwise comparisons among the lineages within a
species but only in five out of 10 pairwise comparisons across species
(Dataset S4). We then annotated the functions of gene candidates
using “biological process” GO terms in each lineage, extracted only
significantly enriched functions, and again overlapped them across
the seven lineages. Of these, we found significant overlaps (P < 0.05,
Fisher’s exact test) among 17 (819) lineage pairs, and the degree
of overlap was similar within and across species (82 and 80%,
respectively, Fig. 38 and 57 Appendix, Table 57 and Dataset S5).

Then, we quantified the degree of parallelism for each pair of
Arabidopsis lineages as the proportion of overlapping gene and
function candidates out of all candidates identified for these two
lineages. The degree of parallelism was significantly higher at the
function level (mean proportion of parallel genes and functions
across all pairwise comparisons = 0.045 and 0.063, respectively,
D = 437.14, degrees of freedom [df] = 1, P < 0.0001, generalized
linear model [GLM] with binomial errors). Importantly, the
degree of parallelism at the gene level (i.e., gene reuse) signifi-
cantly decreased with increasing divergence between the lineages
(negative relationship between Jaccard’s similarity in candidate
gene identity among pairs of lineages and 4d-Fst; Mantel
™M = -0.71, P = 0.001, 999 permutations, Fig. 3C). In contrast,
the degree of parallelism by function did not correlate with di-
vergence (rM = 0.06, P = 0.6, 999 permutations, n = 21, Fig. 3D).
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Fig. 2. Physiological responses to alpine stresses in A. arenosa and A. halleri, identified based on functional annotation of parallel gene candidates (circle)
and signatures of parallel directional selection at the corresponding loci (surrounding dotplots). The circle scheme is based on the annotated list of 151
parallel gene candidates (Dataset 52) and corresponding enriched GO terms within the biological process category (Dataset S3). For purposes of functional
interpretation and visualization, we also classified the enriched GO terms in the context of major alpine stressors following ref. 50, and list a subset of
corresponding 47 well-annotated parallel gene candidates in the outer circle. For the complete list of all genes, refer to Dataset 52, and for more details on
functional interpretations, refer to 5/ Appendix, Text 3. Dotplots show allele frequency difference (AFD) at SNPs between foothill and alpine populations
summed over all lineages showing a parallel differentiation in a given gene (blue arrow). The lineage names are listed on the sides. Loci with two inde-
pendently differentiated haplotypes likely representing independent de novo mutations (AT5G65750 and ATL12) are represented by peaks of black and gray
dots, corresponding with the two parallel lineages. Red circles highlight nonsynonymous variants.
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Fig. 3. WVariation in gene and function-level parallelism and their relationship with divergence in A. arenosa and A. halleri (A-D) and across species from
Brassicaceae family (E and F). (A and B) Number of overlapping candidate genes (A) and functions (B; enriched GO terms) for alpine adaptation colored by
increasing divergence between the compared lineages. Only overlaps of =2 genes and >1 function are shown (for a complete overview, refer to Datasets
54-57). Numbers in the bottom-right corner of each panel show the total number of candidates in each lineage. Categories indicated by an asterisk exhibited
higher than random overlap of the candidates (P < 0.05, Fisher’s exact test). For lineage codes, see Fig. 18. Categories with overlap over more than two
lineages are framed in bold and filled by a gradient. (C and D) Proportions of parallel genes (C; gene reuse) and functions (D) among all candidates identified
within each pair of lineages (dot) binned into categories of increasing divergence (bins correspond to Fig. 18 and only aid visualization; size of the dot
corresponds to the number of parallel items). Significance of the association was inferred by Mantel test over continuous divergence scale. (E and F) Same as A
and B but for species from Brassicaceae family, spanning higher divergence levels. Codes: aar: our data on A. arenosa; ahe: our data on A. halleri combined
with A. halleri candidates from Swiss Alps (39); ahj: Arabidopsis halleri subsp. gemmifera from Japan (38); aly: A. lyrata from Northern Europe (40); ath: A.
thaliana from Alps (43); chi: Crucihimalaya himalaica (42); and Ime: Lepidium meyenii (41).
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We further tested whether the relationship between the degree
of parallelism and divergence persists at deeper phylogenetic scales
by complementing our data with candidate gene lists from six
genome-wide studies of alpine adaptation from the Brassicaceae
family (38-43) [involving five species diverging 0.5 to 18 Mya (51,
52), SI Appendix, Supplementary Methods and Tables S8 and §9).
While we still found significant parallelism both at the level of
candidate genes and functions (Fig. 3 E and F and Datasets S6 and
§7), their relationship with divergence was nonsignificant (Mantel
™M = =0.52/-0.22, for genes/functions respectively, P = 0.08/0.23,
999 permutations, # = 21). However, the degree of gene reuse was
significantly higher for comparisons within a genus (Arabidopsis)
than between genera (D = 1537, df = 1, P < 0.001, GLM with
binomial errors) while such a trend was absent for parallel function
candidates (D = 0.38, df = 1, P = 0.54), suggesting that there are
limits to gene reuse at above-genus—level divergences. Taken to-
gether, these results suggest that there are likely similar functions
associated with alpine adaptation among different lineages, species,
and even genera from distinct tribes of Brassicaceae. However, the
probability of reusing the same genes within these functions de-
creases with increasing divergence among the lineages, thus re-
ducing the chance to identify parallel genome evolution.

Probability of Allele Reuse Underlies the Divergence Dependency of
Gene Reuse. Repeated evolution of the same gene in different
lineages could cither reflect repeated recruitment of the same
allele from a shared pool of variants (“allele reuse™) or adap-
tation via alleles representing independent mutations in each
lineage (“de novo origin”) (49). To ask whether varying preva-
lence of these two evolutionary processes could explain the ob-
served divergence-dependency of gene reuse, we quantified the
contribution of allele reuse versus de novo origin to the gene
reuse in each pair of A. arenosa and A. halleri lineages and tested
whether it scales with divergence.

For each of the 151 parallel gene candidates, we inferred the
most likely source of its candidate variant(s) by using a desig-
nated likelihood-based modeling approach that investigates
patterns of shared hitchhiking from allele frequency covariance
at positions surrounding the selected site [DMC method (49)].
We contrasted three models of gene reuse, involving 1) selected
allele acquired via gene flow, 2) sourced from ancestral standing
variation (both 1 and 2 representing allele reuse), and 3) de novo
origin of the selected allele. In line with our expectations, the
degree of allele reuse decreased with divergence (D = 34.28, df =
16, P < 0.001, GLM with binomial errors; Fig. 44). In contrast,
the proportion of variants sampled from standing variation
remained relatively high even at the deepest interspecific com-
parison (43%; Fig. 44 and SI Appendix, Fig. S11). The absolute
number of de novo—originated variants was low across all di-
vergence levels investigated (Dataset S8). This corresponds to
predictions about a substantial amount of shared variation be-
tween related species with high genetic diversity (35) and fre-
quent adaptive transspecific polymorphism in Arabidopsis (10,
53-55). Absence of interspecific parallelism sourced from gene
flow was in line with the lack of genome-wide signal of recent
migration between A. arenosa and A. halleri inferred by coales-
cent simulations (57 Appendix, Fig. 512).

Importantly, allele reuse covered a dominant fraction of the
variation in gene reuse that was explained by divergence (Fig. 45),
suggesting allele reuse is the major factor contributing to the ob-
served divergence-dependency of gene reuse. We also observed a
strong correlation between divergence and the maximum com-
posite likelihood estimate of the amount of time the allele was
standing in the populations between their divergence and the
onset of selection (Pearson’s r = (.83, P < 0.0001, Fig. 4C). This
suggests that the onset of selection pressure (assuming a similar
selection strength) likely happened at a similar time point in the
past. Altogether, the parallel gene candidates (Fig. 4 D-F) in the
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two Arabidopsis species likely experienced selection at comparable
time scales in all lineages, but the degree of reuse of the same
alleles decreased with increasing divergence between parallel
lineages, which explained most of the divergence-dependency of
gene reuse.

Discussion

By analyzing genome-wide variation over 12 instances of alpine
adaptation across Brassicaceae, we found that the degree of gene
reuse decreased with increasing divergence between compared
lineages. This relationship was largely explained by the de-
creasing role of allele reuse in a subset of seven thoroughly in-
vestigated pairs of Arabidopsis lineages. These findings provide
empirical support for earlier predictions on genetic parallelism
(14, 28) and present a general mechanism that may help explain
the tremendous variability in the extent of parallel genome
evolution that was recorded across different case studies (1, 13).
The decreasing role of allele reuse with divergence agrees with
theoretical and empirical findings that the evolutionary potential
of a population depends on the availability of preexisting
(standing or introgressed) genetic variation (56-58) and that the
extent of ancestral polymorphism and gene flow decreases with
increasing differentiation between gradually diverging lineages
(35, 59). In contrast, the overall low contribution of de novo-
originated parallel alleles and generally large and variable out-
crossing Arabidopsis populations suggest a minor role of muta-
tion limitation, at least within our genomic Arabidopsis dataset.
In general, our study demonstrates the importance of a quanti-
tative understanding of divergence for the assessment of evolu-
tionary predictability (60) and brings support to the emerging
view of the ubiquitous influence of divergence scale on different
evolutionary and ecological mechanisms (37).

There are potentially additional, nonexclusive explanations for
the observed divergence-dependency of gene reuse, although
presumably of much lower impact given the large explanatory
power of allele reuse in our system. First, theory predicts that the
degree of conservation of gene networks, their functions, and
developmental constraints decrease with increasing divergence
(14, 28). Diversification of gene networks, however, typically
increases at higher divergence scales than addressed here [mil-
lions of years of independent evolution (28)] and affects paral-
lelism caused by independent de novo mutations (18). We also
did not find any evidence that our gene reuse candidates were
under weaker selective constraint than other genic loci genome-
wide. Nevertheless, we cannot exclude that changes in constraint
contribute to the decreasing probability of gene reuse across
Brassicaceae, as was also reported in ref. 61. Second, protein
evolution studies reported patterns of diminishing amino acid
convergence over time due to the decreasing probability of hemi-
plasy (i.e., the gene tree discordance caused by incomplete lineage
sorting and introgression) (33, 34, 62). As such a pattern reflects
neutral processes and is expected to decrease with time, it can
confound the assessment of the level of adaptive convergence (33,
34). However, we accounted for this bias in our sampling and
analysis design by considering only genes identified as selection
candidates in separate divergence scans that contrasted derived
alpine populations by their control foothill counterparts. Third, as
genetic divergence often corresponds to the spatial arrangement of
lineages (63), external challenges posed by the alpine environment
at remote locations may differ. Such risk is, however, mitigated at
least in our Arabidopsis dataset, as the genomically investigated
alpine populations share very similar niches (45).

In contrast, no relationship between the probability of gene
reuse and divergence was shown in experimental evolution of
different populations of yeast (64), raising a question about the
generality of our findings. Our study addresses a complex se-
lective agent [a multihazard alpine environment (50)] in order to
provide insights into an ecologically realistic scenario relevant
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Fig.4. Decreasing probability of allele reuse with increasing divergence in A.arenosa and A. halleri. (A) Proportion of parallel candidate gene variants shared
via gene flow between alpine populations from different lineages or recruited from ancestral standing variation (together describing the probability of allele
reuse) and originated by independent de nove mutations within the same gene. Percentages represent mean proportions for lineages of a particular di-
vergence category (color ramp; total number of parallel gene candidates is given within each plot). (B) Explained variation in gene reuse between lineages
partitioned by divergence (green circle), allele reuse (orange circle), and shared components (overlaps between them). (C) Maximum composite log-likelihood
estimate (MCLE) of median time (generations) for which the allele was standing in the populations prior to the onset of selection. (D-F) Examples of SNP
variation and MCL estimation of the evolutionary scenario describing the origin of parallel candidate allele. Two lineages in light and dark gray are compared
in each plot. Shown is the entire region of each parallel candidate gene. (D) Parallel selection on variation shared via gene flow on gene ALA3, affecting
vegetative growth and acclimation to temperature stresses (87). (E) Parallel recruitment of shared ancestral standing variation at gene AL730950, encoding
heat shock protein. (F) Parallel selection on independent de novo mutations at gene PKS1, regulating phytochrome B signaling (88); here, de novo origin was
prioritized over standing variation model based on very high MCLE of standing time (Materials and Methods). Note that each sweep includes multiple highly
differentiated nonsynonymous SNPs (in Cand D at the same positions in both population pairs, in line with reuse of the same allele). Dotplot (left y-axis): AFD
between foothill and alpine population from each of the two lineages (range 0 to 1 in all plots). Lines (right y-axis): MCL difference from a neutral model
assuming no parallel selection (all values above dotted gray line show the difference, higher values indicate higher support for the nonneutral model, and the
final model selection is based on the genomic position with the highest likelihood within the gene).

genomic variation preexisting in the species may be essential for
(repeated) local adaptation and consequently also for the pre-
dictability of evolution, a topic critical for pest and disease control
as well as for evolutionary theory.

for adaptation in natural environments. Results might differ in
systems with a high degree of self-fertilization or recent bottle-
necks, as these might decrease the probability of gene reuse even
among closely related lineages by reducing the pool of shared
standing variation (63, 66). Although this is not the case in our
Arabidopsis outcrossers, encompassing highly variable and de-
mographically stable populations, drift might have contributed to
the low number of overlaps in comparisons involving the less-
variable selfer Arabidopsis thaliana (43) in our meta-analysis
(Fig. 3E). However, considering the supporting evidence from
the literature (Fig. 14 and SI Appendix, Fig. S1) and keeping the

Materials and Methods

Sampling. A. arenosa and A. halleri are biennial to perennial outcrossers closely
related to the model A. thaliana. Both species occur primarily in low to mid el-
evations (to ~1,000 m above sea level) across Central and Eastern Europe, but
scattered occurrences of morphologically distinct populations have been recor-
ded from treeless alpine zones (>1,600 m) in several distinct mountain regions in
Central-Eastern Europe (44, 67) that were exhaustively sampled by us (Fig. 1,

aforementioned restrictions in mind, we predict that our findings
are widely applicable. In summary, our study demonstrates
divergence-dependency of parallel genome evolution between dif-
ferent populations, species, and genera and identifies allele reuse
as the underlying mechanism. This indicates that the availability of

Bohutinska et al.
Genomic basis of parallel adaptation varies with divergence in Arabidopsis
relatives

details provided in S/ Appendix, Supplementary Methods).

Here, we sampled and resequenced genomes of foothill (growing in el-
evations 460 to 980 m a.s.l.) as well as adjacent alpine (1,625 to 2,270 m a.s.l.)
populations from all known foothill-alpine contrasts. In total, we sequenced
genomes of 111 individuals of both species and complemented them with 63
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published whole-genome sequences of A. arenosa (68) totaling 174 indi-
viduals and 22 populations (5! Appendix, Table 51). Ploidy of each sequenced
individual was checked using flow cytometry following (69).

Sequencing, Raw Data Processing, Variant Calling, and Filtration. Samples were
sequenced on lllumina HiSeq X Ten, mapped to reference genome A. lyrata
(70), and processed following ref. 68. Details are provided in SI Appendix,
Supplementary Methods.

Population Genetic Structure. We calculated genome-wide 4d within- [nuclectide
diversity {x} and Tajima’s D (48)] and between- [F; (70)] population metrics using
python3 ScanTools_ProtEvol pipeline (https#/github.com/mbohutinska/ScanTools_
Protevol) (71). ScanTools_ProtEvol is a customized version of ScanTools, a
toolset specifically designed to analyze diversity and differentiation of
diploid and autotetraploid populations using SNP data (68). To overcome
biases caused by unequal population sizes and to preserve the most sites
with no missing data, we randomly subsampled genotypes at each position
to six individuals per population.

We quantified divergence between pairs of lineages as average pairwise 4d-
Fsr between the foothill populations as they likely represent the ancestral
state within a given lineage. To control for potential effects of linked selection
on our divergence estimates, we also extracted all putatively neutral sites that
are unlinked from the selected sites (i.e., sites >5 kb outside genic and con-
served regions and sites =1 Mb away from the centromere). As both Fsy esti-
mates strongly correlated (Pearson’s r = 0.93, P value < 0.001), we used only
4d-Fgy in further analyses of population structure.

Next, we inferred relationships between populations using allele fre-
quency covariance graphs implemented in TreeMix v. 1.13 (72). We ran
TreeMix allowing a range of migration events and presented two and one
additional migration edges for A. arenasa and A. halleri, as they represented
points of log-likelihcod saturation (5/ Appendix, Fig. 54). To obtain confi-
dence in the reconstructed topology, we bootstrapped the scenario with
zero events (the tree topology had not changed when considering the mi-
gration events), choosing a bootstrap block size of 1,000 bp, equivalent to
the window size in our selection scan, and 100 replicates. Finally, we dis-
played genetic relatedness among individuals using principal component
analysis as implemented in adegenet (73).

We further investigated particular hypotheses regarding the demographic
history of our system using coalescent simulations implemented in fastsim-
coal2 (74). We calculated joint allele frequency spectra (AFS) of selected sets
of populations from genome-wide 4d-SNPs and compared their fit to the
AFS simulated under different demographic scenarios using the Poisson
random field model likelihood. We used wide range of initial parameters
(effective population size, divergence times, migration rates; see attached
est file, Dataset 510).

Population structure inference was based on a complete dataset of all
populations as all the above used methods allow for a combined analysis of
diploid and autotetraploid data (further explained in SI Appendix, Supplementary
Methods).

Genome-Wide Scans for Directional Selection. To infer SNP candidates, we
worked with the full set of SNPs which passed variant filtration (5/ Appendix,
Table 52). We used a combination of two different divergence scan ap-
proaches, both of which are based on population allele frequencies and
allow analysis of diploid and autopolyploid populations.

First, we calculated pairwise window-based Fc between foothill and al-
pine population pairs within each lineage and used minimum sum of ranks
to find the candidates. For each population pair, we calculated Fsr (75) for 1
kb windows along the genome. Based on the average genome-wide decay
of genotypic correlations (150 to 800 bp, 5! Appendix, Fig. S13 and Supple-
mentary Methods), we designed windows for the selection scans to be 1 kb
(i.e., at least 200 bp larger than the estimated average linkage disequilib-
rium [LD]). All calculations were performed using ScanTools_ProtEvol and
custom R scripts (httpsi//github.com/mbohutinska/ProtEvel/). Our Fsr-based
detection of outlier windows was not largely biased toward regions with
low recombination rate [as estimated based on the available A. lyrata re-
combination map (40) and also from our diploid population genomic data; 5/
Appendix, Figs. 58 and 59]. This corresponds well with outcrossing and high
nuclectide diversity that aids divergence outlier detection in our species (76).

Whenever two foothill and two alpine populations were available within
one lineage (i.e., aFG, aNT, avT and aZT populations of A. arenasa), we
designed the selection scan to account for changes which were not consis-
tent between the foothill and alpine populations (i.e., rather reflected local
changes within one environment). Details are provided in 5/ Appendix,
Supplementary Methods. Finally, we identified SNPs which were 5% outliers
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for foothill-alpine allele frequency differences in the above-identified out-
lier windows and considered them SNP candidates of selection associated
with the elevational difference in the lineage.

Second, we used a Bayesian model-based approach to detect significantly
differentiated SNPs within each lineage, while accounting for local pop-
ulation structure as implemented in BayPass (S/ Appendix, Supplementary
Methods) (77).

Finally, we overlapped SNP candidate lists from Fst and BayPass analysis
within each lineage and considered only SNPs which were outliers in both
methods as directional selection candidates. We annotated each SNP candi-
date and assigned it to a gene using SnpEff 4.3 (78) following A. lyrata version
2 genome annotation (79). We considered all variants in 5° untranslated re-
gions (UTRs), start codons, exons, introns, stop codons, and 3' UTRs as genic
variants. We further considered as gene candidates only genes containing
more than five SNP candidates to minimize the chance of identifying random
allele frequency fluctuation in few sites rather than selective sweeps within
a gene.

For both selection scans, we used relatively relaxed 95% quantile threshold
as we aimed to reduce the chance of getting false negatives (i.e., undetected
loci affected by selection) whose extent would be later magnified in overlaps
across multiple lineages. At the same time, we controlled for false positives by
accepting only gene candidates fulfilling criteria of the two complementary
selection scans. Using a more stringent threshold of 1% did not lead to
qualitatively different results in regard to the relationship between paral-
lelism and divergence (1 Appendix, Text S4).

GO Enrichment Analysis. To infer functions significantly associated with foothill-
alpine divergence, we performed gene ontology enrichment of gene candidates
in the R package topGO (80), using A. thaliana orthologs of A. lyrata genes
obtained using biomaRt (81). We used the conservative “elim” method, which
tests for enrichment of terms from the bottom of the GO hierarchy to the top
and discards any genes that are significantly enriched in descendant GO terms
while accounting for the total number of genes annotated in the GO term (80).
We used "biological process” ontology and accepted only significant GO terms
with more than five and less than 500 genes as very broad categories do not
inform about the specific functions of selected genes (false discovery rate [FDR] =
0.05, Fisher's exact test). Reanalysis with “molecular function” ontology led to
qualitatively similar results (5/ Appendix, Fig. $14).

Quantifying Parallelism. At each level (gene candidates, enriched GO cate-
gories), we considered parallel candidates all items that overlapped across at
least one pair of lineages. To test for a higher-than-random number of over-
lapping items per each set of lineages (pair, triplet, etc.), we used Fisher's exact
test [SuperExactTest (82) package in R]. Next, we calculated the probability of
gene-level parallelism (i.e., gene reuse) and functional parallelism between
two lineages as the number of parallel candidate items divided by the total
number of candidate items between them (i.e,, the union of candidate lists
from both lineages). We note that the identification of parallel candidates
between two alpine lineages does not necessarily correspond to adaptation to
alpine envirenments as it could also reflect an adaptation to some other
trigger or to foothill conditions. However, our sampling and selection scans,
including multiple replicates of alpine peopulations originating from their
foothill counterparts, were designed in order to make such an alternative
scenario highly unlikely.

Model-Based Inference of the Probability of Allele Reuse. For all parallel gene
candidates, we identified whether they indeed support the parallel selection
model and the most likely source of their potentially adaptive variant(s). We
used the newly developed composite likelihood-based method DMC (49)
which uses patterns of hitchhiking at sites linked to a selected locus to dis-
tinguish among the neutral model and three different models of parallel se-
lection (considering different sources of parallel variation): 1) on the variation
introduced via gene flow, 2) on ancestral standing genetic variation, and 3) on
independent de novo mutations in the same gene (at the same or distinct
positions). In lineages having four populations sequenced (aVT, aZT, aFG, and
aNT), we subsampled to one (best-covered) foothill and one alpine population
to avoid combining haplotypes from subdivided populations.

We estimated maximum composite log-likelihoods (MCLs) for each se-
lection model and a wide range of the parameters (SI Appendix, Table 510).
We placed proposed selected sites (one of the parameters) at eight locations
at equal distance apart along each gene candidate sequence. We analyzed
all variants within 25 kb of the gene (both upstream and downstream) to
capture the decay of genetic diversity to neutrality with genetic distance
from the selected site. We used Ne = 800 000 inferred from A. thaliana
genome-wide mutation rate (83) and nucleotide diversity in our sequence
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data (5/ Appendix, Table 54) and a recombination rate of 3.7 x 102 deter-
mined from the closely related A. lyrata (40). To determine whether the
signal of parallel selection originated from adaptation to the foothill rather
than alpine environment, we ran the method assuming that parallel selec-
tion acted on 1) two alpine populations or 2) two foothill populations. For
the model of parallelism from gene flow, we allowed either of the alpine
populations to be the source of admixture.

For each pair of lineages and each gene candidate, we identified the
model which best explained our data as the one with the highest positive
difference between its MCL and that of the neutral model at the position
within each gene with the highest likelihood.

We further simulated data under the neutral model to find out which
difference in MCLs between the parallel selection and neutral model is
significantly higher than expected under neutrality. For details, reference
S Appendix, Supplementary Methods.

The R code to run the DMC method over a set of parallel population pairs
and multiple gene candidates is available at https:/github.com/mbohutinska/
DMCloop.

Statistical Analysis. As a metric of neutral divergence between the lineages
within and between the two sequenced species (A. arenosa and A. halleri), we
used pairwise 4d-Fs; values calculated between foothill populations. These
values correlated with absolute differentiation (Dyy, Pearson's r = 0.89, P <
0.001) and geographic separation within species (rM = 0.86 for A. arenosa, P=
0.002, Fig. 1B) and thus reasonably approximate between-lineage divergence.

To test for a significant relationship between the probability of parallelism
and divergence at each level, we calculated the correlation between Jaccard's
similarity in the identity of gene/function candidates in each pair of lineages
and 1) the 4d-Fsr distance matrix (Arabidopsis dataset) or (2) the time of
species divergence (Brassicaceae meta-analysis). For each pair of lineages,
the Jaccard's similarity was calculated as the ratio of intersection in their
candidate gene/function lists over their union. Jaccard's similarities calcu-
lated for all 21 possible lineage pairs resulted in a similarity matrix which was
then correlated with the corresponding matrix of interlineage divergence
using Mantel test with 999 replications [aded (83) package in R]. We also
performed similar test for candidates found in three lineages instead of two
and found congruent results showing significant divergence-dependence for
gene reuse (Pearson’s r = —0.71, P < 0.001) but not for parallelism by
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function (Pearson's r = 0.04, P = 0.82, n = 35; taking average 4d-Fs; over the
three lineage pairs as a divergence measure).

Then, we tested whether the relative proportion of the two different
evolutionary mechanisms of parallel variation (allele reuse versus de novo
origin) relate to divergence using GLMs [R package stats (84)] with a binamial
distribution of residual variation. We used the 4d-Fsy as a predictor variable
and counts of the parallel candidate genes assigned to either mechanism as
the explanatory variable. Finally, we used multiple regression on distance
matrices [R package ecodist (85)] and calculated the fraction of variation in
gene reuse that was explained by similarity in allele reuse, divergence, and
by their shared component using the original matrices of Jaccard’s similarity
in gene and allele identity, respectively, following ref. 86.

Data Availability. Sequence data that support the findings of this study have
been deposited in the Sequence Read Archive (SRA; httpsi/fwww.ncbi.nim.
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SUMMARY

Parallel adaptation results from the independent evolution of similar traits between closely related lineages
and allows us to test to what extent evolution is repeatable. Similar gene expression changes are often
detected but the identity of genes shaped by parallel selection and the causes of expression parallelism
remain largely unknown. By comparing genomes and transcriptomes of four distinct foothill-alpine popula-
tion pairs across four treatments, we addressed the genetic underpinnings, plasticity and functional conse-
quences of gene expression parallelism in alpine adaptation. Seeds of eight populations of Arabidopsis
arenosa were raised under four treatments that differed in temperature and irradiance, factors varying
strongly with elevation. Parallelism in differential gene expression between the foothill and alpine ecotypes
was quantified by RNA-seq in leaves of young plants. By manipulating temperature and irradiance, we also
tested for parallelism in plasticity (i.e., gene-environment interaction, GEI). In spite of global non-parallel
patterns transcriptome wide, we found significant parallelism in gene expression at the level of individual
loci with an over-representation of genes involved in biotic stress response. In addition, we demonstrated
significant parallelism in GEl, indicating a shared differential response of the originally foothill versus alpine
populations to environmental variation across mountain regions. A fraction of genes showing expression
parallelism also encompassed parallel outliers for genomic differentiation, with greater enrichment of such
variants in cis-regulatory elements in some mountain regions. In summary, our results suggest frequent
evolutionary repeatability in gene expression changes associated with the colonization of a challenging
environment that combines constitutive expression differences and plastic interaction with the surrounding
environment.

Keywords: parallel evolution, gene expression, alpine adaptation, Arabidopsis arenosa, gene-environment
interaction, plasticity, common garden experiment.

INTRODUCTION

Parallel evolution of similar phenotypes in repeated envi-
ronments provides strong evidence for the role of natural
selection and, when linked with genomic investigations,
reveal genes or pathways particularly important in adapta-
tion under certain changing conditions (Elmer and Meyer,
2011). Parallel evolution usually reflects the independent
evolution of similar phenotypes in response to similar
selection pressures (Bolnick et al, 2018), and is a wide-
spread phenomenon reported in animals (Elmer et al,
2014; Velotta et al., 2017), plants (Woodhouse and Hufford,
2019) and bacteria (Fong et al., 2005; Lenski, 2017). Studies
on parallel evolution have often found a common genetic
basis and similar genetic changes, especially in cases of

low divergence between lineages (Stern and Orgogozo,
2009; Conte et al., 2012), suggesting that some genes are
more likely to be subject to selection during parallel evolu-
tion. Despite the ubiquity of parallel evolution at both the
phenotypic and the genetic levels (Martin and Orgogozo,
2013; Blount et al., 2018), further work is needed to under-
stand the factors underlying such parallelism.

To gain insight on the mechanisms governing the pre-
dictability of evolution, it is important to understand the
genomic underpinnings of parallel evolution (Stern and
Orgogozo, 2009). In this regard, variation in gene expres-
sion often plays a key role in the evolution of functional
traits (Fraser, 2011), and similar gene expression changes,
even in a limited number of genes, can be the source of
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important phenotypic parallelism {(Cooper et al., 2003; Mac-
queen et al, 2011; Zhao et al., 2015; Jacobs et al.,, 2020).
Therefore, gene expression analyses have great potential
to detect genes involved in parallel adaptation, because
such genes should exhibit constitutive expression changes
in the same direction across multiple populations indepen-
dently adapted to similar environments, reflecting the role
of natural selection. In addition, the transcriptome of a par-
ticular individual also reflects its actual surrounding envi-
ronment. In that sense, phenotypic plasticity has the ability
to promote the emergence of ecotypes in response to the
environment. In the case of similar environmental chal-
lenges, such genotype-environment interactions (GEls)
may also change in a predictable way over parallel popula-
tions, leading to parallelism in plasticity (Pfennig et al.,
2010). Parallelism in the plastic response in naturally repli-
cated systems remains largely unknown, however (Zhao
et al., 2015). Here, we aimed to study to what extent natu-
ral selection shapes gene expression parallelism, and
tested whether plasticity, a transient adaptive response to
environmental changes, contributes to gene expression
parallelism.

Although gene expression analysis may reveal genes
underlying parallel evolution, some caveats remain about
the genetic underpinnings of such parallelism (Sackton
and Clark, 2019). Differences in gene expression generally
arise from modifications in gene sequences, and it is still
unclear to what extent parallel evolution results from
repeated changes in different genes of similar functions, in
the same gene but not at the same nucleotide, or at the
exact same nucleotide (Elmer and Meyer, 2011). So far,
studies on the genetic basis of parallel evolution have
highlighted the importance of changes located in cis-regu-
latory elements, compared with other genomic elements
(i.e., coding elements) (Stern and Orgogozo, 2009; Wit-
tkopp and Kalay, 2012). Indeed, cis-regulation elements
may be affected by selection differently than coding ele-
ments. In general, mutations in cis-regulation elements
showed less deleterious effects because they mainly affect
gene regulation and may be limited to a specific tissue or
to a developmental stage (Wray, 2007). In addition, muta-
tions in eis-regulatory elements are in theory more likely to
cause gene expression parallelism through reduced nega-
tive pleiotropy, but empirical evidence for this remains
scarce and needs to be investigated (Wray, 2007). Paral-
lelism in gene expression was associated with changes in
cis-regulatory elements, as was recently documented in
fish species (Verta and Jones, 2019; Jacobs et al., 2020).

Parallelism in gene expression at the constitutive or
plastic level using whole-transcriptome sequencing has
been studied in animals, insects (Reed et al., 2011; Zhao
et al., 2015) and fish (Derome and Bernatchez, 2006; McGirr
and Martin, 2018), in particular, providing evidence for the
effects of environment in triggering similar expression

changes. In turn, such studies in plants remain scarce and
are generally focused only on the expression patterns of
particular genes or metabolic pathways (Streisfeld and
Rausher, 2009; Des Marais and Rausher, 2010; Chen et al.,
2014). Moreover, transcriptomic inquiries of parallel adap-
tation in both plants and animals were generally con-
ducted using only two replicates of parallelism (i.e., two
pairs of populations or species from inside and outside the
selective environment). This, however, limits our inference
on the magnitude and general evolutionary drivers of tran-
scriptomic parallelism. Such questions could be efficiently
addressed by leveraging comparisons over multiple inde-
pendent population pairs, as has been demonstrated using
both genomic and phenotypic data (Bolnick et al., 2009;
Stuart et al., 2017) but rarely using gene expression analy-
ses (Jacobs et al., 2020).

Here, we tested whether there is significant parallelism
in gene expression at both the constitutive and plastic level
by screening the transcriptomes of parallel alpine lineages
of Arabidopsis arenosa (Brassicaceae). An alpine environ-
ment constitutes an ideal system for investigating adaptive
differentiation because it is associated with sharp environ-
mental gradients and the island-like distribution of moun-
tain regions promotes parallel colonization from lower to
higher elevations. Although A. arenosa thrives mostly in
low to mid elevations (up to approx. 1000 m a.s.l., termed
the ‘foothill ecotype’ here), scattered occurrences in tree-
less alpine habitats (approx. 1500-2500 m a.s.l., termed
the ‘alpine ecotype’) were reported from several disjunct
mountain regions from Central and Eastern Europe. The
two ecotypes are morphologically distinct, and a previous
study has demonstrated significant phenotypic parallelism
in height and floral traits in the alpine ecotypes across the
four regions, which persisted after two generations of
common garden cultivation (Knotek et al., 2020). In addi-
tion, genetic investigations based on range-wide sampled
genome resequencing and RADseq data (Monnahan et al.,
2019; Knotek et al., 2020) congruently showed populations
clustering by region but not by ecotype, thus supporting
the parallel origin of the alpine ecotype.

In this study, we used a subset of the populations used
in Knotek et al. {2020) to investigate parallelism further at
the gene expression level. First, we inferred genetic rela-
tionships among the eight populations (four foothill-alpine
pairs) using neutral markers to verify the parallel alpine dif-
ferentiation in our populations. Then we compared gene
expression of each population pair under the same treat-
ment (‘constitutive level’) as well as across the four treat-
ments (GEl, as a measure of environmentally induced
plasticity), and compared these results across the four
regions, asking specifically: (i) does the overall direction
and magnitude of the difference in gene expression
between foothill and alpine ecotypes vary across the
regions; (ii) does differential expression in the same (sets
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of) genes underlie parallel alpine differentiation and do the
differentially expressed genes belong to the same meta-
bolic pathways; (i) do we also observe parallelism in the
plastic response (GEl), suggesting a shared response to
environmental variations. Finally, we investigated the
underlying genomic basis of expression parallelism by
leveraging genome-wide divergence scans of the same
populations, asking specifically: does genetic variation in
cis-regulatory elements drive expression parallelism at the
constitutive and/or plastic levels?

RESULTS
Population structure

We sampled one foothill and one alpine population of
A. arenosa from the following four mountain regions:
Fagaras Mountain in the Southern Carpathians of Romania
(FG); Niedere Tauern in the Austrian Alps (NT); and Vysokeé
Tatry (VT) and Zapadné Tatry (ZT) mountains in the Wes-
tern Carpathians of Slovakia. Although plants from the VT
region are diploid, populations from the remaining three
regions represent a closely related autotetraploid cytotype
of the same species (Arnold et al., 2015). Using the gen-
ome resequencing data available for our populations (with
seven or eight individuals per population, approx. 130 000
putatively neutral, fourfold degenerated SNPs, average
sequencing depth of 16x) we inferred genetic relationships
between foothill and alpine ecotypes across the different
mountain regions. TrReemix analysis supported the mono-
phyly (100% bootstrap support) of each of the following
three regions: NT (Austrian Alps), FG (Southern Carpathi-
ans, Romania) and the cluster of VT + ZT regions (the spa-
tially closest pair of regions from the Western Carpathians
in Slovakia) (Figure 1b). For the VT and ZT regions, the
two alpine populations clustered together, confirming that
these two regions were genetically close, despite the differ-
ence in ploidy. Bayesian clustering confirmed the TrReemix
results and demonstrated clear grouping according to the
three mountain regions, rather than by ecotype, with no
indications of further admixture (Figure 1b). Specifically,
under K=2 and K= 3 (the highest similarity among the
runs), the FG and NT regions separated, respectively, and
under K=4 we only observed additional substructure
within the FG region and no division between the VT and
ZT regions. In summary, the phylogenetic and clustering
analyses congruently demonstrated differentiation of the
populations belonging to the three regions (NT, FG and
VT + ZT), regardless of their foothill versus alpine origin,
altogether indicating the independent origin of the alpine
ecotype in each region, in line with previous range-wide
sampling (Monnahan et al., 2019; Knotek et al., 2020). As
alpine areas of the VT and ZT regions are represented by
distinct ploidies, among which extant gene flow is unlikely
(Kolar et al., 2016), for the sake of clarity we considered
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each region as a separate unit in our analysis. To account
for the fact that VT and ZT have greater genetic similarities
than the other pairs of regions, however, we also ran an
additional analysis based only on tetraploids {i.e., NT, FG
and ZT regions).

Effects of treatment, ecotype and region on gene
expression

To identify genes that showed parallel differential expres-
sion between foothill and alpine populations (hereafter ter-
med ‘ecotype’) in each mountain region (hereafter termed
‘region’), we characterized population variation in whole-
leaf transcriptomes of foothill and alpine ecotypes from
four regions grown under four different temperature and
irradiance treatments (Figure 1a). We sequenced three
replicates for each region x ecotype x treatment combina-
tion for a total of 96 libraries.
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Figure 1. (a) Population structure and the experimental design involving four
pairs of foothill {in black) and alpine (in grey) ecotypes from four mountain
regions raised in growth chambers under different temperatures and irradi-
ances. (b} Maximum-likelihood treemix graph based on approximately
130 000 genome-wide fourfold degenerated single-nucleotide polymor-
phisms (SNPs) showing the genetic relationship between eight populations
from four mountain regiens (numbers at each node indicate bootstrap val-
ues) and Bayesian clustering of the same data under K= 3. Drift parameter
corresponds to 2N, where t is the number of generations separating the two
populations, and N is the effective population size. (c} Example of a multidi-
mensional scaling (MDS) plot showing gene expression differences between
24 individuals (coloured by ecotype) raised in one of the four treatments
(high temperature and high irradiance), highlighting the strong differentiation
in expression between regions and ecotypes. {d) Number of differentially
expressed genes (DEGs) between foothill and alpine ecotypes for each region
for plants raised in the high temperature and high irradiance treatment. Col-
ours depict the overlaps across two (green), three (purple) and four (blue)
regions. Regions: FG, Fagaras; NT, Niedere Tauern; VT, Viysoké Tatry; ZT,
Zapadné Tatry.
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Treatment, region and ecotype significantly affected the
transcriptomic response in A. arenosa, showing that paral-
lel alpine colonization consistently resulted in significant
changes in gene expression. Treatment explained the high-
est proportion of variance in gene expression among the
96 samples (R® = 36.2%, F=31.6, P < 0.001, permutational
multivariate analysis of variance, PERMANOVA, test; Fig-
ure $1), followed by region and ecotype (R? = 18.9% and
5.20%, F=15.5 and 7.88, respectively, P < 0.001 in both
cases, PERMANOVA test; Figure 1c). The overall transcrip-
tomic response of ecotype was consistent across treat-
ments, as indicated by the significant interaction of the
treatment x region terms (R® = 7.48%, F=1.79, P<0.01)
and the non-significant interaction of treatment x ecotype
terms. When analysing individual parameters separately,
the effect of irradiance was significant (R® = 22.70%,
F=27.61, P<0.001) and explained a greater proportion of
the total variance than temperature (R® = 10.25%,
F=10.74, P < 0.001).

Parallelism in gene expression at the constitutive level
between foothill and alpine ecotypes

First, we guantified the transcriptome-wide parallelism
using a quantitative approach based on vector analysis.
Foothill-alpine divergence for each region can be defined
by a vector where its length (i.e., magnitude) represents
the difference in expression between the foothill and
alpine ecotype, and the angle (0) between the two vectors
represents their direction (Figure S2; Table S1). Hence, par-
allelism between two regions occurred if the angle
between two vectors is close to 0° (i.e., point in the same
direction) and if they have similar magnitudes.

We found that the walues for direction (i.e., the
angle between pairs of vectors) ranged from 33.9° to
154.5° and that the values for magnitude (i.e., the differ-
ence in the length of pairs of vectors} ranged from 2.57 to
4.40 (log-transformed values), indicating no sign of
transcriptome-wide parallelism. Rather, the vectors were
‘acute nonparallel’ or pointed in opposite directions. We
tested whether there was a consistent response in the
magnitude or direction of the transcriptomic parallelism
between pairs of regions across the four treatments using
linear models. The magnitude and direction did not signifi-
cantly differ between pairs of regions (Table $1), as
expected from a model of the independent colonization of
regions by separate genetic lineages presented previously
using genome-wide data (Knotek et al., 2020).

To quantify parallelism on a per-locus basis, which pro-
vides a finer estimate of independent adaptation to speci-
fic conditions, we identified differentially expressed genes
(DEGs; false discovery rate, FDR < 0.05; Table S2) between
foothill and alpine ecotypes for each region separately and
then overlapped them, separately within each of the four
treatments (i.e., a ‘common garden’ approach; Figures 1d

and 2; Table S3). Genes exhibiting parallel changes in
expression (parallel DEGs) were those consistently up- or
downregulated in alpine ecotypes in at least two regions.
We revealed pervasive parallelism at the locus level, as
the number of parallel DEGs in each intersection was sig-
nificantly greater than expected by chance in all but one
case; their total number ranged between 390 and 819
across treatments (Figure 2; Table S3). We then ran a
Gene Ontology (GO) term enrichment analysis to identify
the biological processes in which parallel DEGs were
involved, based on all genes showing parallel changes
across the four treatments (n=2179) to cover a wide
range of conditions in which the ecotypic effect could
manifest. GO term enrichment revealed 182 GO terms sig-
nificantly enriched, with FDR < 0.05, grouped into 17 cate-
gories using REVIGO (Table S4). Most of the enriched GO
terms felt into two categories: ‘response to other organ-
isms’, related to the biotic stress response, and ‘secondary
metabolism’.

We further focused on the strongest candidates for paral-
lelism: i.e., genes showing overlap across all four regions in
at least one treatment (10 genes in total; Table S3). Four of
these genes had a known function in A. thaliana: three genes
were related to the defence response (BETA-AMYLASE 5,
FARNESOIC ACID CARBOXYL-O-METHYLTRANSFERASE,
LURP-one family) and were all downregulated in alpine eco-
types; one gene was related to protein degradation (F-BOX/
LRR-REPEAT PROTEIN 25-RELATED) and was upregulated in
alpine ecotypes. In the same way, DEGs that overlapped
across three regions in at least one treatment (n =181 in
total) were also mainly related to defence pathways and
response to biotic stress (29 enriched GO terms, 21 of which
were related to biotic stress).

To account for the effect of ploidy and to ensure that the
significant parallel transcriptomic response was not driven
by the closely related VT-ZT pair, we also ran the same
analysis using only overlaps between the three regions
occupied by tetraploid populations (NT, FG and ZT). GO
term enrichment analysis on the total number of genes
that overlapped across two and three regions across the
four treatments (n = 1290) revealed 155 enriched GO terms
grouped into 15 categories using REVIGO (Table S5). As
previously, most of the enriched GO terms belonged to ‘re-
sponse to other organisms’, the other GO terms belonged
to wvarious metabolic processes (i.e., ‘indole-containing
compound metabolism’ or ‘sulfur compound metabo-
lism’).

We further tested whether parallelism may occur not
only at the gene level but also at the level of the metabolic
pathway (Kyoto Encyclopedia of Genes and Genomes,
KEGG). For each treatment and region, we ran a KEGG
enrichment analysis on the genes differentially expressed
between the foothill and alpine ecotypes and overlapped
the enriched KEGG pathways across the four mountain
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Figure 2. Number of differentially expressed genes iy
(DEGs) between foothill and alpine ecotypes in each A

treatment and quantification of constitutive paral-
lelism by overlapping these gene lists aver multiple
mountain regions (FG, Fagaras; NT, Niedere Tauern;
VT, Vysoké Tatry; ZT, Zépadné Tatry). The signifi-
cant intersection in DEG lists across mountain
regions (i.e., significant parallelism} assessed by
Fischer's exact test has been detected in all cases
but one lindicated by n.s.; detailed results of the :ﬂo °
tests are presented in Table S3).
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regions (Table S6). We found significant overlap in KEGG
pathways across two, three and four regions, indicating
significant parallelism at the metabolic pathway level
(Table S6). Parallel pathways belonged mainly to sec-
ondary metabolism (i.e., anthocyanin or flavonoid
biosynthesis), sugar and amino acid metabolism, and
photosynthesis and stress response (i.e., glutathione meta-
bolism, cyano-amino acid metabolism or plant-pathogen
interaction). The overlaps in metabolic pathways also
remained significant after excluding the diploid VT region
(Table S6).

Genomic underpinnings of differential parallel expression

Given the importance of mutations in cis-regulatory ele-
ments to parallel expression changes, we investigated
whether genes showing parallelism in differential expres-
sion for each region exhibited significant enrichment of
highly differentiated single-nucleotide polymorphisms
(SNPs; outliers for genome-wide Fsr divergence between
alpine versus foothill ecotypes in that region among
genes containing at least three outlier SNPs), both in their
coding sequences and in their cis-regulatory elements
(Table S7). Cis-regulatory regions were defined as
sequences containing introns, 5’ untranslated regions (5'-
UTRs), 3-UTRs, and a 5-kb segment up- and downstream
of a gene, and coding sequences were defined as exons.
We found that parallel DEGs were significantly enriched
(P < 0.05, hypergeometric test) for outlier SNPs in their
cis-regulatory elements (as compared with the back-
ground of all divergence outliers) in two regions: VT and
ZT. In turn, we did not find significant enrichment for out-
lier SNPs in coding elements in any region. We then per-
formed pairwise comparisons between the regions (six
pairs in total) to test whether parallel DEGs common to

> o

IRRADIANCE

two regions are more likely to harbour outlier SNPs at the
exact same position (i.e., parallel outlier SNPs) as com-
pared with the background of all genes harbouring paral-
lel outlier SNPs (Table 1). For each pair of regions we
identified DEGs with shared underlying outlier SNPs, but
this number varied greatly, generally corresponding to
biogeographic differentiation among the regions (with the
lowest shared proportion found for comparisons with the
NT region; Table S8). The number of parallel outlier SNPs
was significantly enriched in cis-regulatory elements only
in parallel DEGs of the NT-VT region pair and in coding
elements in parallel DEGs of the FG-ZT region pair. By
merging all of the parallel DEGs with at least one underly-
ing parallel outlier SNP for the six pairs of regions, GO
term enrichment and REVIGO clustering revealed that
these genes were mainly related to ‘response to other
organisms’ (biotic stress; Table $8). GO term enrichment
remained unchanged when considering only the three tet-
raploid pairs of NT-FG, NT-ZT and FG-ZT (Table S5).

Parallelism in plastic response of ecotypes

Apart from parallelism at the constitutive level, foothill-
alpine pairs across the different mountain regions may
also respond in a similar way to an environmental trigger,
reflecting parallelism in their plastic response. We thus fur-
ther tested for transcriptome-wide parallelism in the differ-
ential response of alpine and foothill ecotypes to changing
environmental conditions simulated by varying both tem-
perature and irradiance. Using vector analysis, we found
significant effects of treatment on magnitude (F= 3.76,
P =0.027) but not on direction (angle) of the vectors over
the six regional pairs tested (Table S$1). By testing for the
specific effects of temperature and irradiance, we found
significant effects of irradiance (F = 12.2, P = 0.002) but not
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Table 1 Association between genomic parallelism (outlier single-nucleotide polymaorphisms, SNPs, found in both regions) and parallelism
in gene expression (parallel differentially expressed genes, DEGs) for each pair of regions

Background, total no. of Fold enrichment and

Parallel DEGs with parallel SNPs parallel outlier SNPs significance

Pairs of  No. of  No. of parallel outlier SNPs in  No. of parallel outlier in cis-requlatory  incoding  cis-regulatory  coding
regions  genes  cis-regulatory elements SNPs in coding elements  elements elements  elements elements
NT-FG 7 5 2 519 366 1.22 0.69
NT-VT 5 0 992 570 1.67* 0.00
NT-ZT 11 1 4 968 572 1.17 0.72
FG-VT 35 43 31 3052 2348 1.03 0.96
FG-ZT 85 73 88 3062 2416 0.81 1.24%*
VT-ZT 90 176 99 11294 7088 1.04 0.93

The table shows the number of genes showing parallelism in differential expression between foothill and alpine ecotypes (within at least
one treatment) between each pair of regions containing at least one outlier SNP at the same position, the number of outlier SNPs at the
same position in our parallel DEGs located in cis-regulatory and coding regions. The background refers to the total number of outlier SNPs
located at the same position (in cis-regulatory or coding elements) across the entire genome for each pair of regions, the last two columns
show the fold enrichment and significance for outlier SNPs in cis-regulatory and in coding elements in our parallel DEGs (hypergeometric
test). Regions: FG, Fagaras (Romania); NT, Niedere Tauern (Austria); VT, Vysoké Tatry (Slovakia); ZT, Zapadné Tatry (Slovakia).

*P < 0.05.
*#*P < 0.01.

of temperature on magnitude, with greater magnitudes
under low irradiance.

To quantify plasticity in the transcriptomic response on a
per-locus basis, we further calculated the GEI between eco-
types and different environmental conditions separately for
each region. We then examined parallelism in this measure
of plasticity by the degree of overlap of the genes exhibiting
significant GEls (Figure S3; Table 2). We assessed GEI
between ecotype and three types of biologically relevant
environmental contrasts: (i) conditions characteristic for the
foothill and alpine environment (Figure 3; Table S9); (ii)
changes of temperature when irradiance was kept constant
(under high and low irradiance; Table $10); and (iii) changes
of irradiance when temperature was kept constant (under
high and low temperature; Table $11). In all environmental
contrasts we detected significant overlaps in genes exhibit-
ing GEI across all pairs of mountain ranges as well as in the
majority of triple overlaps (Figure S3), altogether demon-
strating that our foothill-alpine pairs may respond in the
same way to environmental variations.

Then, we examined the potential function of such paral-
lel GEIl candidates. For treatments approximating foothill
versus alpine conditions, enrichment analysis revealed five
enriched GO terms (based on 54 such candidates;
Table S9), with four of them related to cell wall modifica-
tion (‘hemicellulose metabolic process’, ‘cell wall polysac-
charide metabolic process’, ‘xyloglucan metabolic process’
and ‘cell wall macromolecule metabolic process’). The last
GO term enriched was ‘response to chemical’ and included
11 genes in response to various hormones.

For temperature, we identified 21 {under high irradiance)
and 118 (under low irradiance) parallel GEls (Table S10c).

GO term enrichment analysis on all of the genes affected
by changes in temperature (21 + 118 = 139) revealed 56
enriched GO terms grouped into seven categories by
REVIGO (Table $10), mainly related to the response of tem-
perature stimulus, flavonoid biosynthesis and secondary
metabolism.

Finally, for irradiance, we identified 66 (under low tem-
perature) and 147 (under high temperature) genes with sig-
nificant ecotype x irradiance interactions in parallel across
regions (Table $11). GO term enrichment on all the genes
(66 + 147 = 213) revealed 73 associated enriched GO terms.
REVIGO grouped them into 10 categories, mainly related to
the response to other organisms and to the immune system
{Table S11). The results of enrichment analyses were quali-
tatively similar when we analysed only the overlap of genes
showing significant GEls across the three tetraploid
regions. For a comparison of treatment between foothill
and alpine conditions, the low number of overlapping
genes (33 genes; Table S12) did not lead to significant
enrichment, but a classical categorization revealed that
most of these genes are classified into ‘response to stress’
and ‘response to chemical’ categories. For the two other
contrasts (Table S12), GO term enrichment analysis
revealed similar enriched categories as with the full design.

In a similar way, we tested whether parallelism in the
plastic response may also occur at the level of the meta-
bolic pathway (KEGG). Although in all regions we found
enriched KEGG terms related to secondary metabolism
{pigment biosynthesis), sugar metabolism and photosyn-
thesis, only a few very general KEGG pathways signifi-
cantly overlapped across mainly two regions (KEGG
enrichment, GEI; Table $13).
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Table 2 Plasticity in gene expression estimated as the number of differentially expressed genes (DEGs) showing significant gene-environ-
ment interaction {GEIl) (FDR < 0.05), and their repeated discovery across the mountain regions demonstrating significant parallelism in
expression plasticity. Number of DEGs showing a significant ecotype x alpine environment interaction, ecotype x temperature interaction,
under low and high irradiance, and ecotype x irradiance interaction, under low and high temperature, in each of the four mountain regions.
The last column shows the number of genes exhibiting GEls that overlapped across at least two mountain regions (for details, see Fig-

ure S3).
Mountain Regions
Niedere Vysoké Zapadné Parallel
Interaction Tauern(NT) Fagaras(FG) Tatry(VT) Tatry(ZT) DEGs
Ecotype x No. GEI DEGs 191 348 163 103 54
alpine env. F(R) 4.05%%* (21.6%) 4.29%%* (20.2%) 3.21%%* (19.2%) 4.57%%% (20.2%)
Ecotype = Under low No. GEI DEGs 132 3712 221 394 118
temperature  irradiance F(RY) 3.37%%* (20.2%) 6.54%%* (24.4%) 3.85%** (20.9%) 5.70%** (25,2%)
Under high No. GEI DEGs 109 50 103 138 21
irradiance FIR) 4.63%* (22.7%) 3.73** (17.8%) 2.93*** (18.7%) 3.89*** (20.3%)
Ecotype x Under high No. GEI DEGs 122 958 153 240 147
irradiance temperature F{R?) 4134+ (21.4%) 5.54%** (20.4%) 3.18%+* (17.7%) 4.44%+% (15.2%)
Under low No. GEI DEGs 207 85 140 356 66

temperature FIR) 4.34%#* (17.5%)

3.10%** (16.9%) 3.63*** (17.8%) 4.46%++ (24.3%)

F values for the ecotype x treatment interaction {df = 1) for each region tested by PERMANOVA test and percentage of variance explained
{R?), in parentheses, are listed. Lists of corresponding parallel DEGs are published in Tables $9, $10 and S11.

P <0.01.
*4P < (.001.

Finally, we investigated whether the parallel genes
showing GEls (all contrasts merged together) exhibit an
enrichment of differentiation outlier SNPs in their underly-
ing genomic elements (Table S7). We found significant
enrichment for outlier SNPs in cis-regulatory elements in
NT and VT regions, and marginally significant enrichment
in ZT, but an enrichment of SNPs in coding elements in
the FG region.
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Figure 3. (a) Number of differentially expressed genes showing significant
ecotype x alpine environment interaction for each region demonstrating
parallelism at the level of transcriptomic plasticity. Colours depict the over-
laps across two (green), three (purple) and four (blue) regions. (b) Example
of significant gene-environment interaction of the BXL7 gene (BETA-
XYLOSIDASE 1, associated with cell wall thickening) for foathill {in black}
and alpine (in grey) ecotypes originating from NT and ZT regions raised
with high temperature and low irradiance (Ht:Li, approximating low-eleva-
tion conditions) and low temperature and high irradiance (Lt:Hi, approxi-
mating high-elevation conditions).

DISCUSSION

Constitutive parallelism in differential gene expression
and its genetic underpinnings

Taking advantage from a unique set-up of naturally repli-
cated alpine ecotypes, we investigated intraspecific varia-
tion in parallelism in differential gene expression in a wild
Arabidopsis species. We observed a lack of transcriptome-
wide signal of constitutive parallelism in terms of magni-
tude and direction, reflecting the fact that many genes
were specific to the mountain region of origin and that
selection operates only on certain functionally relevant
genes. Indeed, when looking at the level of individual loci,
we found significant overlap in DEGs between foothill and
alpine ecotypes across all compared regions, indicating
pervasive significant parallelism at the level of individual
sets of genes.

The strength of association between parallelism in
expression and its genomic underpinnings varied across
regions and genomic elements. Specifically, the significant
enrichment of outlier SNPs (exhibiting excessive alpine-
foothill differentiation, i.e., candidates for directional selec-
tion) was detected only in two of the four regions, and
exclusively in cis-regulatory elements, demonstrating the
importance of selection in cis-regulatory elements for
expression parallelism that may, however, vary across par-
ticular instances of parallelism. Pairwise comparisons of
regions revealed that candidate parallel outlier SNPs were
significantly enriched in cis-regulatory elements in one pair
of regions (NT-VT), and in coding elements in another
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regional pair (FG-ZT). Previous studies reported that cis-
regulatory changes played an important role in gene
expression differences between two Oryza species (Guo
et al., 2016) or that an excess of changes in cis-regulatory
elements underlined differential expression of some
stress-responsive genes between Arabidopsis species (He
et al., 2016). In light of these results, cis-variants appear as
potentially important players in shaping parallelism in
gene expression, and in ecological adaptation in general,
as opposed to variation in coding sequences that had
mainly non-significant effects in our analyses. Among our
sets of parallel DEGs, however, the overall lack of parallel
outlier SNPs suggests that similar expression changes
may be achieved by different mutations in cis-regulatory
elements (Wittkopp and Kalay, 2012) and/or through other
processes, such as changes in trans-acting regulatory ele-
ments (e.g., transcription factors) or in splicing variants,
that were not addressable by our study design. Another
explanation may involve varying patterns of directional
selection between the different mountain regions.

Parallelism at the gene expression level, especially when
replicated over more than two environmental transitions,
serves as a strong indicator of the role of natural selection
in adaptive response to environmental factors (Elmer and
Meyer, 2011). Although parallel evolution is not always
indicative of adaptive evolution (Losos, 2011), our case put
forward the selective scenario as: (i) all alpine populations
occupy similar selective environments {Knotek et al., 2020);
(i) significant overlaps in DEGs were found not only
between all pairs of regions but also across three or four
geographically isolated regions, rendering chance very
unlikely; and {iii) based on the high number of different
metabolic pathways (182 enriched GO terms) in which par-
allel DEGs have been involved, genetic correlations or epi-
static interactions probably represent a minor contribution
to driving such relationships. Indeed, genetic correlations
are more likely to occur between genes of the same path-
way (Phillips, 2008). Although our study informs on the
identity of the parallel candidate loci, the evolutionary
source of their alleles remains unclear. Parallel selection
may act either on the same allele that emerged in the
ancestral non-adapted population, and has been repeat-
edly swept (standing variation) or introgressed from one
adapted population into another (adaptive introgression),
or on independent mutations in each region (parallel de
novo origin,; Lee and Coop, 2019). Detailed follow-up stud-
ies are necessary for the validation of the adaptive effect of
the individual genes as well as for reconstructing the evo-
lutionary source of their variants.

Apart from parallelism in directional selection, similarity
in gene expression may reflect historical events such as
gene flow and the effect of genetic drift. Although the
effect of genetic drift is likely to be minimized by the
absence of severe bottlenecks in A. arenosa populations

{with high and constant values of synonymous diversity
and Tajima’s D across the species range, disregarding the
ecotypes; Monnahan et al, 2019), a previous study has
detected the complex reticulated evolution of diploid and
tetraploid alpine ecotypes from the Tatry Mountain, VT
and ZT (Wos et al., 2019). Such reticulation had not mark-
edly affected our measures of the magnitude of paral-
lelism, however, as the expression similarity among VT
and ZT regions in terms of number of parallel DEGs fell
well within the range of DEGs that overlapped among all
the other regions. Similarly, there was no apparent effect
of ploidy on parallelism, as we observed a similar overlap
between regions occupied by tetraploids as the overlap
observed for the diploid VT region, and excluding the VT
region from our analyses did not change our results quali-
tatively. The VT-ZT pair harboured more outlier SNPs at
the same position than any other pairs of regions, how-
ever, which may indicate the overall sharing of genetic
variation through weak lineage sorting and/or recent gene
flow.

Functional implication of gene expression parallelism
between the foothill and alpine ecotype

Genes related to biotic stress response, and to fungus and
bacteria in particular, showed a strong and consistent sig-
nal of parallelism, both at the level of parallel DEGs overall
and in the subset of DEGs with underlying parallel outlier
SNP wvariation. Interestingly, we also found significant
overlap in KEGG pathways related to biotic stress, espe-
cially ‘plant-pathogen interaction’, describing the defence
response to fungus and bacteria, and ‘cyano-amino acid
metabolism’, related to glucosinolate metabolism. Eleva-
tion is associated with sharp variations in abiotic and biotic
stress factors (Brown et al., 1996; Vetaas, 2002). In general,
the importance of abiotic factors increased (Korner, 2003)
whereas the importance of biotic factors decreased with
elevation (Desprez-Loustau et al, 2010; Rasmann et al.,
2014). Accordingly, some studies identified pathways or
metabolites related to biotic and abiotic stress associated
with an elevational gradient. For instance, antioxidants
{glutathione and phenol compounds), photosynthesis and
sugar metabolism, and defence proteins (Wildi and Liitz,
1996; Ma et al., 2015) varied strongly with elevation. These
results were consistent with our findings, in particular that
the overall decrease in pathogen and/or competition pres-
sures with elevation was constitutively manifested at the
gene expression and metabolic (KEGG) pathway level.
Despite that the original sites of foothill and alpine eco-
types strongly differ in climatic conditions, we found only
a few GO terms directly and consistently associated with
abiotic stress across regions among our parallel candi-
dates. Instead, we found some GO terms associated with
general processes such as ‘metabolism’ or ‘biological reg-
ulation’, containing genes involved in responses to
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multiple environmental stresses and in developmental
aspects from germination to flowering. On one hand, these
enriched GO terms may just reflect the major changes that
occur along an elevational gradient, such as reduced par-
tial pressure of CO, with elevation that affects photosyn-
thesis and the underlying metabolism (Wang et al., 2017).
On the other hand, they may also be linked with the
observed phenotypic convergence in A. arenosa alpine
ecotypes in these regions, clearly reflecting abiotic pres-
sures, i.e., reduced height or shifted flowering time
(Mésicek and Goliasova, 2002; Knotek et al., 2020). Addi-
tionally, we cannot exclude that such major phenotypic dif-
ferences may result from selection on only a few genes of
larger effects that could be missed by enrichment analyses
le.g., FRIGIDA, an important determinant of flowering time
variation in Arabidopsis thaliana; Stinchcombe et al.,
2004). Genes involved in developmental processes were
lacking among our strongest parallelism candidates (DEGs
overlapping across three or four regions), however, ruling
out a hypothesis of a single major-effect gene that would
stand consistently behind the response to abiotic triggers.

Parallelism in the plastic response of ecotypes

Parallel adaptation may manifest either at the level of con-
stitutive differential expression in a homogeneous environ-
ment or in a plastic response of the parallel adaptive
candidates to important environmental factors. The plastic
response will then manifest as parallelism in the GEl
between the adapted ecotype and the manipulated envi-
ronmental parameters. We detected significant GEls in
response to two prominent abiotic factors affecting plant
life at high elevations indicating that foothill and alpine
ecotypes responded differently to environmental changes.
Importantly, we detected significant parallelism in genes
exhibiting such GEls across most of the regions, although
such overlap was considerably lower in absolute terms
than parallelism at the constitutive level {i.e., with a lower
number of overlapping candidates and with an absence of
complete, fourfold, overlaps). Parallel DEGs demonstrating
GEls tended to show greater enrichment for candidate
SNPs in cis-regulatory elements in all but one region, sug-
gesting a contribution of genetic variation in cis-regulatory
elements in triggering similar expression changes in
response to environmental stress.

In the context of an ecotype x alpine environment inter-
action, parallel DEGs showing significant GEls were hor-
mone-related genes and cell wall modification enzymes
belonging to the XTH family involved in cell wall strength-
ening (Cosgrove, 2005). In plants, the cell wall is one of the
first mechanical barriers against abiotic and biotic stress,
and cell wall thickness was positively correlated with eleva-
tion in different species (Kogami et al, 2001; Ma et al.,
2015). When environmental variables of temperature and
irradiance were analysed separately, DEGs showing
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significant GEls were mainly related to the response to
temperature stimulus and plant defence, respectively. The
response to temperature stimulus includes many GO terms
related to abiotic factors (temperature, oxidative stress and
drought stress) known to vary along an elevational gradi-
ent (Ma et al, 2015). The over-representation of plant
defence genes in response to changes in irradiance may
be linked to interactions between the light sensing and
plant defence pathways (Karpinski et al., 2003).

Local adaptation is commonly invoked to explain the
maintenance of plasticity between populations (Josephs,
2018). In our system, based on the relatively high number
of genes showing GEls, it is likely that foothill and alpine
habitats differ in their fitness optima. Our results provided
sets of potential candidate genes that are important for
local adaptation; however, although changes in abiotic and
biotic stress-signalling compounds may be linked to an
increased fitness in alpine environments, this requires
experimental validation, as does the overall quantification
of what extent all the remaining non-parallel genes identi-
fied contribute to plant fitness in an alpine environment.

CONCLUSION

Our design, involving a comparison of transcriptomic and
genomic profiles across four pairs of foothill and alpine
ecotypes, revealed pervasive parallelism at the constitutive
level, highlighting the prominent role of natural selection
acting on genes and pathways related to biotic stress. On
the other hand, we also demonstrated lower, yet still sig-
nificant levels of parallelism at the plastic level, indicating
that populations of different origins may also exhibit
shared responses to variation in the same environmental
factors. In sum, our study demonstrates that the repeatabil-
ity of evolution can manifest at various levels of the com-
plex genotype-environmental interface, and that analysis
of multiple replicated instances of ecotypic differentiation
may help to reveal such processes in natural populations.

EXPERIMENTAL PROCEDURES
Plant material

Arabidopsis arenosa is a perennial out-crosser from Europe occur-
ring predominantly at low elevations (from colline to submontane,
here termed “foothill’), but with scattered occurrences at high ele-
vations above the tree line (termed "alping’). In Central and South-
Eastern Europe, different A. arenosa lineages have colonized five
mountain regions (hereafter ‘regions’), with four regions sampled
here (Figure S4): FG, NT, VT and ZT. NT, FG and ZT are occupied
by autotetraploid populations and VT is occupied by diploid popu-
lations (Kolar et al., 2016). For each region, we collected seeds
from 10 maternal plants in one foothill population (600
1000 m a.s.) and in one one alpine population {1700-2200 m a.s.l)
(hereafter ‘ecotype’). In addition, analyses of population genetic
structure and coalescent simulations revealed that alpine stands
in the NT, FG and ZT + VT regions have been colonized indepen-
dently from their foothill counterparts, with each foothill-alpine
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pair corresponding to a distinct genetic cluster (C. European,
S. Carpathian and W. Carpathian, respectively; Knotek et al., 2020;
Monnahan et al., 2019). For ZT and VT, each region has been colo-
nized by different ploidy levels; however, the cytotypes are geneti-
cally closely related (Wos et al., 2019; see also the Discussion). As
alpine areas of the ZT and VT regions have been colonized by dis-
tinct ploidies, we considered each region as a separate unit in our
main analysis for the sake of clarity. To account for the fact that
both regions have greater genetic similarities than the other pairs
of regions, however, we also ran an additional analysis using only
the three tetraploid regions (NT, FG and ZT}, excluding the diploid
region VT.

Rearing conditions

To reduce potential maternal effects of the original localities, we
first raised one generation of plants in growth chambers, using
the seeds from the 10 maternal lines collected in the field, under
constant conditions (21°C day/18°C night, 16-h day/8-h night, light
approx. 300 umol m2 s~} in pots filled with a mixture of peat
and sand (in a ratio of 2:3). For each population, we pollinated 14
flowering plants by a mixture of pollen from the same population
to simulate the process of random pollination in nature. Seeds
collected from such a first generation (containing full- and half-si-
blings) were then raised under four experimental treatments that
varied in temperature and irradiance. Temperature and irradiance
are two environmental parameters associated with elevation that
clearly distinguished our foothill and alpine ecotypes (Figure S4).
Two levels per factor were combined in a full-factorial design,
resulting in four treatments: ‘high temperature:high irradiance’
(Ht:Hi); *high temperature:low irradiance’ (Ht:Li); ‘low temperature:
high irradiance’ {Lt:Hi); and ‘low temperature: low irradiance’ (Lt:
Li). The two intermediate treatments, Hr:Li and Lt:Hi, were used to
mimic the conditions experienced by plants at low and high eleva-
tions, respectively. The two extreme treatments, Ht:Hi and LtLI,
were used to test for an effect of a rise in temperature or irradi-
ance on gene expression.

Seeds were first stratified for 1 week {4°C, constant darkness)
and were then germinated under 15 h light/9 h dark, with light
intensity 150 umol m2s~', at 21°C and a relative humidity of
50%. After 20 days, seedlings were split into four separate growth
chambers and exposed to one of the four treatments (seeds from
three maternal plants x two ecotypes x four regions per treat-
ment; for each population the same maternal lines were used
across treatments). For all treatments, the day length was set to
16 h light/8 h dark. Temperature and irradiance were gradually
changed to reach 18°C day/13°C night for high temperature treat-
ments or 10°C day/4°C night for low temperature treatments, and
from 280 to 980 pmol m 2 s~ ' during the day in high irradiance
treatments or from 50 to 200 umol m 2 s ' during the day in low
irradiance treatments (for details, see Table S14). Temperatures
were chosen to reflect average values during the growth period,
from April to June (average temperature measured in the Austrian
Alps at 600 m a.s.l. = 18°C, at 2000 m a.s.l. = 10°C), and irradiance
based on average values reported in a previous study of ecotypic
differentiation of alpine plants spanning a similar elevation range
(Bertel et al., 2016). Treatments were applied until plants reached
the 14-leaf stage so that plant materials for RNA-seq were col-
lected from plants of similar developmental stage.

Sample collection and RNA extraction

Plant materials were collected between 51 and 86 days after plants
were transferred in separate growth chambers, depending on the
treatment, following different growth rates in different treatments.

For transcriptome analysis we randomly selected one individual
per maternal line for each population {eight populations x three
maternal lines x one individual x four treatments = 96 plants
sequenced in total). For each plant, we collected the seventh
rosette leaf at a similar time point for all treatments and leaf sam-
ples were immediately snap-frozen in liquid nitrogen. None of the
plants had flowered at the time of collection. Total RNA was
extracted using the NucleoSpin miRNA kit including a DNase
treatment step (Macherey-Nagel, https:/www.mn-net.com), and
the purity and quantity of RNA was assessed with a Nanodrop
2000 spectrophotometer (ThermoFisher Scientific, https:/www.the
rmofisher.com) and RNA integrity was assessed with an Agilent
2100 bioanalyzer (Agilent Technologies, https://www.agilent.com).

Library preparation, sequencing and data processing

The library was prepared using the lllumina TruSeq Stranded
mRNA Kit (R5-122-9004DQC; lllumina, https:/mww.illumina.com).
Specific TruSeq adapters were ligated on the cDNA for each indi-
vidual. Individual sequencing was carried out on lllumina HiSeq
4000 on four lanes {four lanes x 24 individuals} using 150-bp
paired-end reads. After sequencing, raw data were filtered to
remove low-gquality reads. The data are available from the
Sequence Read Archive (http:;//www.ebi.ac.uk/fena) under acces-
sion PRJNA575330.

The quality of each individual library was checked using rastac
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Sequencing generated between 8 and 36 million reads per individ-
ual. Over-represented sequences, which corresponded to the Tru-
Seq adapter, were trimmed using cutapapt (Martin, 2011). As a
result of the high similarities between the A. arenosa and Ara-
bidopsis lyrata genomes, reads for each individual were aligned
on the A. lyrata reference genome (Hu et al., 2011), as has been
successfully applied in previous genomic and transcriptomic stud-
ies in A. arenosa (Yant et al, 2013; Baduel et al., 2018, Monnahan
et al, 2019) with the v2 annotation (Rawat et al, 2015) using
HisaT2 2.1.0 (Kim et al, 2019). The number of reads mapped on
each gene was counted with reaTurecounts 1.6.3 {Liao et al., 2013)
and only the uniguely mapped reads were retained.

Differential gene expression

Read counts were then analysed using eocer 3.12.0 (Robinson
et al., 2010) in r (RStudio Team, 2015). We scaled the library size
with the ‘calcNormFactors’ function, estimated dispersion using
‘estimateDisp’ and obtained, for each region and treatment, a list
of differentially expressed genes between foothill and alpine eco-
types using the ‘glmFit’ function. P values were adjusted for multi-
ple testing with the Benjamini and Hochberg false-discovery rate
(FDR) correction. Genes were considered as differentially
expressed if FDR < 0.05 and as parallel if they were found to be
differentially expressed in the same direction in at least two
regions.

We tested for the ecotype x environment interaction (GEl), as
described in Levine et al. (2011). We performed three different
contrasts using eocer (Appendix S1): (i) ecotype x alpine environ-
ment interaction, (foothill in Lt:Hi - foothill in Ht:Li) - (alpine in Lt:
Hi - alpine in Ht:Li); (ii} ecotype x temperature interaction, (foot-
hill in Lt:Li - foothill in Ht:Li) - (alpine in Lt:Li - alpine in Ht:Li), and
to test for the effects of changes in temperature when irradiance
was kept low we ran the same contrast under high irradiance; and
(i} ecotype x irradiance interaction, {foothill in Lt:Li - foothill in
Lt:Hi) - (alpine in Lt:Li - alpine in Lt:Hi}, and to test for the effects
of changes in irradiance when the temperature was kept low we
ran the same contrast under high temperature. GEl-genes were

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2021), 105, 1211-1224



50

considered as parallel anly if they overlapped across at least two
mountain regions.

Enrichment analysis

Gene expression analysis was complemented by a GO term
enrichment analysis for biological processes using GO term finder
(Boyle et al., 2004) and KEGG enrichment analysis using G:PROFILER
(Raudvere et al., 2019). We used the A. thaliana annotation, using
the definition of orthology provided in the A. lyrata v2 annotation
(Rawat et al., 2015). GO terms and KEGG terms were considered
significantly enriched if the FDR-adjusted P value was <0.05. The
REVIGO tool was then used to group GO terms based on semantic
similarities (Supek et al., 2011). Gene descriptions were obtained
from The Arabidopsis Information Resource (TAIR, https:/fwww.
arabidopsis.org) (Berardini et al., 2015).

Single-nucleotide polymorphism (SNP) calling and
candidate SNP detection

In order to investigate genomic underpinnings of our parallel
expression candidates, we investigated their association with geno-
mic SNPs exhibiting extreme differentiation between the corre-
sponding foothill-alpine population pair. We complemented our
transcriptomes with whole-genome resequencing data from differ-
ent individuals (sampled in the field) of the same populations used
for our experimental plants, partly published previously (Monnahan
et al, 2019) and partly as data available at the Sequence Read
Archives (project ID PRINAB92307). In total, we retrieved genome-
wide SNP variation of eight individuals per population, except for
one population (alpine population from NT) with seven individuals
(Table S15). Raw sequences were processed and the SNPs were
called following the method described by Monnahan et al. (2019).
Briefly, we used trmmomatic 0.36 (Bolger et al, 2014) to remove
adaptor sequences and low-quality base pairs. Trimmed reads were
mapped to the reference genome of A. lyrata (Hu et al, 2011) in
swa 0.7.15 (Li and Durbin, 2009), with default settings. Duplicated
reads were identified by ricaro 2.8.1 (https://broadinstitute.github.io/
picard) and discarded, together with reads that showed low map-
ping quality (<25). We used catk 3.7 to call and filter reliable variants,
following best practices (McKenna et al, 2010). Namely, we used
HaplotypeCaller to call variants per individual with respect to its
ploidy level and GenotypeGVCFs to aggregate variants for all sam-
ples. We selected only biallelic SNPs and removed those that
matched the following criteria: Quality by Depth {QD} < 2.0, FisherS-
trand (FS) > 60.0, RMSMappingQuality (MQ) < 40.0, MappingQual-
ityRankSumTest (MQRS) < —12.5, ReadPosRankSum < —-8.0 and
StrandOddsRatio (SOR) > 3.0. We further removed variants from
sites with average read depths higher than two times the standard
deviation and regions with excessive heterozygosity, indicating
probable duplicated and paralogous regions, respectively (for fur-
ther details, see Monnahan et al., 2019). In the final ver, for each vari-
ant we discarded genotypes with read depths lower than 8x and
with more than 20% of the genotype missing.

For each region separately, we identified SNPs that were gen-
ome-wide differentiation candidates as 5% outliers from genome-
wide distribution of Fgy (hereafter termed ‘outlier SNPs'). We
annotated each outlier SNP and assigned it to a gene, regulatory
or intergenic variant, using sneere 4.3 (Cingolani et al.,, 2012), fol-
lowing A. lyrata v2 genome annotation (Rawat et al, 2015). We
used the standard terminology of snrerr 4.3 to define cis-regula-
tory elements and coding sequences, and considered all SNPs
located in 5'-UTRs, introns, 3'-UTRs and in a 5kb portion up- and
downstream of a gene as variants in cis-requlatory elements, and
all SNPs in exons as variants in coding sequences. We further
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restricted our candidate list to genes containing at least three out-
lier SNPs to minimize the chance of identifying random allele fre-
quency fluctuation rather than selective sweeps within a gene.

Population genetic structure

For population structure analyses, we extracted approximately
130 000 putatively neutral fourfold degenerated SNPs. We
inferred a phylogenetic relationship between our eight popula-
tions using an allele frequency covariance graph, implemented
in treemix 1.3 (Pickrell and Pritchard, 2012). We rooted the tree by
the diploid foothill population (foothill VT), as VT diploids repre-
sent the lineage that has been inferred as ancestral to all tetra-
ploids by previous range-wide coalescent studies (Arnold et al.,
2015; Monnahan et al, 2019). To test for the support for each
branch, we bootstrapped the tree by selecting a block size of
1000 bp {equal to the window size in our selection scan) and 100
replicates. Population structure was assessed using FASTSTRUC-
Ture 1.0 (Raj et al., 2014) for K values ranging from 2 {two eco-
types) to 4 (number of regions), running 10 replicates for each
K. First, we randomly sampled two alleles per tetraploid individ-
ual {using a custom script): this approach gives unbiased results
in diploid-autotetraploid systems, as has been shown by simula-
tions (Stift et al., 2019), and has also been successfully applied
in a range-wide sample of A. arenosa {(Monnahan et al., 2019).
We ran rastsTRuCTURE analysis using the default parameters.

Statistical analysis

We used permutational multivariate analysis of variance (PERMA-
NOVA) to test for overall differentiation among the transcriptomic
profiles categorized according to treatment, ecotype and region.
We first created multidimensional scaling (MDS) plots using the
'MDSplot’ function in ecaer 3.12.0 (Robinson et al, 2010) and
extracted the corresponding distance matrix. The distance matrix
was then used to compute PERMANOVA test (adonis2 function, ve
can package; Oksanen et al., 2013, number of permutation = 10000)
in & {RStudio Team, 2015) using treatment, ecotype, and their inter-
action, or treatment, region, and their interaction, as predictors.

We quantified transcriptome-wide parallelism using a vector
analysis; r scripts are available in Collyer and Adams {2007). Vec-
tor analysis aims at measuring the magnitude and direction of
phenatypic evolution, in our case the overall RNA expression pro-
file was treated as a ‘phenotype’. Briefly, we first took the number
of reads of each individual that mapped on the reference and nor-
malized the number according to library size and we calculated
RPKM (reads per kilobase of transcript per million mapped reads)
values using the rpkm function in eocer. A PERMANOVA test on
the 96 individuals using population and individual as variables
showed that the effect of population (Rz = 8.64%, F=13.2,
P < 0.001) was significant, whereas variation between individuals
within populations was non-significant (R®=5.32%, F=0.87,
P = 0.770). Thus, the variation between individuals was negligible
compared with other factors (see the Results for the effects of
treatment, ecotype and region). Hence, we characterized each
population by a centroid value in the multivariate space consti-
tuted by gene expression values of its three individuals within a
treatment (Figure S2). Finally, for each region, vectors connecting
foothill and alpine ecotypes are compared with each other by cal-
culating the angle (0) between them and the difference in their
lengths (magnitude). In the context of a vector analysis, paral-
lelism is defined as two vectors pointed in the exact same direc-
tion: i.e., when 0 is close to 0° and the two vectors also have
similar magnitudes (Bolnick et al, 2018). If 0 lies in the range
0° < 0 < 90°, vectors are defined as ‘acute nonparallel’, indicating
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that the vectars point roughly in the same direction; if § lies in the
range 180° > 0 > 90° the vectors point in opposite directions.
Then, we tested for the effects of region and treatment on the
magnitude and direction using linear models, in which magnitude
was log10 transformed to approach a normal distribution.

We tested for significant intersection (P < 0.05) (non-random
overlap) in gene expression candidate lists and KEGG terms
across regions (i.e., significant parallelism) using Fischer's exact
test implemented in superexactrest (Wang et al., 2015).

In order to investigate the genomic underpinnings of our paral-
lel expression candidates, we tested for over-representation of
outlier genomic SNPs (i.e., SNPs exhibiting extreme differentia-
tion between corresponding foothill-alpine population pairs) asso-
ciated with the parallel expression candidates. We assessed
outlier SNPs located in distinct genomic elements separately,
namely cis-regulatory and coding elements. For each region and
genomic element category, we performed hypergeometric tests
(using the 'phyper’ function; RStudio Team, 2015) to test for out-
lier SNP enrichment in our lists of parallel expression candidates
compared with the background of all divergence outliers {with a
total number of 6% outlier SNPs in cis-regulatory and coding ele-
ments for each region).

In addition, for each pair of regions (six pairs in total with the
full design, three pairs considering only tetraploids) we identified
parallel expression candidates that harboured at least one outlier
SNP at the same position (parallel outlier SNPs). We then ran
hypergeometric tests to test for significant enrichment of parallel
outlier SNPs in cis-regulatory or in coding elements compared
with the background (total number of 5% outlier parallel SNPs in
cis-regulatory and coding elements located at the same position
for each pair of regions).
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ARTICLE

hole-genome duplication (WGD) and hybridisation are

key drivers of genomic novelty, promoting diversifica-

tion in all kingdoms of life! . Recent progress in evo-
lutionary genomics underscores the high frequency of WGD at both
ancient and recent time scales*, and population genomic approaches
reveal widespread evidence of gene flow between the most diverse
species™®. Both processes have therefore been associated with
adaptive benefits. However, WGD and hybridisation are large-effect
mutations, often leading to a host of genomic instabilities, including
epigenetic shock, perturbed gene expression patterns and meiotic
instability, with direct negative impacts on fertility. Perhaps the most
challenging issue is the most immediate: that of stable meiotic
chromosome segregation following WGD. How nascent polyploids
establish meiotic stabilisation remains an unresolved question.

The wild outcrossing members of the Arabidopsis genus have
recently emerged as fruitful models for the study of genome
stabilisation following WGD7. Arabidopsis arenosa is a largely
biennial outcrossing relative of the model Arabidopsis thaliana,
which forms distinct lineages of diploids and autotetraploids
throughout Central Europe®-!!. Initial resequencing of a handful
of autotetraploid A. arenosa individuals suggested selective sweep
signatures at genes involved in genome maintenance, including
DNA repair, recombination and meiosis!2. Later, a targeted
resequencing effort focused on patterns of differentiation between
diploid and autotetraploid A. arenosa, revealing evidence of
highly localised selective sweeps directly overlapping eight loci
whose gene products interact during prophase I of meiosis'®.
These eight loci physically and functionally interact to control
crossover designation and interference, strongly implying that a
modulation of crossover distribution was essential for polyploid
establishment in A. arenosa!®1%. Cytological evidence of a
reduction in crossover numbers in the autotetraploids indicated
that the selected alleles had an effect!?. Similar to its sister species
A. arenosa (arenosa hereafter), Arabidopsis lyrata (lyrata here-
after) also naturally occurs as diploids and tetraploids across its
distribution range®16-1%, Although there is little evidence for gene
flow among dipleids of each species, there have been reports of
gene flow between tetraploid arenosa and lyrata and, less pro-
nounced, gene flow between diploids and tetraploids®!9-20,

Here we investigate the molecular basis of parallel adaptation to
WGD in lyrata compared with arenosa and the possibility of
adaptive gene flow between the two species. Specifically, we ask (1)
whether the same or different loci may be involved in adaptation
to WGD in lyrata as we observed in arenosa; and (2) whether
these adaptations arose independently or via introgression from
one species into the other. Using whole-genome sequence data
from 92 individuals of lyrata, arenosa and outgroup species
Arabidopsis croatica and Arabidopsis halleri, we first analyse
population structure and demography, concentrating on assessing
admixture and the degree and timing of population divergences.
Then, to estimate the relative degree of adaptation to WGD across
the ranges of lyrata and arenosa, we cytologically assess meiotic
stability in key populations. Finally, after scanning the lyrata
genomes for signatures of selective sweeps, we compare the most
differentiated regions with those we previously found in
arenosal®!3 and test whether these selective sweep signatures
overlap with fine-scale conspicuous introgression signals. Overall,
our results reveal the molecular basis by which WGD has been
stabilised in both species and indicate that WGD-facilitated
hybridisation allowed for stabilisation of meiosis in nascent
autotetraploids by highly specific, bidirectional adaptive gene flow.

Results
Population structure and broad-scale admixture. To under-
stand population and species relationships, we analysed the

genomes of 92 individuals from ~30 populations of lyrata and
arenosa throughout Central Europe along with outgroups,
sequenced at a depth of ~15x per individual (Supplementary
Table 1 and Supplementary Fig. 1). STRUCTURE and principal
component analysis (PCA) showed a clear species-specific clus-
tering for diploids, whereas tetraploids exhibited a gradient of
relatedness between species (Fig. 1a, b). Admixture was markedly
lower in arenosa populations than in lyrata: consistently, all
diploids tested (SNO, KZL, SZI, BEL) and tetraploids from the
Western Carpathians (TRE), and most of the Alpine tetraploids
(HOC, GUL, BGS) harboured essentially pure arenosa genomes
(Fig. 1a). Minimal admixture signal (<1%) with arenosa was
detected in a few [yrata genomes, in particular the Austrian
diploid (PEQ, PER, VLH), as well as the Iyrata eastern tetraploid
(Let hereafter) populations (LIC, MOD) and the tetraploid KAG
population (Fig. 1a).

In contrast, many other lyrata populations exhibited sub-
stantial admixture signals with arenosa, varying drastically in
degree (Fig. 1a). Several tetraploid lyrata populations from the
Wachau (SCB, SWA, MAU) displayed only slight admixture with
arenosa and populations at the Wachau margin (PIL, LOI)
showed stronger admixture, probably due to the increased
proximity to the Hercynian and Alpine arenosa lineages?!.
Compared with the Wachau, where Iyrata occurs on the slopes
and hilltops along the Danube river surrounded by arenosa
populations outside of the valley, there is a classical hybrid zone
in the eastern Austrian Forealps: the parental species are found at
the two poles of the zone (diploid and tetraploid lyrata in the
Wienerwald, tetraploid arenosa at higher altitudes to the west and
the hybrids between; Supplementary Fig. 1). Populations HAL,
ROK, FRE, OCH and KEH are heavily admixed, with KEH
appearing more arenosa-like, and ROK and FRE being slightly
more lyrata-like compared with the others (Fig. la). Again,
proximity of the hybrids to the donor species corresponded with
increased admixture. The Hungarian tetraploid lyrata population
GYE also exhibited admixture signal, suggesting that gene flow
between [yrata and arenosa is not restricted to the Austrian
Forealps. PCA was consistent with STRUCTURE findings, with
PCl dividing samples by species (explaining>36% of the
variance; Fig. 1b). The second axis (<5% of the variance)
separated KZL and SZI from the other diploid arenosa
populations. These are representatives of the Pannonian lineage,
which is the oldest and most distinct diploid arenosa lineage®!.
Overall, our results are consistent with previous descriptions of
introgression between lyrata and arenosa in Austria that were
based on smaller marker sets and different sampling schemes®22.

We estimated the population split time without migration
between [lyrata and arenmosa at 931,000 (931k) generations
ago using fastsimcoal2®® (Fig. 1c, Supplementary Figs. 2 and 3,
and Supplementary Table 2). This translates to ~2 million years
ago (mya), given an average generation time of 2 years, which
would coincide with the onset of Pleistocene climate oscillations.
This estimate lies within the range of age estimates for this split
from ref. >* with 1.3 mya and from ref. 2 with 8.2 mya, and
ref. 22. We estimated the age of WGDs at 81k generations ago for
lyrata (~160,000 years ago) and 226k generations ago for arenosa
(~450,000 years ago), which approximately mark periods of
glacial maxima®®. Noting this, we next asked if either species
experienced substantial historical bottlenecks. Using pairwise
sequentially Markovian coalescent (PSMC) model?” we could not
reach ages as ancient as 130-300kya (Supplementary Fig. 4),
because the recombinant blocks that PSMC measures are too
short in these diverse outcrossing species to estimate ancient
population histories. Our analysis indicated that diploid lyrata
had a peak effective population size (Ne)~25kya (PER, VHL)
and ~20kya (PEQ), whereas diploid Dinaric arenosa (BEL)
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Fig. 1 Ploidy-specific admixture and stable autotetraploid meiosis in A. lyrata. a A continuous range of admixture specifically in tetraploid populations
demonstrated with STRUCTURE analysis of nuclear SNP data (32,256 LD-pruned, 4-fold degenerate SNPs). Populations (in three-letter code) and
population groupings (ploidy, species) are displayed. Populations are described in (Supplementary Table 1). b PCA shows individuals group on the main
(PC1) axis by species and not by ploidy, with hybrid individuals located between A. lyrata and A. arenosa samples. We refer to all non-pure populations from
the hybrid zone in the eastern Austrian Forealps as hybrids (see Supplementary Fig. 1). Diploids are indicated by grey outline. Asterisks (*) are placed under
the Let tetraploid grouping; all other A. lyrata tetraploids (except the geographically divergent Pannonian GYE) are in the Lwt group. € Demographic
parameter estimates for A. lyrata and A. arenosa populations. Line widths are proportional to estimates given in Supplementary Fig. 2. d, e Metaphase |
chromosome spreads of nuclei from two ROK plants hybridised with 55 rDNA (red) and 455 rDNA (green). d Ml scored as stable as 16 individual bivalents
are observed, even though there are bivalents with unequal probes (white arrows), suggesting non-homologous rearrangements. e Ml scored as unstable
as the majority of chromosomes are connected to each other. Chromosomes are stained with DAPI; bar =10 pum. The source data underlying Fig. 1d, e are

provided as a Source Data file

peaked earlier, at ~30kya. Interestingly, diploid Western
Carpathian arenosa SNO, the population that founded several
widespread autotetraploid lineages, gave a strong signal of
continuous expansion. These results suggest that diploid lyrata
and partly arenosa underwent a bottleneck after the last glacial
maximum 30-19 kya. PSMC does not accommodate autotetra-
ploid data, but using fastsimcoal2 we detected a strong bottleneck
at WGD for lyrata and none for arenosa (Supplementary Fig. 2).

We next assayed for patterns of gene flow using coalescent
modelling with fastsimcoal2. Due to model overfitting when using
more than two migration edges, we chose the model retaining
only two migration edges with the highest support: interspecific
gene flow from tetraploid arenosa to tetraploid lyrata (0.1 alleles/
generation) and lyrata to arenosa gene flow at the same level (0.1
alleles/generation) (Fig. lc, Supplementary Figs. 2 and 3, and
Supplementary Table 2). These results indicate equal amounts of

bidirectional gene flow specifically among the tetraploids of both
species.

Stabilisation of Iyrata meiosis following WGD. Given the very
low abundance of lyrata tetraploids compared with tetraploid
arenosa in nature, we assayed whether these tetraploids were
indeed meiotically stable. Cytological analysis indicated that in
fact lyrata tetraploids exhibit similar levels of meiotic stability as
arenosa tetraploids, as evidenced by relative percentages of stable
rod and ring bivalents (Fig. 1d and Supplementary Table 3) vs.
less stable multivalents (Fig. le and Supplementary Table 3). We
were surprised to observe among both species that meiotic sta-
bility segregates within populations, typically ranging from <20 to
>60% stable metaphase I cells per plant with extremes observed in
KAG (0-98%) and consistently higher levels (>80%) in the
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Table 1 Genome-wide differentiation between A. lyrata diploids and tetraploids, and between tetraploid lineages grouped by

tetraploids

biogeography

Contrast No. of SNPs AFD dyy Fst Rho Fixed Diff
Diploid lyrata vs. lyrata eastern tetraploids (Let) 2,904110 0.4 0.22 0.09 Q19 270
Diploid lyrata vs. Iyrata Wachau tetraploids (Lwt) 3,794,257 0.1 0.16 0.07 017 64
Lyrata Let tetraploids vs. Lwt tetraploids 4,795,381 0.09 0.1 0.06 013 24
Arenosa Hercynian tetraploids vs. arenosa Alpine 1,812,223 0.10 0.16 0.03 0.07 0

Differentiation metrics shown are allele frequency difference (AFD), dyy, Fst, Rho and the number of fixed differences (Fixed Diff). Multiple differentiation metrics were used, as the metrics exhibit
different sensitivities to diversity and differentiation. Values of all metrics were averaged over pairwise comparisans of populations belonging to that group

arenosa populations. Meiotic stability was also variable within the
tetraploid arenosa population TBG, which was the population
used by Yant et al.!® to cytologically assess meiotic stability. A
much higher number of chromosome spreads on more indivi-
duals and populations in the present study indicates that meiosis
is not universally stable among autotetraploids across these
populations. Overall, these results indicate that meiotic stability is
broadly segregating within tetraploid populations of both species.

Selective sweep signatures in lyrata. To gain insight into the
processes underlying adaptation to WGD in lyrata tetraploids, we
performed a population-based genome scan for selection. We
quantified differentiation between lyrata ploidies by calculating
dyy?8, Fst* and Rho’” in adjacent windows along the genome
between diploids and tetraploids. Fst is influenced by within-
population diversity and lacks sensitivity in cases of low differ-
entiation. Therefore, we used additional differentiation metrics.
dxy does not take within-population diversity into account,
whereas Rho is a divergence measure that is independent of
ploidy level and double reduction in autopolyploids. We focused
on the non-admixed lyrata tetraploid populations LIC and MOD
(lyrata eastern tetraploids; Let), which by STRUCTURE and PCA
analyses exhibited the lowest levels of admixture (Fig. 1a) and
clustered with lyrata diploids, distant from the arenosa tetraploids
or the broadly admixed lyrata tetraploids (Fig. 1b). Overall,
genome-wide differentiation levels between lyrata diploids and
the tetraploids indicate shallow divergence between all groups
(with mean Rho in the most differentiated contrast between
ploidies = 0.19; Table 1 and Supplementary Table 4 for additional
population contrasts), consistent with our previous studies in
HranaeaIZ1a 2181

To identify the most robust signals of selection in the tetraploid
lyrata populations, we performed genome scans on two different
Iyrata tetraploid population groups and then focussed on the
genes that were repeatedly in the extreme 1% outlier windows in
both contrasts. This identified 196 genes (0.6% of gene-coding
loci in the genome; Supplementary Dataset 1). First, contrasting
the lyrata diploids and the Let tetraploids, we partitioned the
genome into gene-sized windows and identified outliers for allele
frequency differences (AFDs), dyy, Fst, Rho and the number of
fixed differences. Although the comparison of the meost pure
lyrata tetraploid populations, represented by the Let group, to
lyrata diploids is the most stringent test of which loci are under
selection in a purely lyrata genomic context, we extended our
tetraploid Iyrata sampling to populations from the Wachau,
which frequently showed admixture with arenosa (lyrata Wachau
tetraploids, Lwt hereafter: PIL, SCB, KAG, SWA, LOI and
MAU; GYE was excluded due to distant geographic grouping in
Pannonia). As the Lef and part of the Lwt populations grow in
contrasting edaphic conditions (Let on limestone, Lwt on
siliceous bedrock), we used this approach to maximise our
chances of capturing differentiation specifically related to ploidy

4 RE COMMUNICATI

and not local adaptation. In addition, we observed that
differentiation between these two tetraploid Iyrata groups is
stronger than differentiation between the tetraploid arenosa
lineages studied here (Table 1), suggesting that there is stronger
genetic structure within [yrata than arenosa, as was observed by
ref. 3, and supporting a degree of independence between the Let
and Lwt divergence scans.

Gene Ontology (GO) enrichment analysis of these 196 genes
identified significant overrepresentations in categories related to
meiotic and homologous chromosome segregation, but also
diverse processes including epidermal cell differentiation, tricho-
blast maturation, root hair cell and epidermal differentiation, root
hair cell development and elongation, and others such as indole-
containing compound metabolic process and mRNA catabolic
process (Supplementary Fig. 5 and Supplementary Dataset 2).
These results indicate that evolutionary change may occur
throughout a broad array of processes during adaptation to
WGD, beyond meiotic chromosome segregation.

Comparing this set of outliers to those found under selection
upon WGD in arenosal®, 20 gene-coding loci exhibited the
highest levels of differentiation in both studies (Table 2). These
included those meiosis-related loci reported above (PRD3, ASYI,
ASY3 and SYNI), as well as the endopolyploidy genes CYCA2;3
and MEE22, and the global transcriptional regulator TFIIF,
among others. We observed selective sweep signatures at the
majority (6/11) of coding loci of known function that were found
as the very top outliers in arenosa (0.5% outliers for all three
metrics used in that study) having primary functions of mediating
meiosis, endopolyploidy and transcription. In particular, outlier
loci participating in meiotic crossover formation, including ASY1,
ASY3, PDS5-like, PRD3, and SYNI exhibited tight peaks of
divergence directly over single gene-coding loci (an example is
given in Fig. 2), a divergence signal we have broadly seen in this
system!>2131 In addition, the meiosis loci important for
crossover formation reported by Yant et al.!* ZYPib and PDS5
were outliers in the Lwt contrast. The paralog ZYPIb was
differentiated in the Let group also, but was not among the 1%
top outliers; PDS5 showed no differentiation between the Let and
lyrata diploids. SMC3, a top outlier in arenosa, showed only
moderate differentiation in the Lwt and no differentiation in the
Let scan. Taking this most restrictive list representing the overlap
of three genome scans, GO enrichment analysis identified
significant overrepresentations only in categories related to
meiotic chromosome segregation (Supplementary Dataset 3).
These results further support the notion that these same loci were
under the highest levels of selection following the more recent
WGD event in lyrata as were under selection following the
independent, earlier WGD (Fig. 1c) in arenosa.

Apart from loci encoding meiosis-related genes, we detected
extreme differentiation at loci belonging to other functional
categories clearly related to the challenges attendant to WGD,
including loci involved in endoreduplication and transcriptional
regulation: CYCA2;3, PAB3, NAB, TFIF and GTE6. WGD
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Table 2 Overlap list of the top 1% outliers from the genome scans
Lyrata ID Name Description Let scan Outlier Lwt scan
Outlier
AL1G10680  PRD3 Involved in meiotic double strand break formation Yes Yes
AL1G27690 CYCA23 Negatively regulates endocycles and acts as a key regulator of ploidy levels in Yes Yes
endoreduplication
ALIG36300 PBP3 Putative poly(A) binding protein Yes Yes
AL2G25520 SWEETIE Involved in trehalose metabolic process Yes Yes
AL2G25920 ASY1 ASYNAPTIC 1 mediates meiotic crossovers Yes Yes
AL2G37810  PDS5-like ARM repeat superfamily protein Yes Yes
AL2G40680 CMTI Chromomethylase 1 DNA methyltransferase Yes Yes
ALAG29630 NAB Nucleic acid-binding, OB-fold-like protein Yes Yes
AL4G29650  Unknown Yes Yes
ALAG30770 MEE22 Involved in endoreduplication and cell fate Yes Yes
ALAG46460 ASY3 ASYNAPTIC 3 required for normal meiosis Yes Yes
ALSG13440  ASF Asparagine synthase family protein Yes Yes
AL5G32850  PSF Pseudouridine synthase family protein Yes Yes
AL5G32860 TFIIF Functions in RNA polymerase |l activity Yes Yes
AL5G32870 GTE6 Bromodomain containing nuclear-localised protein involved in leaf development Yes Yes
AL5G39280 NRPA1 Subunit of RNA polymerase | (aka Pol A) Yes Yes
AL6G15380  SYNI1 A RAD21-like gene essential for meiosis Yes Yes
AL7G35790  unknown Yes Yes
AL8G25590 DYAD, SWI  Involved in meiotic chromosome organisation Yes Yes
AL8G25600 TPR-like Tetratricopeptide repeat (TPR) protein Yes Yes
AL1G35730 ZY¥Pla, b Transverse filament of meiotic synaptonemal complex No Yes
AL4G20920 SMC3 Member of the meiotic cohesin complex No No
AL8GI0260 PDSS Member of the meiotic cohesin complex Mo Yes
Overlap list of the top 1% outliers from the gename scan of diploid A lyrata vs. Let and diploid A. lyrata vs. Lwt overlapped with the outliers of the A. arenosa diploid-tetraploid scan of Yant et al'%. The
overlap between the diploid/Let and diploid/Lwt contrasts yielded 19& genes, which is approximately a third of the genes identified in each scan. The overlap of those two scans with the A. arenosa scan
gave 20 genes in cammon. Core meiosis genes found in Yant et al. ™, which were found in only one or none of the two fyrata scans, are stated in the bottom part of this list

increases the ploidy of all cells, whereas endopolyploidy occurs in
single cells during their differentiation, and this cell- and tissue-
specific ploidy variation is important in plant development®-35,
Thus, given the instantly doubled organism-wide nuclear content
following WGD, we postulate that the degree of endopolyploidy
would be modulated in response, with accumulating support for
this notion®*-38, Our findings bolster the idea that there may be a
link between organism-wide polyploidization, and that of single
cells within an organism. Research about the effect of WGD-
induced dosage responses of the transcriptome is still in its
infancy™? and emerging studies on allopolyploids support
incomplete dosage compensation.

Highly specific introgression at sweep genes. Finally, we sought
to confirm whether the strong observed signals of selective sweep
were the products of localised interspecific introgression. To
confirm candidate introgressed regions at high resolution, we
used Twisst’’, performing two independent analyses, with either
Let or Lwt representing tetraploid Iyrafa. The consensus species
phylogeny, topology 3, represented the overwhelmingly dominant
genome-wide topology (Fig. 3a). Topologies consistent with
introgression (6, 11 and 14, which group tetraploids of the two
species together) all had comparatively low values, but also
showed multiple narrow peaks across the genome. Twelve peaks
had weightings >0.7 and nine of these overlapped with our
divergence scan outliers (Fig. 3b and Supplementary Dataset 4).
Similarly, 61 had a weighting >0.5 and 21 (34%) of these over-
lapped with gene-coding loci that were positive in both the Let
and Lwt divergence scans (Fig. 3b and Supplementary Dataset 4).
This degree of overlap of the loci found under selection in our
genome scans is dramatically greater than expected by chance
(0.6%), which we confirmed by performing permutation tests
(Supplementary Fig. 6). By contrast to the introgression-
indicative topologies, those consistent with incomplete lineage
sorting (ILS) alone (7, 8, 9, 12 and 13, which group diploid

arenosa with tetraploid lyrata or vice versa) were low genome-
wide with only two peaks reaching above 0.5 (Fig. 3a).

Similar to the divergence outlier windows, Twisst-positive
windows were narrow, which might be an indication that
genomic differentiation following divergence between Iyrata and
arenosa is advanced and introgression occurred fairly deep in the
past, similar to the numerous narrow genomic regions of
introgression in the case of gene flow between Populus alba and
Populus tremula®. However, we have recently estimated linkage
disequilibrium (LD) in this system?!, finding a very rapid
reduction specifically in the autotetraploid cytotype (50% lower
mean correlations at 1kb distance), suggesting that tight
introgression signals may be formed rapidly in this system.

Although sharing of adaptive alleles between tetraploid
populations can also be explained by ILS, the symmetrical design
of our study allows us to reject ILS in most cases. Under ILS, we
expect two divergent alleles to have existed in the ancestor of both
species, which would lead to topology 6 after sorting of these
alleles into diploids and tetraploids, respectively. Of the top 12
Twisst peaks, only one represents topology 6. The others
represent topologies 11 and 14, in which the tetraploid alleles
are nested within the diploids, implying that they arose after
speciation and subsequently introgressed (Fig. 3a). A slight
majority of these loci with introgression signal appear to have a
Iyrata origin (30/53 Twisst peaks), but among those with the
highest levels of selection in Lwt, Let, and arenosa, a majority
(11/16 where direction can be inferred) harbour evidence of an
arenosa origin (Supplementary Dataset 4). GO enrichment
analysis of the gene-coding loci in the windows where direction
could be inferred found only enrichment for categories related to
meiosis (Supplementary Datasets 5 and 6).

Taking these results together, we observe that four meiosis-
related loci were outliers in all Twisst and divergence scans: PRD3,
ASY3, SYNI and DYAD, and four did not show a signal in both
Twisst analyses as well as both divergence scans: ASY1, ZYPla,
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Fig. 2 Selective sweeps and missense polymorphism frequencies by population. a Selective sweep example in PRD3, a gene involved in meiotic double
strand break formation. X-axis gives chromosome 1 position in base pairs. Left Y-axis gives allele frequency differences between diploid and tetraploid A.
lyrata and at single-nucleotide polymorphisms (dots). Right Y-axis (and red line) gives local Fst. Arrows indicate gene models. Red arrow indicates selective
sweep candidate with localised differentiation. The dotted line gives the 99th percentile of genome-wide Fst values. b Zoom-in on PRD3 coding changes.
Heatmap represents allele frequencies of missense polymorphisms. Frequencies 0-100% follow yellow to green, to blue. Derived diploid A. arenosa-specific
missense polymorphisms are driven to high frequency in the tetraploids, whereas diploid A. lyrata alleles are absent, implicating diploid A. arenosa origin to

this selected allele in the tetraploids

ZYP1b and PDS5. Given that arenosa is the much older tetraploid
(2.5 times as ancient as [yrata; Fig. 1c) and is much more
widespread, we hypothesise that arenosa-sourced alleles were
under selection for stable polyploid meiosis longer, providing pre-
adapted alleles to the nascent [lyrata tetraploid, although this
hypothesis needs to be functionally tested in dedicated studies.
Introgression of optimised alleles from an older to a younger
species has been indicated for high-altitude adaptive alleles from
Denisovans and Tibetan Homo sapiens*?. Taking PRD3 as a clear
example (Fig. 2b), derived arenosa-specific missense polymorph-
isms in the diploid population SNO are driven to high frequency
in the tetraploids of both species, whereas diploid lyrata alleles are
absent, strongly implicating a specific diploid arenosa origin in
this case. At the same time, we detect specific signals of gene flow
from lyrata into arenosa. In addition to meiosis-related genes, we
see introgression signal at the endopolyploidy gene CYCAZ2;3 and
the global transcriptional regulator TFIIF, but very few other loci
exhibit both persistent signatures of extreme selection as well as
introgression (Supplementary Datasets 3 and 4).

Our findings suggest that introgression of particular alleles of
meiosis-related genes might stabilise polyploid meiosis, with the
less effective alleles of one species being replaced by introgression
of alleles from orthologous loci in the other tetraploid.

Introgression of alleles optimised for adaptation to WGD could
be especially beneficial in hybrid zones such as this one, which
spans a climatic gradient from a warmer, Pannonian climate at its
eastern margin to harsher conditions in the eastern Alps. Meiosis
is a temperature-sensitive process'® and we hypothesise sub-
stantial levels of meiosis-related allele—environment associations
with variable temperature. Allele-environment associations with
climatic variables across a hybrid zone have been observed in
spruce*?.

Discussion

For these newly formed tetraploids, WGD appears to be both a
blessing and a curse. Although WGD appears to have opened up
access to the allelic diversity of a sister species, as well as provided
population genomic benefits?}, it also presents new challenges to
the establishment of optimal allelic combinations. As the gene
products at the meiotic loci under the most extreme selection
across this hybrid zone functionally and physically interact, we
expect that efficient evolved polyploid meiosis requires the har-
monious interactions of multiple selected, introgressed alleles in
concert. However, relatively high levels of residual masking of
genetic load in autotetraploids®!#* will tend to extend the dura-
tion that deleterious alleles segregate in populations, with negative
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phenotypic consequences. This is consistent with our observation
that polyploid meiosis exhibits wide degrees of within-population
variability in stability. This observed diversity suggests that the
optimal combination of meiosis alleles is yet segregating, which
may also be the result of the recent age of these WGDs. Dedicated
molecular investigation of whether the measured within-
population meiotic stability is associated with particular allele
combinations is the focus of ongoing functional analyses.

In this study, we investigated the population genetic basis of
adaptation to WGD in congeners that, due to an endosperm-
based postzygotic barrier?0, hybridise only as tetraploids. We
found that many of the same loci exhibit the most conspicuous
signatures of selective sweep in lyrata following WGD that we
observed in arenosa, and further, that the strongest signals of
interspecific introgression occur precisely at many of these same
loci. Using whole-genome sequence data from 30 populations, we
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Fig. 3 Highly specific introgression events across species boundaries. a Topologies from Twisst analysis of Lwt: Although topology 3 is the dominant species

tree, topologies 11, 14 and 6 indicate localised gene flow between tetraploids. Box plots give relative weightings of all topologies across the genomes
analysed. It is noteworthy that the extreme outliers concentrate specifically on the introgression-indicative topologies 11, 14 and 6. The bold line indicates
the median. The box spans the first and third quartiles, and the whiskers extend to the most extreme point within 1.5 times the interquartile range from the

box. Source data are provided as a Source Data file. b Introgression events revealed by Twisst analysis are highly localised at loci encoding genes controlling

meiosis, endopolyploidy, and transcriptional control. All gene-coding loci under a given narrow peak are labelled; many of the indicated loci are divergence
scan outliers in both the Let and Lwt divergence scans in addition to being Twisst outliers. The genome-wide dominant topology 3 weightings are omitted in
b for clarity. The colours in b correspond to topologies 11, 14 and 6 in a. The weighting quantifies the extent to which each 50 SNP window tree matches a
given topology, accounting for the fact that each taxon is represented my multiple individuals that each have 2 (for diploids) or 4 (for tetraploids) tips in the
tree. A weighting of 1 indicates that all individuals cluster in the same way, such that all possible subtrees match the same topology. Weightings >0 but <1
indicate that different subtrees match different topologies. Source data are provided as a Source Data file

probed complex population structure and patterns of gene flow.
Interestingly, we observed cytologically that the degree of meiotic
stability varied dramatically, even within populations of both
species, suggesting that stability has not been completely estab-
lished, or that other, perhaps epigenetic or environmental factors
influence meiotic stability in still unknown ways. At the same
time, populations exhibited admixture signals that contrast dra-
matically in degree, indicating a complex introgression landscape.
‘We present evidence that the molecular basis by which WGD was
stabilised in lyrata and arenosa is shared. Our data further suggest
that WGD-facilitated hybridisation allowed for stabilisation of
meiosis in nascent autotetraploids by specific, bidirectional
adaptive gene flow, tightly overlapping loci known to be essential
for processes that are impacted by WGD: meiotic stability,
endopolyploidy, and transcription, and others. It is curious that
the very process that rescues fitness in these species, hybridisa-
tion, is potentiated by the same phenomenon to which the
resultant adaptive gene flow responds: WGD.

Methods

5 design and ing. Individual plants were collected from field sites
across Central Europe (Supplementary Fig. 1). Cytotypes were determined by flow
cytometry from these populations in ref. ® and ref. 21, no triploids have been
detected in these populations, nor have we found any evidence in the flow cyto-
metry or cytology data that any of these populations consist of mixed-ploidy
subpopulations.

Central European tetraploid [yrata has its largest distribution in eastern Austria,
in two biogeographic regions: the Wienerwald (lyrata eastern tetraploids/Lef
hereafter; LIC, MOD), and the Wachau (lyrata Wachau tetraploids/Lwt hereafter;
PIL, SCB, KAG, SWA, LOI, MAU). We found an additional tetraploid lyrata
population in Hungary (GYE) and included it in this study. Diploid lyrata
populations were chosen from the Wienerwald (PEQ, PER, VLH), which are the
geographically closest diploid populations to the Let and Lwt, and therefore likely
serve as source populations.

For arenosa, representative populations of tetraploids from the Hercynian
(WEK, SEN, BRD) and Alpine lineages (HOC, GUL, BGS) were selected, as well as
additional arenosa populations from the Western Carpathians (diploid: SNO;
tetraploid: TRE), which is the centre of arenosa genetic diversity and the region of
origin of the tetraploid cytotype®. For breadth, we selected several more diploid
arenosa populations from the Pannonian (KZL, SZI) and Dinaric (BEL) lineages, as
well as the following populations from the hybrid zone in the eastern Austrian
Forealps: HAL, ROK, FRE, OCH and KEH. To complement our sampling with
diploid lyrata from across its entire distribution range, we selected samples from
the Hercynian (SRR2040791, SRR2040804), arctic-Eurasian (SRR2040796,
SRR2040798, SRR2040805) and arctic-North American lineages (DRR054584,
SRR2040769, SRR2040770, SRR2040789). A. croatica (CRO) and A. halleri
(SRR2040780, SRR2040782, SRR2040783, SRR2040784, SRR2040785, SRR2040786,
SRR2040787) were included as outgroups?2. The majority of lyrata and hybrid
samples were collected as seeds, cultivated and flash-frozen prior to DNA
extraction, whereas samples for three populations (LIC, MOD, HAL) were
collected and silica-dried. Silica-dried material from GYE was obtained from Marek
Slenker and Karol Marhold. Arenosa samples were collected and sequenced as part
of a different studym‘ In addition, 16 accessions were downloaded from the NCBI
Sequence Read Archive (SRA), bringing the total sample number to 92
(Supplementary Table 1). DNA of the lyrata and hybrid samples was extracted and
purified from frozen or silica-dried leaf and/or flower tissue using the Epicentre
MasterPure DNA extraction kit. DNA concentration measurements were
performed with the Qubit 3.0 fluorometer (Invitrogen/Life Technologies, Carlsbad,
California, USA). Genomic libraries for sequencing were prepared using the
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Illumina TRUSeq PCR-free library kit with 500 ng to 1 ug extracted DNA as input.
‘We multiplexed libraries based on the Qubit concentrations, and those multiplexed
mixes were run on an initial quantification lane. According to the yields for each
sample, loading of the same multiplex mix on several lanes was increased to achieve
a minimum of 15x coverage. Samples that had less than our target coverage were
remixed and run on additional lanes. Libraries were sequenced as 125 bp paired-
end reads on a HiSeq2000 by the Harvard University Bauer Core Facility
(Cambridge, MA, USA).

Data preparation and genotyping. Newly generated sequencing data and SRA
accessions were processed together from raw fastq reads. We first used Cutadapt*®
to identify and remove adapter sequences with a minimum read length of 25 bp
and a maximum error rate of 0.15. We then quality trimmed reads using TRIM-
MOMATIC* (LEADING:10 TRAILING:10 SLIDINGWINDOW:4:15 MIN-
LEN:50). Samples sequenced on several lanes were then concatenated using custom
scripts. Reads were deduplicated using MarkDuplicates in picard v.1.103. Broadinst
and readgroup names were adjusted utilising AddorReplaceReadGroups within the
picard package. Reads were then mapped to the North American lyrafa reference
genome (v.2%7) using bwa-mem in the default paired-end mode*®. Indels were
realigned using the Genome Analysis Toolkit (GATK) IndelRealigner. Prior to
variant discovery, we excluded individuals that had fewer than 40% of bases <8x
coverage (assessed via GATK's DepthOfCoverage with the restriction to a mini-
mum base quality of 25 and a minimum mapping quality of 25). Our final dataset
for analysis contained 92 individuals.

Variant calling was performed using the GATK HaplotypeCaller
(--min_base_quality_score 25 --min_mapping_quality_score 25 -rf DuplicateRead
-rf BadMate -rf BadCigar -ERC BP_RESOLUTION -variant_index_type LINEAR
-variant_index_parameter 128000 --pcr_indel_model NONE), followed by
GenotypeGVCFs for genotyping. For each BAM file, HaplotypeCaller was run in
parallel for each scaffold with ploidy specified accordingly and retaining all sites
(variant and non-variant). We combined the single-sample GVCF output from
HaplotypeCaller to multisample GVCFs and then ran GenotypeGVCFs to jointly
genotype these GVCFs, which greatly aids in distinguishing rare variants from
sequencing errors. Using GATK's SelectVariants, we first excluded all indel and
mixed sites and restricted the remaining variant sites to be biallelic. Additional
quality filtering was performed using the GATK VariantFiltration tool (QD <2,
MQ < 40.00, FS > 60.0, SOR > 4.0, MQRankSum < — 8.0, ReadPosRankSum < —
8.0, DP < 8). Then we masked sites that had excess read depth, which we defined as
1.6x the second mode (with the first mode being heterozygous deletions or
mismapping) of the read depth distribution.

Population structure. All analyses dedicated to reveal population structure and
demography were based on putatively neutral fourfold degenerate (4dg) single-
nucleotide polymorphisms (SNPs) only. We used the 4dg filter generated for
arenosa from ref, °. After quality filtering, these analyses were based on a genome-
wide dataset consisting of 4,380,806 4dg SNPs, allowing for a maximum of 10%
missing alleles per site (1.2% missing data) at a 5x coverage minimum for a given
individual sample.

Although we expected fastSTRUCTURE*® to be superior in recognising
admixture compared with STRUCTURE™, running fastSTRUCTURE on our
dataset resulted in poor performance, in that the result did not coincide with the
STRUCTURE results or other analysis. This misbehaviour was probably due to the
inclusion of polyploid data, as fastSTRUCTURE does not accommeodate polyploid
genotypes. We had randomly subsampled two alleles per each tetraploid site,
similar to ref. 32, using a custom script. However, evidently such a subsampling
strategy dissolves the fine-scale differences in admixture between populations at
this scale. Hence, STRUCTURE was preferred, and was run on all samples and
both ploidies. As STRUCTURE accepts only uniform ploidy as input, with one row
per each ploidy, we added two rows of missing data for our diploid samples,
making them pseudo-tetraploid. In addition, input data were LD-pruned and
singletons removed using custom scripts. Window size was set to 500 with a
distance of 1000 between windows, allowing for 10% missing data, which resulted
in a dataset of 32,256 SNPs genome wide. We performed ten pruning replicates
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using the admixture model with uncorrelated allele frequencies, and then ran each
for K-values 2-10 with a burn-in period of 50,000 and 500,000 Markov Chain
Monte Carlo (MCMC) replicates. We conducted PCA using the glPca function in
the adegenet R package®.

Demographic parameters and reconstruction of gene flow. We next performed
demographic analyses with fastsimcoal2™ on 4dg sites. A minimum of two indi-
viduals per each population was required. Custom python scripts (FSC2input.py at
https://github.com/pmonnahan/ScanTools/) were used to obtain the multi-
dimensional allele frequency (DSFS) spectrum as well as bootstrap replicates of the
DSFS for confidence interval estimation. For the bootstrap replicates, the genome
was divided into 50 kb segments and segments were resampled with replacement
until recreating a DSFS of equivalent size as the genome. Ultimately, we aimed to
estimate demographic parameters and confidence intervals for a four-population
tree corresponding to diploid and tetraploid Iyrata and arenosa. For computational
efficiency, three-population trees were initially used to establish the presence/
absence of migration edges by comparing models with a single migration edge to a
null model with no migration. Additional migration edges would then be added
and compared with the initial simple model. For each model, 50 replicates were
performed and values kept for the replicate with the highest likelihood. For each
replicate, we allowed for 40 optimisation cycles and 100,000 simulations in each
step of each cycle for estimation of the expected side frequency spectrum. Although
the above process identified the key migration edges, it resulted in a four-
population tree that was overly complex; the exercise suggested six migration edges
in total (Supplementary Fig. 3). Overfitting was evidenced by highly imprecise and
nonsensical estimates for a subset of parameters (Supplementary Table 2). For
example, the ancestral population size for lyrata was estimated to be greater than 5
million with individual replicate estimates ranging from <100,000 to over 10
million. Estimates for population fusion times were also drastically greater than
observed in previous three-population trees. We therefore opted for a simpler
model, retaining only the two migration edges with the highest support: bidirec-
tional migration between tetraploids. Parameter estimates for each of the 100
bootstrap replicates were obtained using the scheme described above, and 95%
confidence intervals were calculated using the 2.5th and 97.5th percentiles of the
resulting distribution of each parameter.

Changes in effective population size over time. PSMC model v.0.6.4 was used to
infer changes in effective population size (Ne) through time using information
from whole-genome sequences of Iyrata and arenosa diploids®”. We generated
plots of the most deeply sequenced representative of each of the diploid lyrata and
arenosa populations, with the exception of distinct arenosa KZL and SZI. A con-
sensus fastq sequence was created using samtools v.1.2 and beftools v.1.2 using
samtools mpileup -C50 -Q 30 -g 30 with the lyrata v.2 genome as the reference.
The reference was masked at all sites at which read depth was more than twice the
average read depth across the genome. Samtools mpileup was followed with
beftools call -c and vefutils.pl vef2fq -d 5 -D 34 -Q 30 to create a fastq reference file.
Using PSMC, this was changed to a format that was required with PSMC by
fq2psmecfa -q20, and psmc was run with parameters psmc -N25 -t15 -r5 -p "4 4
25*24 446" and psmc_plotpl -R -g 2 -u 3.7e-8 to get a text file that could be
plotted with R. We used the mutation rate estimate g =3.7x 1075 ¥ and a gen-
eration time of 2 years for both species, as arenosa is mainly biennial, and we
estimate that lyrata generates the highest number of propagules in its second year
after germination (R.5., personal observation).

Cytological of mei stability. Individual tetraploid lyrata and
arenosa plants were germinated in 7 cm pots with Levington® Advance Seed and
Modular Compost Plus Sand soil with 16 h light/8 h dark cycles at 20 °C constant
temperature. Once rosettes had formed, plants were vernalised for six weeks with 8
h light (6 °C)/16 h dark (4 °C) cycles. Plants were then grown in 16 h light (13 *C)/
8h dark (6 °C) cycles to encourage flowering. Buds were collected, fixed and
anthers dissected for basic cytology as described in®? except that 50 mg (30 Gelatine
Digestive Units) Zygest® Bromelain were added to the enzyme mixture, and
incubation time was increased to 75 min. The prepared slides were stained and
mounted with 7 pl 4°,6-diamidino-2-phenylindole (DAPI) in Vectashield (Vector
Lab) and metaphase I chromosomes visualised using a Nikon 901 Eclipse fluor-
escent microscope with NIS Elements software. Chromosome spreads with all rod
and/or ring bivalents were scored as stable meiosis (Fig. 1d), whereas multivalents
with multiple chiasmata were scored as unstable meiosis (Fig. le). FISH was per-
formed as in"2, except 62 °C was used as the chromosome denaturing temperature.
The 55 rDNA probe was generated by directly incorporating biotin into a PCR
product (Jenna Biosciences) using primers 55F 5'-AACCGAAATTGCGTGCA
TAG-3" and 55R 5'-AAACGGGAGGTGAGACGAG-3" with Mimulus guttatus
cloned genomic DNA that shares 96% nucleotide identity with A. lyrata in this
region and the 455 pTa7l clone (Gerlach and Bedbrook, 1979) by nick translation
with digoxigenin (Jenna Biosciences). Streptavidin Dylight 594 and anti-
digoxigenin Dylight 488 (Vector laboratories) were used as secondary fluorophores.
Chromosomes were stained with DAPI in Vectashield (Vector Laboratories).

Differ: scans for si of selective ps. We grouped popu-
lations by ploidy level, species or hybrid affiliation, and affiliation to a biogeo-
graphic region in case of tetraploid lyrata. We calculated the following metrics in
adjacent nonoverlapping genomic windows: AFD, dyy, Fst®*, Rho®” and the
number of fixed differences between the Iyrata diploids and the two lyrata tetra-
ploid groups (Let and Lwt). We identified selective sweep candidates as the 1%
outliers of the empirical distribution for each metric. To maximise our chances of
capturing differentiation truly related to ploidy and not local adaptation, we
selected the overlap between these two independent scans wherein the tetraploids
contrast by edaphic (soil) preference and then focused on outliers that were
identified in a highly stringent genome scanning approach in arenosa'd.

To obtain insight into differentiation between population groups, AFD, dxy, Fst,
Rho, and the number of fixed differences were calculated for additional
populations. Arenosa populations were grouped by lineage, as identified in refs. 21,
as arenosa Hercynian tetraploids (Aht) and arenosa Alpine tetraploids (Aat), which
also corresponds to biogeographic groupings.

GO enrichment analysis. We performed gene function enrichment tests for each
contrast using the CLUEGO app version 2.5.4 in CYTOSCAPE version 3.7.2 using
GO information associated with orthologous A. thaliana gene identifiers. We

retained levels 3-8 for biological process (Benjamini-Hochberg correction p <0.05).

Visualisation of allele frequencies. We visualised allele frequencies of amino acid
substitutions in form of a heatmap. Pre-processed VCF files were annotated using
SnpEff** (10.4161%2Ff) with the manually added lyrata v.2 reference annotation®
(10.1371/journa). Variants annotated as missense (i.e. amino acid substitutions)
were extracted using SnpSift**. Gene-coding loci were extracted from the whole-
genome annotated VCF and per-population allele frequencies for each amino acid
substitution calculated using GATK's SelectVariants. Alternative allele frequencies
(polarised against the lyrata reference) were visualised using the heatmap.2 function
in the gplots package in R (Warnes et al, 2016, https://CRAN.R-project.org/pac).

Identification of differentiated and introgressed regions. To investigate how
the relationships among diploid and tetraploid populations of the two species vary
across the genome, we used topology weighting by iterative sampling of subtrees
(Twisst)*® [www.github.com/simonhmartin/twisst/]. Twisst provides a quantitative
measure of the relationships among a set of taxa when each taxon is represented by
multiple individuals and the taxa are not necessarily reciprocally monophyletic.
This provides a naive means to detect both introgression and ILS, and how these
vary across the genome. We first inferred genealogies for 50 SNP windows across
the whole genome using the BION] algorithm™® as implemented in PHYML™. As
each individual carries two (for diploids) or four (for tetraploids) distinct haplo-
types that represent different tips in the genealogy, it is necessary to first separate
the haplotypes by phasing heterozygous genotypes. We used a heuristic approach
to estimate phase that maximises the average extent of LD among all pairs of
polymorphic sites in the window. This approach iteratively selects the best geno-
type configuration for each site, beginning with the site that has the most het-
erozygous genotypes. At each step, the optimal configuration is that which
maximises the average LD between the target site and all previous target sites. This
allows simultaneous phasing of diploids and tetraploids. We investigated the
accuracy of this phasing approach using simulated sequences generated using the
coalescent simulator msms*® and seq-gen™, following®, but here adding steps to
randomise phase and then apply phase inference. As Twisst is robust to within-
taxon phasing errors®, the relevant question here is the extent to which imperfect
phasing would affect the estimated topology weightings. We therefore applied
Twissi to the simulated data and compared the results with (i) perfect phase, (ii)
randomised phase and (iii) randomised and then inferred phase. This confirmed
that our heuristic phasing algorithm led to an improvement in the accuracy of the
weightings, giving results that approached what is achieved with perfect phase
information.

For running Twisst on the empirical data, we combined samples into four
ingroup populations: diploid lyrata, tetraploid lyrata, diploid arenosa and
tetraploid arenosa, and included A. halleri as outgroup. These five taxa give fifteen
possible rooted taxon topologies (Fig. 3a). Although Twissi does not consider
rooting when computing topology weightings, the inclusion of an outgroup
improves the interpretation of the results, allowing the direction of introgression to
be inferred in some cases*”. In all analyses, topology weightings were computed
exactly for all window trees that could be simplified to <2,000 remaining haplotype
combinations (see ref. ¥ for details). In cases where this was not possible,
approximate weightings were computed by randomly sampling combinations of
haplotypes until the 95% binomial confidence interval for all fifteen topology
weightings was below 0.05. Confidence intervals were computed using the Wilson
method implemented in the package binom in R (R Core Team 2015).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
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Data availability

Data
Suppl
Suppl

supporting the findings of this work are available within the paper and its
lementary Information files. A reporting summary for this Article is available as a
lementary Information file. The datasets generated and analysed during the current

study are available from the corresponding author upon request. All sequence data are
freely available in the Buropean Nucleotide Archive through accession code PRIEB34247.
The source data underlying Figs. 1D, 1E, and 3 are provided as a Source Data file.

Code availability

Custom programmes and scripts used in this study are available at GitHub: hitps://

githul

b.com/pmonnahan/ScanTools/ and htips://github.com/simonhmartin/twisst/.
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Case study 4.

De-novo mutation and rapid protein (co-)evolution during meiotic
adaptation in Arabidopsis arenosa.
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Abstract

A sudden shift in environment or cellular context necessitates rapid adaptation. A dramatic example is genome dupli-
cation, which leads to polyploidy. In such situations, the waiting time for new mutations might be prohibitive; theoretical
and empirical studies suggest that rapid adaptation will largely rely on standing variation already present in source
populations. Here, we investigate the evolution of meiosis proteins in Arabidopsis arenosa, some of which were previously
implicated in adaptation to polyploidy, and in a diploid, habitat. A striking and unexplained feature of prior results was
the large number of amino acid changes in multiple interacting proteins, especially in the relatively young tetraploid.
Here, we investigate whether selection on meiosis genes is found in other lineages, how the polyploid may have accu-
mulated so many differences, and whether derived variants were selected from standing variation. We use a range-wide
sample of 145 resequenced genomes of diploid and tetraploid A. arenosa, with new genome assemblies. We confirmed
signals of positive selection in the polyploid and diploid lineages they were previously reported in and find additional
meiosis genes with evidence of selection. We show that the polyploid lineage stands out both qualitatively and quan-
titatively. Compared with diploids, meiosis proteins in the polyploid have more amino acid changes and a higher
proportion affecting more strongly conserved sites. We find evidence that in tetraploids, positive selection may have
commonly acted on de novo mutations. Several tests provide hints that coevolution, and in some cases, multinucleotide
mutations, might contribute to rapid accumulation of changes in meiotic proteins.

Key words: de novo mutations, standing variation, coevolution, meiosis, polyploidy.

phenotypic effects than standing variants (Matuszewski et al.
2015). Thus, the relative importance of de novo mutations may
be greater when extensive functional restructuring is needed.

Whole-genome duplication, which leads to polyploidy, is
an example of a situation where the cellular context suddenly
and substantially shifts, necessitating a rapid adaptive re-
sponse (Comai 2005 Bomblies and Madlung 2014).
Previous studies on the genetic basis of adaptation to genome
duplication in the diploid—autotetraploid species, Arabidopsis
arenosa (fig. 1A), identified a set of genes showing strong
evidence of positive selection in its tetraploid lineage
(Hollister et al. 2012; Yant et al. 2013; Wright et al. 2015).
Many of these genes encode interacting proteins important
for meiosis, which is consistent with the fact that meiosis is

Introduction

Sometimes an abrupt change in circumstances forces a rapid
evolutionary response. As populations face new challenges,
positive selection can act on alleles recruited from standing
variation or on de novo mutations (Barrett and Schluter
2008). Though in long-term macroevolution, de novo muta-
tions clearly play a role, evolution from standing variation
may be especially important in facilitating rapid adapration,
because it eliminates the waiting time needed for novel muta-
tions (Hermisson and Pennings 2005; Prezeworski et al. 2005;
Barrett and Schluter 2008). There are numerous reports of
rapid adaptation to novel environments that utilize standing
genetic variation (Jones et al. 2012; Van Belleghem et al. 2018;
Haenel et al. 2019; Lai et al. 2019), whereas reports of de novo

mutations in such instances are rare and often include loss of
function mutations (Messer and Petrov 2013; Exposito-
Alonso et al. 2018; Wu et al. 2018; Xie et al. 2019). However,
it is also predicted that de novo variants may have stronger

particularly challenged by genome duplication (Comai 2005;
Cifuentes et al. 2010; Stenberg and Saura 2013; Bomblies and
Madlung 2014; Bomblies et al. 2016). That at least some of
these changes are adaptive is supported by the observation

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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Fic. 1. Meiosis proteins showing signatures of positive selection in Arabidepsis arenosa lineages. (A) Our sampling of A. arenosa populations in
Europe. Dots show 14 diploid (red} and 11 tetraploid populations without signs of introgression from diploids (blue) studied here. Distribution
ranges of all known A. arenosa lineages are shown as colored areas, indicating that our sampling covers a complete diversity of diploid lineages
(based on Koldr et al. 2016; Monnahan et al. 2019). The tetraploid distribution range covers areas occupied by populations without signs of
introgression from diploids (Monnahan et al. 2019). (B) Phylogeny of A. arenosa (based on Koldr et al. 2016; Monnahan et al. 2019) with candidate
meiosis proteins placed on the branch where they exhibit signatures of selective sweeps (identified as Fsr and FineMAV overlap, see the main text).
Width of the branches corresponds to the number of meiosis proteins that are identified as positive selection candidates. Only Pannonian and
tetraploid lineages had more meiosis proteins showing signatures of positive selection than expected by chance. Lineages with no evidence for
positive selection on meiosis proteins are indicated as "None.” Proteins are ordered from those having the highest number of candidate AASs to the
lowest (supplementary tables 55 and 56, Supplementary Material online). Three proteins found independently as candidates in parallel in two
lineages are written in bold. Time axis below the tree indicates median estimates of lineage divergence times (based on Arnold et al. 2015; Kolar
et al. 2016). (C) Principal component analysis based on allele frequencies of candidate AASs in the three parallel candidate meiosis proteins. Each
dot represents one individual, colored based on lineage in panel A. (D) positive selection targeted more conserved amino acids in tetraploids (blue)
than in diploids (red; summarizing candidate AASs identified in all but the Pannonian diploid lineage—orange). Each violin plot summarizes
alignment identity (calculated across 17 plant reference genomes, higher value indicate more conserved site) over all candidate AASs identified in
the corresponding lineage. **P = 0.002, Wilcoxon rank sum test.

that the derived alleles of two of the genes, which encode
interacting meiotic axis proteins, have been experimentally
shown to affect meiotic traits relevant to tetraploid meiotic
stability (Morgan et al. 2020).

Meiosis is a structurally conserved process that is period-
ically challenged and driven to evolve in diploids as well

(Heyting 1996; Kumar et al. 2010; Grishaeva and Bogdanov
2014; Bomblies et al. 2015; Baker et al. 2017; Brand et al. 2019).
But what was striking in the A. arenosa tetraploids, and
remains unexplained, is that although two independent esti-
mates suggest the tetraploids are likely only about 20,000-
30,000 generations old (fig. 1B; Arnold et al. 2015; Monnahan

1981
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etal. 2019), a surprisingly large number of amino acid changes
differentiates ancestral diploid and derived tetraploid alleles
in the subset of meiosis genes that have signatures of positive
selection. Meanwhile, the rest of the genome, including other
meiosis genes, remains largely undifferentiated (Hollister et al.
2012, Yant et al. 2013). Another study showed that positive
selection on meiosis is not unique to the tetraploid A. arenosa
lineage: Signatures of selection were also found in two of the
same meiosis genes (different alleles) in a distinct diploid
A. arenosa lineage (Wright et al. 2015). This raised the possi-
bility that rapid evolution of meiosis genes might be a com-
mon feature of A. arenosa lineages regardless of ploidy, and
this is one of the ideas we test here.

The above observations leave many questions about the
evolution of meiosis in A. arenosa lineages unanswered, which
also have wider implications for understanding rapid evolu-
tionary adaptation of essential cellular processes. Remaining
questions include: Is the evolution of meiosis in the tetraploid
lineage more likely to have targeted functionally important
sites than in diploids? Were the variants that selection acted
on in the tetraploid lineage already present as standing var-
iation in diploids? If not, what might drive the rapid accumu-
lation of multiple amino acid changes in these proteins? To
address such questions, we analyzed a range-wide data set of
145 diploid and tetraploid A. arenosa genome sequences
(fig. 1A; Monnahan et al. 2019), sampling four additional dip-
loid lineages not previously included, complemented with
newly generated assemblies for the diploid and tetraploid
that allowed us to define haplotypes more reliably. We found
that although evidence of positive selection on meiosis pro-
teins is not unique to the tetraploid lineage, the extent of
meiotic protein remodeling is. Moreover, we found evidence
that selection likely acted at least in part on de novo muta-
tions not present in the diploid gene pool. We also find sup-
port for the idea that coevolution of proteins and the
accumulation of multinucleotide mutations could contribute
to the de novo accumulation of many amino acid variants in
the tetraploid lineage.

Results and Discussion

Meiosis Protein Evolution in A. arenosa Lineages

We investigated the patterns of evolution of meiosis proteins
across all currently known A. arenosa lineages (fig. 1A), in-
cluding samples of four additional diploid lineages in which
meiosis protein evolution was not investigated in our previ-
ous study (Wright et al. 2015). This additional sampling allowed
us to ask whether positive selection commonly targets meiosis
in different diploid and tetraploid lineages (i.e., whether selec-
tion on meiosis is the rule rather than the exception). This
sampling also allowed us to investigate whether the patterns in
the tetraploid lineage are qualitatively or quantitatively un-
usual. We did this using a published data set of single nucleo-
tide polymorphism (SNP) variation that includes range-wide
sampling of diploid and tetraploid whole-genome resequenced
individuals (Monnahan et al. 2019; see supplementary table S1,
Supplementary Material online), complemented with two new
genome assemblies of diploid and tetraploid individuals using

1982

the 10x genomics Chromium platform and supernova assem-
bler (Weisenfeld et al. 2017; see supplementary table S2,
Supplementary Material online). These new assembilies allowed
us to extract diploid- and tetraploid-specific haplotypes for
candidate genes (see Materials and Methods for details). We
focused on protein sequence evolution, as this allows us to
capitalize on the availability of tests that can help assess which
changes are likely to be functional.

We first asked whether evidence of selection on meiosis
genes is unique to the two lineages, it was previously reported
in (the tetraploid and Pannonian diploids; Wright et al. 2015),
or is consistently seen across A. arenosa lineages (i.e, to ask if
this is a ubiquitous feature of meiotic protein evolution). We
focused on a list of 78 meiosis-specific proteins (supplemen-
tary table S3, Supplementary Material online) selected by re-
fining available lists (Sanchez-Moran et al. 2005; Yant et al.
2013) using the Pathway Interaction Database (PID; Schaefer
et al. 2009), AraNet (Lee et al. 2015), and TAIR databases
(Berardini et al. 2015). We also confirmed that diploid and
tetraploid populations included in our analyses had similar
genetic diversity and allele frequency spectra (Monnahan
et al. 2019, supplementary table S4, Supplementary Material
online), indicating a lack of severe demographic change such
as recent population expansions or bottlenecks that could
otherwise have had a confounding effect on our analyses.

To identify potential targets of positive selection among
the set of 78 meiosis proteins, we first scanned sequences for
amino acid substitutions (AASs) between 1) all five previously
defined diploid lineages (Kolaf et al. 2016; Monnahan et al.
2019: Pannonian, Dinaric, Baltic, Southeastern Carpathian, and
Western Carpathian; fig. 1A and B) and 2) comparing all dip-
loid individuals as a group with the tetraploid lineage, using a
subsampled data set of 120 individuals to ensure comparable
sample sizes across ploidies and lineages (see Materials and
Methods for derails, supplementary table S1, Supplementary
Material online). We identified outlier differentiated AASs as
those exceeding the 99% Fsr genomewide quantile. We then
narrowed this set to those changes predicted to also have
functional effects, by selecting the overlap with 1% genome-
wide outliers identified using the FineMAY method (Szpak
et al. 2018; modified to use Grantham and SIFT scores that
predict potential functional impact of each AAS, Grantham
1974; Kumar et al. 2009, see Materials and Methods for
details). The overlap of Fst and FineMAV outliers identified
56 AAS outliers, in seven meiosis proteins, among the pairwise
diploid contrasts, and 171 AAS outliers, in 11 meiosis proteins,
in the diploid/tetraploid contrast (below, these are termed
“candidate selected AASs” and the proteins they occur in as
“candidate selected proteins”; supplementary tables 55-57,
Supplementary Material online). We inferred which are the
derived variants of each AAS by comparing with three
Arabidopsis outgroup species.

To further test for evidence of positive selection on meiosis
genes in the tetraploids, we used McDonald—Kreitman test
(McDonald and Kreitman 1991, Smith and Eyre-Walker 2002;
see Materials and Methods for details). In this method, we
calculated alpha, the proportion of divergences driven by
positive selection (supplementary table S8, Supplementary
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Material online). Overall, we found evidence of a significantly
increased genomewide proportion of divergence values that
show evidence of having been driven by positive selection,
between diploids and tetraploids of A. arenosa (% = 0.44, P
value < 0.001). Among the candidate meiosis proteins, values
of alpha exceeded the neutrality value of zero in all but three
cases (supplementary table S8, Supplementary Material on-
line), the exceptions being ZYP1b, ASY3, and SMG?7. For five
meiosis proteins (PRD3, ASY1, PDS5b, REC8/SYN1, and
DYAD), alpha estimates exceeded the genomewide value of
0.44 ( between 0.5 and 1, mean = 0.71, P values >0.05 due
to the low number of divergences), suggesting that these
proteins evolved under positive selection. In summary, de-
spite the biases that could arise due to the low divergence
between the lineages studied here (Monnahan et al. 2019),
the results of McDonald—Kreitman test nevertheless support
our FineMAV and Fg;-scan results, supporting the idea that
positive selection targeted meiosis proteins during the diver-
gence of diploids and tetraploids.

When analyzing genomewide patterns, Pannonian diploids
and tetraploids both had significant excess proportions of
meiosis proteins among all candidate positively selected pro-
teins genomewide (P = 0.02 and <0.001, respectively, Fisher's
exact test, fig 1B and C, supplementary table S7,
Supplementary Material online). This was not the case in
any other populations or lineages (supplementary table S7,
Supplementary Material online). These results show that sig-
natures of positive selection are only prevalent in the two
lineages in which we previously identified them and are not a
ubiquitous feature of meiotic protein evolution in A. arenosa.
In addition to confirming previously identified genes, we iden-
tified several new candidate meiotic genes that show evi-
dence of having been under positive selection. We discuss
these and their functional implications further in supplemen-
tal text 1, Supplementary Material online.

We next wished to test if the candidate-selected AASs are
likely to affect conserved or potentially functional sites, and
whether this propensity differs among lineages. To do this, we
first estimated the potential constraint on particular amino
acids by calculating pairwise amino acid identity at all
candidate-selected AAS sites across the proteomes of 17
Malvidae species with sequenced genomes available (see
Materials and Methods). In tetraploids, AASs differentiated
from diploids were significantly more likely to affect amino
acids that are conserved across plant evolution than AASs
that show differentiation among the different diploid lineages
(P value = 0.002, Wilcoxon rank sum test, fig. 1D and sup-
plementary text 2, supplementary fig. S1, Supplementary
Material online). Even though multiple meiosis genes also
show evidence of positive selection in the Pannonian diploid
lineage, in contrast to the tetraploids, this lineage does not
differ significantly from other diploid lineages in the propor-
tion of differentiated AASs in meiosis genes that affect con-
served sites (P value >0.05, n = 56, Wilcoxon rank sum test,
fig. 1C). We also found that the differentiated AASs in tetra-
ploids are predicted to cause secondary protein structure
variation (supplementary fig. 52 and supplementary text 3,
Supplementary Material online). This is interesting in light of

the evidence that 3D structures of meiosis proteins are
strongly conserved across even wide evolutionary distances,
though the underlying primary sequences can vary substan-
tially even among closely related species (Grishaeva and
Bogdanov 2014; Rosenberg and Corbett 2015). These results
suggest that tetraploids have both a higher total number of
candidate-selected AASs and show evidence that positive
selection also targeted more conserved amino acids. This ob-
servation supports the hypothesis that greater functional
readjustment occurred in the meiotic machinery in the tet-
raploids than in the diploids.

Positive Selection in the Tetraploids Acted at Least in
Part on De Novo Mutations

The high number of potentially functional amino acid
changes in multiple interacting proteins in the tetraploids is
striking given their relatively recent origin. We thus hypoth-
esized that at least some of the candidate-selected alleles were
likely selected from standing variation that existed in diploids.
To explore this, we first examined standing variation present
in diploids for amino acid changes that characterize tetraploid
alleles. We analyzed 10 of the 11 meiosis proteins that show
evidence of positive selection in tetraploids (one, ZYP1a with
26 candidate AASs, was removed due to poor mapping of the
gene to the reference genome). We analyzed the full available
data set of 105 individuals from 14 genome-resequenced dip-
loid populations (including 23 individuals from the Western
Carpathian lineage, the most closely related diploids to the
tetraploids, fig. 1A and B; Arnold et al. 2015; Monnahan et al.
2019). A rarefaction analysis of A. arenosa diploids implied
that such sampling is sufficient to converge on the full diploid
diversity (supplementary fig. S3, Supplementary Material
online).

We found that 63% of tetraploid differentiated AASs were
not present in any of the diploid individuals sampled (71 out
of 113 AASs; however, we note that this is likely an over-
estimate of the proportion of amino acids absent from the
standing variation as some of the variants might be too rare
to be sampled, or may have been originally present in diploids,
but went extinct after the divergence of the tetraploids). The
remaining 42 ploidy-differentiated AASs were found in our
diploid samples, indicating a contribution from standing var-
iation. Most of the “standing” AASs occurred in three proteins
(PRD3, ZYP1b, and SHOC1; supplementary fig. 54,
Supplementary Material online). An additional 32
candidate-selected AASs, not included in the 113 AASs above,
showed parallel differentiation in tetraploids and Pannonian
diploids (in proteins SMG7, ASY3, and REC8/SYNT1, fig. 1B and
C). Whether this pattern is due to incomplete lineage sorting
or gene flow between these lineages is not clear.

Since all proteins with evidence of positive selection con-
tain multiple highly differentiated amino acid polymor-
phisms, we asked if there are instances where full
haplotypes of linked candidate-selected AASs exist as stand-
ing variation in diploids. We reconstructed the most likely
haplotypes across tetraploid-differentiated AASs (supplemen-
tary table S6, Supplementary Material online) using allele fre-
quency information complemented with haplotype phasing

1983

L Z0Z Bunp || U0 Jasn AJisIeAlun SepeYD ‘2ousng Jo Aynoe4 ‘ABojoisAud jue|d jo yuewyuedaq AQ 0080Z | 9/0861 /S/gE/R1RIME/aquW Woa dno-olapese/ :isdjy Wol) peapeojumog



71

MBE

Bohutinska et al. - doi:10.1093/molbev/msab001

PrRD3 B

7vp1b ‘ @ g b
g ASY1
g PDS5b RECB/SYN1 |~ PRDS
) DYAD O ©
% SCC4
@ SHOC1
g
E ASY3
. RECB/SYN1

SMG7

HapJutypes 5 ot

= Pannonian
-wmespread diploid
= tetraploid

ather (recombined)

Fic. 2. Limited standing variation across Arabidopsis arenosa diploids in protein candidates for tetraploid meiotic adaptation. (A) Lack of
tetraploid-specific haplotypes in diploid populations sampled across the total range of A. arenosa. Haplotypes were combined across linked
candidate AASs within each protein. A set of bar plots for each of ten candidate proteins (horizontal lines) shows frequencies of diploid, Pannonian
(if different from widespread diploid) and tetraploid-specific haplotypes (y axis) in each of 14 diploid and 11 tetraploid populations (x axis, grouped
to lineages and ploidies). Frequencies of minor frequency haplotypes found in either or both ploidies are summed in a gray column. (B) A
hypothetical maximal variation among haplotypes of meiosis proteins in diploids and tetraploids, quantified by Hamming distances. The diameter
of the red and blue circles denotes the full range of potential variability of haplotypes reconstructed by all combinations of AASs among all diploid
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tetraploid haplotypes. Overlap of both circles suggests that it is plausible that the tetraploid haplotype could have existed within the observed
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overlapping with diploid, represents the tetraploid haplotype space that cannot be explained by, and would not be expected to exist, within extant
diploid AAS variation. The upper six proteins show evidence that their tetraploid haplotypes most likely accumulated additional mutations after

diploid/tetraploid divergence.

data in the respective diploid or tetraploid genome assembly
(see Materials and Methods). Apart from the SMG7 haplo-
type, which was found in one population in the Pannonian
lineage and in three populations in the Western Carpathian
lineage, none of the complete haplotypes predominant in
tetraploids were found in any diploid population (fig. 2A).
Taken together, these findings suggest that although some
AASs in each case likely originated as standing variation in
diploid populations, additional de nove changes likely accu-
mulated in each of the meiosis genes to generate the extant
tetraploid alleles.

The findings above cannot rule out that the full haplotypes
were originally present in diploids, but lost after divergence of
the tetraploids, or that they were present, but too rare to have
been sampled. Thus, we quantified whether an unsampled
haplotype allele as different from other diploid variants as the
current tetraploid allele is, could plausibly have existed within
the range of variation in our sampled portion of the diploid
gene pool. If not, this would suggest that additional amino
acids likely accumulated postdivergence. To do this, we com-
pared the Hamming distance (which quantifies the number
of sites in which diploid and tetraploid alleles differ in nucle-
otide sequence) to the Hamming diameter of each gene pool
(which is the maximum pairwise distance among alleles
within a set, see Materials and Methods, Robinson 2003). If
the Hamming distance between diploids and tetraploids is
lower than the Hamming diameter within diploids, it is con-
sidered plausible that the tetraploid haplotype could have
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existed within the diploid pool of genetic variation, even if
not sampled. This was the case for four proteins (fig. 2B and
supplementary table S9, Supplementary Material online). For
six meiotic proteins, however, the tetraploid haplotype was
differentiated beyond the diploid variation and thus likely not
available within the original pool of standing diploid variation
(fig. 2B and supplementary table $9, Supplementary Material
online). This includes two meiotic axis proteins (ASY1 and
ASY3) whose diploid and rtetraploid variants have recently
been shown to have distinct functional effects in meiosis
(Morgan et al 2020).

The proportion of meiosis proteins with likely de novo
changes as identified by Hamming distances was only slightly
higher than that of the other candidate-selected proteins
genomewide (proportion of de novo candidates = 0.60
and 0.52 for meiosis proteins and other proteins genomewide,
respectively), suggesting that selection on de novo mutations
might be a general feature of positive selection in polyploids.
However, meiosis proteins do show an excess relative to other
proteins of “de novo" candidate-selected AASs per protein
(11.1 for meiosis proteins and 5.4 for other proteins genome-
wide; P=0.001, Wilcoxon rank sum test), suggesting that
meiosis as a process underwent more extensive de novo
restructuring than most other processes that show evidence
of having been under positive selection in the tetraploid
genome.

The above analysis cannot completely rule out allele ex-
tinction. However, we note that selection from standing
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variation followed by allele extinction at multiple indepen-
dent loci in diploids is not the most parsimonious explana-
tion. We would have to imagine that, six times independently,
a standing variant that is more different than any other allele
sampled from the present gene pool came under positive
selection in the tetraploids and was subsequently lost in dip-
loids. Thus, we believe that although some amino acids char-
acteristic of tetraploid alleles do come from standing variation
a considerable fraction of the observed differences accumu-
lated de novo in the tetraploid lineage after divergence.

The Accumulation of Amino Acid Changes in the
Tetraploids

Given that positive selection predominantly from standing
variation is an unlikely explanation for the pattern of amino
acid divergence in tetraploids, we explored whether rapid
protein evolution might be driven by compensatory evolu-
tion and coevolution, as previously proposed for autotetra-
ploid A. arenosa (Hollister et al. 2012). Compensatory
coevolution of interacting proteins can speed the accumula-
tion of novel changes because if a change in one protein
causes even a subtle shift in structure or stability, this will
lead to selection for compensatory mutations that return the
structure or stability of the protein, or an entire complex, to
its optimal state (DePristo et al. 2005; Szamecz et al. 2014;
Rojas Echenique et al. 2019). Because compensatory muta-
tions have a large mutational target, as any number of amino
acid changes can readjust the stability or shape of a protein,
they can accumulate rapidly relative to changes that must
target particular functional sites (DePristo et al. 2005; Szamecz
et al. 2014). Empirical data support this idea, for example,
work in bacteria has shown that this kind of compensatory
evolution can lead to the rapid accumulation of AASs in
groups of interacting proteins (Moura de Sousa et al. 2017).
Since meiotic proteins are well known to interact (e.g, Zickler
and Kleckner 1999), compensatory evolution and coevolution
might be one cause of rapid evolution of amino acid changes
(Maisnier-Patin et al. 2002; Davis et al. 2009). Thus, we asked if
a process of protein coevolution might have promoted the
extensive accumulation of de novo amino acid changes in
tetraploids.

We found hints in our data that support the idea that
compensatory evolution may contribute to the observed dif-
ferentiation. First, all six proteins that likely accumulated mul-
tiple de novo amino acid changes after divergence of the
tetraploids and diploids, are interacting cohesin and axis com-
ponents, suggesting that changes in one could plausibly affect
essential interactions with the others (fig. 3A). Second, we
examined the relative ages of the selective sweeps (ie, the
likely order in which the tetraploid alleles of the six proteins
rose in frequency). Under a coevolution scenario, we might
expect positive selection to have acted sequentially on the
different cointeracting proteins, rather than all alleles having
been targeted at the same time, or that selection acted epi-
sodically on each protein as changes occurred in its partners.
We estimated the relative sweep age as a ratio of number of
SNPs accumulated in the selected haplotype, and its length.
For each meiosis protein we counted the number of

polymorphisms normalized to the length of the haplotype
between first and last candidate positively selected AAS as a
proxy for sweep age. The oldest sweeps were inferred to have
occurred in PRD3 and REC8/SYNT, followed by ASY1 and
PDS5b, with ASY3 and DYAD being the youngest (fig. 3A
and B and supplementary table 510, Supplementary
Material online). Age estimates of this sort are error prone
(Messer and Neher 2012; Ormond et al. 2016; Smith et al.
2018), but the potentially staggered origin of selected alleles
hints that changes in one may have provided a context that
favored changes in another (e.g, positive epistasis; Pedruzzi
et al. 2018).

We also searched for hints of mechanistic evidence of co-
evolution, for example, predicted structural differences in
binding sites of the candidate proteins. We did this using
our diploid and tetraploid genome assemblies, for the subset
of proteins with known structures: the cohesin subunit REC8/
SYN1, the cohesin regulator PDS5b, and the meiotic axis
components ASY1 and ASY3, together with the cohesin com-
ponent SCC3 (which does not show strong evidence of se-
lection, but where we identified a medium-frequency
premature stop codon in tetraploids, supplementary text 2,
Supplementary Material online). Using PSIPRED secondary
structure predictions, which calculate which of the three local
amino acid interactions, helix, sheet or coil elements, are most
likely for each position in the amino acid chain, we found
clusters of predicted structural changes in the interaction
surfaces of REC8/SYN1 and SCC3 and to lesser degree of
PDS5b and REC8/SYNT1. This finding suggests that these pro-
teins may be coevolving (fig. 3C). Whether the structural
changes generate novel interaction dynamics, or preserve an-
cestral ones in the face of other functional changes to the
cohesin complex, remains to be tested. Though they are not
definitive, the above tests for the expected coevolution of the
candidate meiosis proteins are consistent with the idea that
coevolution of interacting proteins might indeed have been
involved in promoting the accumulation of at least some of
the amino acid changes observed.

A potential nonselective explanation for the large number
of differentiated AASs in some proteins could be that they
arose in single multi-nucleotide mutation (MNM) events,
which can give rise to multiple closely linked substitutions
in a single instance. A hallmark of MNM:s is that substitutions
are closely spaced, and commonly also have a significant ex-
cess of transversions relative to transitions (Schrider et al.
2011; Harris and Nielsen 2014; Besenbacher et al. 2016). We
therefore scanned for these features in genes encoding the
candidate-selected meiosis proteins. We found patterns sug-
gestive of MNM events in derived alleles of ASY3 and SMG7,
which both had a higher than random proximity of AASs (the
median distance = 26 and 46 bp for ASY3 and SMG7, respec-
tively, whereas for other proteins genomewide the distance is
61bp; P <001 in both cases, Wilcoxon rank sum test).
Derived alleles in both genes also have a significant excess
of transversions relative to transitions compared with
genomewide rates (P < 0.01, two-sample z test). We observed
a similar transversion/transition bias in derived alleles of four
other proteins in the tetraploid (REC8/SYN1, ASY1, PRD3,
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Fic. 3. Evidence for meiosis protein coevolution in tetraploids. (A) Cartoon of the cohesin complex with associated proteins and variability in
relative order of their selection sweeps inferred from haplotype length and number of accumulated SNPs (see Materials and Methods for details).
Shown are schemes of candidate protein structures (outlined in black) and other core complex protein structures for illustration (gray). We
propose that REC8/SYN1 (bolt) might be the core driver of coevelution as it is the central protein with one of the oldest sweeps. (B) lllustrative
examples of pattern of allele frequency decay at locus with old (REC8/SYN1) and young (ASY3) selection sweep (as inferred in A). Plotted is AFD
between diploid and tetraploid individuals for all genic variants in and around the gene. Red dots are candidate AASs identified here; blue line
corresponds to 10kb. (C) Coordinated structural changes in protein-binding sites. Cartoons of secondary protein structures from diploid
A. arenosa meiosis proteins (upper lane; in orange = helix elements, in yellow = sheet elements, and black line = disordered protein regions).
The pairwise comparison of predicted secondary protein structures from sequences of diploid and tetraploid A. arenasa lineages (middle lane,
Structure identity plots) and the identity of their amino acid sequences (lower lane, AA identity plots). Gaps are sites with zero identity. Protein-
binding sites and functional domains identified in other eukaryotes are shown as violet bars above the secondary structure plot. Reciprocal
structure identity changes in corresponding binding sites of REC8/SYN1 and SCC3 and to lesser degree REC8/SYN1- and PDS5b-binding sites
might indicate coevolution of these proteins—highlighted in light red.

and ZYP1a) and REC8/SYN1 in the Pannonian diploid
(P < 0.01, two-sample z test), but these latter examples lacked
the close spacing of mutations characteristic of MNMs.

selection might be common, and therefore not unique to
the two A. arenosa lineages where they were found previously
(Hollister et al. 2012; Yant et al. 2013; Wright et al. 2015).
However, we found from sampling four additional lineages
that strongly differentiated AASs were found almost exclu-
sively in these two lineages (the tetraploid and the Pannonian
diploid), suggesting that positive selection on these genes is
situational and not ubiquitous. The pattern in the tetraploid

Conclusions

Here we investigated the evolution of meiosis proteins in
A. arenosa using a rangewide sampling of diploid and tetra-

ploid lineages (Monnahan et al. 2019). Since many meiosis
proteins are thought to evolve rapidly (Heyting 1996; Kumar
et al. 2010; Grishaeva and Bogdanov 2014; Baker et al. 2017;
Brand et al. 2019), we reasoned that signals of positive
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lineage is especially striking; despite its tender evolutionary
age (~20,000-30,000 generations; Arnold et al. 2015
Monnahan et al. 2019), it has the largest number of proteins
with excessive differentiation, the largest number of
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differentiated AASs, a higher proportion of AASs in conserved
sites, amino acid changes occurring in the interaction surfaces
of the meiotic cohesin alpha-kleisin (REC8/SYN1) and its
interacting partners, and predicted structural shifts. Thus,
the shift in the tetraploid meiotic machinery appears to be
far more substantial than what occurred in any diploid line-
age of A. arenosa including the Pannonian lineage. This fits
with the idea that genome duplication is an especially strong
challenge for meiosis, likely necessitating a rapid evolutionary
response (Bomblies et al. 2015, 2016).

We also find evidence that a considerable proportion of
amino acids that are differentiated between the diploid and
tetraploid lineages likely arose de novo on alleles that already
contained some polymorphisms that preexisted as standing
variation. This likely high contribution from de novo variation
might come as a surprise, given the theoretical prediction and
empirical evidence that rapid evolution is greatly facilitated by
the availability of preexisting genetic variation (Jones et al.
2012; Olson-Manning et al. 2012; Ralph and Coop 2015;
Van Belleghem et al. 2018; Alves et al. 2019; Haenel et al.
2019; Lai et al. 2019; Oziolor et al. 2019; Thompson et al.
2019). We suggest three nonmutually exclusive explanations
for why this might be: 1) Meiosis is a conserved multiprotein
process whose need for restructuring after polyploidization
(Comai 2005; Bomblies and Madlung 2014) requires variants
that are perhaps deleterious in the diploid background. 2) The
considerable contribution of novel mutation to rapid adap-
tation may be a more common feature of autopolyploid
evolution, perhaps due to their higher effective population
size and/or lower homozygosity (Parisod et al. 2010) or the
sudden novel physiological context of polyploids (Doyle and
Coate 2019; Bomblies 2020). 3) Empirical literature may be
biased toward reports of adaptation from standing variation
(Barrett and Schluter 2008), as it is easier to detect a presence
of genetic variants than to exclude it.

In summary, our study supports the idea that both stand-
ing and de novo variation may be important sources of adap-
tive variants in multiple interacting meiosis proteins in
autotetraploid A. arenosa. It will be interesting to see whether
this is a particularly prominent feature of polyploid evolution,
or a more common pattern for the evolutionary modification
of conserved multiprotein processes that occurs when pop-
ulations must adapt to sudden novel circumstances that chal-
lenge these processes.

Materials and Methods

Data Sets

Sampling and Population Genetic Struicture of the Genomic
Data Set

To study the evolution of meiosis proteins in both diploid and
tetraploid Arabidopsis arenosa populations, we reanalyzed a
rangewide genomic data set previously described in
(Monnahan et al. 2019). This data set originally consists of
sequences from 15 diploid and 25 tetraploid genome rese-
quenced A. arenosa populations (287 individuals, seven indi-
viduals per population on average, supplementary table S1,
Supplementary Material online). We first aligned the short-

read sequences to the Arabidopsis lyrata version 2 (LyV2)
reference genome (Hu et al. 2011), called variants and filtered
as previously (Monnahan et al. 2019) using the Genome
Analysis Toolkit (GATK 3.5 and 3.6, McKenna et al. 2010)
and finally called SNPs with GATK HaplotypeCaller. For
most analyses described below (except where noted), we
used a subset of the full data set consisting of 80 diploid
individuals (16 samples with the highest depth of coverage
of sequences from each of the five major lineages) and 40
tetraploid individuals from populations unaffected by sec-
ondary introgression from diploid lineages (ie, sampling
from C European, Alpine, and Swabian lineages as defined
in Monnahan et al. (2019). Such subsampling gave us a bal-
anced number of 160 high-quality haploid genomes of each
ploidy suitable for unbiased scans for positive selection, which
was also unaffected by later unidirectional interploidy intro-
gression (supplementary table S1, Supplementary Material
online). Finally, we filtered each subsampled data set for ge-
notype read depth >8 and maximum fraction of missing
genotypes <05 in each lineage to be confident about the
variant calling.

We used our total diploid sampling (105 individuals, sup-
plementary able S1, Supplementary Material online) in a sep-
arate analysis aimed to screen for standing variation of
tetraploid alleles in the total diploid sample (fig. 2 and sup-
plementary fig. S4, Supplementary Material online). This
yielded the total number of 145 resequenced individuals
used throughout our analyses.

To avoid polarization toward a single reference species
genome, we repolarized the variants using a collection of
individuals across three closely related diploid Arabidopsis
species, European A. lyrata, A. croatica, and A. halleri, follow-
ing procedure described in Monnahan et al. (2019). We fur-
ther confirmed the repolarization using frequencies of the
variants across the data set (considering the minor frequency
allele overall as derived).

We calculated genomewide nucleotide diversity () and
Tajima'’s D (Tajima 1989) for each lineage, all diploids and all
tetraploids using putatively neutral 4-fold degenerate sites. In
agreement with the previous study (Monnahan et al. 2019),
the per-population genomewide synonymous diversity ()
was similar between ploidies (7 values ranging between
0.028 and 0.032 in five diploid lineages, 0.036 for all diploids
and 0034 for tetraploids, supplementary table S4,
Supplementary Material online) and tortal range of Tajima's
D over synonymous sites (—0.34 to +0.34, supplementary
table 54, Supplementary Material online) was far from the
accepted threshold of nonneutrality (=2; Tajima 1989).
Calculations were performed using python3 ScanTools pipe-
line (github.com/mbohutinska/ScanTools_ProtEvol), a mod-
ification of ScanTools, a toolset specifically designed to
analyze diploid—autotetraploid data sets.

Novel Diploid and Tetraploid Genome Assemblies

We created two A. arenosa draft reference assemblies, to in-
vestigate the haplotypes of meiosis proteins and differences in
secondary structure prediction in a sufficient detail, as well as
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to remap the areas in the A. lyrata genome, where the
A. arenosa reads did not map well (7 out of the 78 loci, see
the next section for details). We assembled genome of one
diploid (from Western Carpathian population SNO) and one
tetraploid individual (population TBG). The diploid assembly
is also described in (Liu et al. 2020), but we include it here for
completeness.

First, fresh leaf material was sent to Earlham Institute,
where DNA was extracted using the BioNano plant protocol
from the tetraploid A. arenosa and using CTAB DNA extrac-
tion protocol from A. arenosa diploid (as in Paajanen et al.
2019). Second, to construct the 10x library, DNA material
was diluted to 0.5 ng/ul with EB (Qiagen) and checked with a
QuBit Flourometer 2.0 (Invitrogen) using the QuBit dsDNA
HS Assay kit. The Chromium User Guide was followed as per
the manufacturer’s instructions (10x Genomics, CG0O0043,
Rev A). The final library was quantified using quantitative
polymerase chain reaction (qQPCR, KAPA Library Quant kit
[Hlumina], ABI Prism qPCR Mix, Kapa Biosystems). Sizing of
the library fragments were checked using a Bioanalyzer (High
Sensitivity DNA Reagents, Agilent). Samples were pooled
based on the molarities calculated using the two QC meas-
urements. The library was clustered at 8 pM with a 1% spike
in of PhiX library (lllumina). The pool was run on a HiSeq2500
150 bp Rapid Run V2 mode (lllumina). The following run
metrics were applied: Read 1: 250 cycles, Index 1: 8 cycles,
Index 2: 0 cycles, and Read 2: 250 cycles.

Sample TBG was sequenced on HiSeq2500 Rapid Run V2
mode (lllumina, on 150-bp sequences). About 5849 M
(121.71 M) reads were created. These were assembled on
Supernova 2.0.0 giving raw coverage 27.66x and effective
coverage 22.07 x. The molecule length was 57.19 kb. The as-
sembly size, counting only scaffolds longer than 10kb was
58.84 Mb, and the Scaffold N50 was 33.92 kb.

Sample SNO was sequenced on HiSeq2500 Rapid Run V2
mode (lllumina, on 150-bp sequences). About 82.10 M reads
were created. These were assembled on Supernova 2.0.0 giv-
ing raw coverage 57.91x and effective coverage 45.30%. The
molecule length was 26.58 Kb. The assembly size, counting
only scaffolds longer than 10kb was 127.02Mb and the
Scaffold N50 was 219Mb (supplementary table S2,
Supplementary Material online).

We analyzed the gene content using BUSCO, and the
results showed that the gene space of the diploid
A. arenosa assembly was nearly complete with 97.5% of the
plant specific BUSCOs present and 1.4% missing completely.
Of these, 4.7% were duplicate copies.

With the tetraploid A. arenosa assembly, we captured
98.5% of the core plant genes and had 1.3% missing. Since
the plant is a tetraploid, the rate of duplicate genes was high
in the assembly, and total of 82.8% of the core plant genes
were found as duplicates. This is not surprising especially
since the plant was from the TBG population that is in the
railway lineage and hence shows secondary admixture from a
diploid A. arenosa lineage (Monnahan et al. 2019). Thus when
working with the TBG fragmented assembly, we always
checked the variation among all diploid and nonadmixed
tetraploid populations for confirmation which of the two
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cooccurring  haplotypes is dominating our tetraploid
sampling.

Detecting Signatures of Positive Selection Acting on
Meiosis Proteins

Meiosis Protein Identification, Processing, and Annotation
We annotated each SNP in the genomewide data set and
assigned it to a gene using SnpEff 4.3 (Cingolani et al. 2012)
and following A. lyrata version 2 genome annotation (Rawat
et al. 2015). Annotated variants genomewide were extracted
from vcf format to table using SnpSift, part of SnpEff 4.3, with
flags “CHROM POS REF ALT AC AN ‘ANN[*].HGVS_P" and
these tables were used as the basis for the subsequent analysis
of positive selection. Next, we identified a list of 78 proteins
related to meiosis was based on Yant et al. (2013) and
updated by searching PID, AraNet (Probabilistic Functional
Gene Network of A. thaliana) and A. thaliana orthologs in
TAIR database (Berardini et al. 2015) and using the list of
meiosis proteins from (Sanchez-Moran et al. 2005). ZYP1A,
which is not present in the A. lyrata version 2 annotation, was
added manually based on gene model available from the
previous study (Yant et al. 2013). We assigned it with ID
AL1G35725 to place it in the correct order into the reference
gff3 file. We further validated that the meiosis genes were
expressed in A. arenosa using an available RNASeq data set
(supplementary text 4, Supplementary Material online).

We found seven meiosis genes (SHOC1, SCC1, SCC2, SCC3,
SCC4, MSH4, and SMC6A), where duplicated regions mapped
to the same reference loci or where the reads were mis-
mapped when aligning to the A. lyrata reference (Hu et al.
2011). To overcome this problem, we realigned these loci
separately to our own A. arenosa diploid reference. To do
so, we took the A. arenosa reference sequence and found the
A. lyrata genes in the assembly using bwa 0.7.12 (Li 2013). We
extracted 20 kb upstream and downstream from the gene
and created a new reference with just these seven genes.
Then we mapped the raw reads from each of the 291 samples
back to this reference, following the same procedure which
we used for mapping to A. lyrata. The heterozygosity and
coverage of newly remapped genes stayed within the
genomewide average. The commands that were used are
available at (github.com/paajanen/meiosis_protein_evolu-
tion/). We built a separate A. arenosa database for these
mismapped genes using our A. arenosa reference sequence
and gff3 files made manually based on A. lyrata V2 gff3 using
Geneious 11.0.3. The SnpEff analyses then followed the above
outlined procedure and the total list of all 78 meiosis genes
was analyzed jointly hereafter.

Scans for Positive Selection with Likely Functional
Consequences Acting on Meiosis Proteins

To infer candidate AASs within our data set of 78 meiosis
genes, highly differentiated between lineages and with likely
impact on protein function, we combined a differentiation-
based positive selection scan (Fsp, Hudson et al. 1992) with
genome scanning method accounting for theoretical
functional consequence of each AAS (modified FineMAV,
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Szpak et al. 2018). Both methods are well suited to infer
signatures of recent (within species) positive selection
(Oleksyk et al. 2010; Vitti et al. 2013). We used both
approaches based on population allele frequencies, allowing
joint analysis of diploid and autopolyploid populations. We
screened for positive selection 1) among the five diploid lin-
eages (fig. 1A) and 2) between all diploids and tetraploids. We
considered only AASs that were outliers in both selection
scans as putative positive selection candidates. For these anal-
yses, we worked with six lineages in total, covering a full
known distribution range of A. arenosa (fig. 1A and B; Kolar
et al. 2016; Monnahan et al. 2019): Pannonian, Dinaric, Baltic,
Southeastern Carpathian, and Western Carpathian (diploid
lineages, subsampled to 32 chromosomes each) and tetra-
ploid (subsampled to 160 chromosomes and contrasted to
the sum of all 160 diploid chromosomes). A reanalysis of
diploid—tetraploid selection scans using 16 diploid and 16
tetraploid individuals (comparable with the sample size of
diploid) did not yield qualitatively different results. First, for
each lineage pair, we calculated Fs; for all nonsynonymous
SNPs (i.e, AASs) across the 78 meiosis proteins. We used
Hudson'’s Fsr estimator, which is suitable for a single variant
calculations (Bhatia et al. 2013). Next, we calculared distribu-
tion of Fsr over all synonymous (i.e, putatively functionally
neutral) SNPs genomewide. We used the 99th quantile of this
“neutral” distribution as a threshold for identification of out-
lier AASs. The neutral synonymous Fsr quantiles did not differ
significantly from those derived from nonsynonymous SNPs
(supplementary table 511, Supplementary Material online,
Wilcoxon rank sum test, W = 69.5, P value = 0.58, n=11).
However, the quantile values were consistently slightly lower
for nonsynonymous SNPs (supplementary table S11,
Supplementary Material online), making the use of synony-
mous fsr quantiles more conservative. All calculations were
performed using ScanTools_ProtEvol, and custom R scripts
(github.com/mbohutinska/ProtEvol/).

Second, we adopted the Fine-Mapping of Adaptive
Variation (FineMAYV, Szpak et al. 2018) and modified it to
fit the resources available for A. lyrata reference genome.
Specifically, we replaced CADD, the functional score available
for human reference (Szpak et al. 2018; Rentzsch et al. 2019),
by 1) the Grantham score (Grantham 1974), which is a purely
theoretical AAS value, encoded in the Grantham matrix,
where each element shows the differences of physicochemical
properties between two amino acids and 2) the SIFT anno-
tation score (Kumar et al. 2009), which estimated the effect of
amino acid change based on sequence homology across avail-
able reference sequences and physical properties of amino
acids. To estimate the SIFT scores specifically for our data set,
we created a SIFT annotation of our vcf-file using A. lyrata
dartabase v.1.0.23 from SIFT website (https://sift.bii.a-star.edu.
sg/siftag/, last accessed February 3, 2021). The annotation was
done using SIFT4G algorithm (command java -jar
SIFT4G_Annotator_v24jar -c -i inputvcf -d ./Lyrata_db/
v.1.0.23/-r annotated). We rescaled the SIFT score to be 1
when it is most deleterious and 0 when it is most tolerated.
Next, we estimated the population genetic component of
FineMAV (see Szpak et al. 2018 for details on calculations)

using allele frequency information at each site (considering
minor frequency allele as derived) and DAP parameter of 3.5.
Finally, for each AAS, we assigned Grantham scores and SIFT
scores, together with population genetic component of
FineMAV, using a custom scripts in Python 2.7.10 and the
Biopython 1.69 package. By rescaling the SIFT scores, we en-
sured that for both functional score, higher value indicate
more likely impact of the AASs to the protein function.
Finally, we identified the overlap of top 1% outlier AASs iden-
tified in the FineMAV analysis with SIFT scores and with
Grantham scores and considered these double outlier AASs
as a final candidate identified in FineMAV analysis. All the
calculations were performed using code available at (github.-
com/paajanen/meiosis_protein_evolution).

We note that the SIFT database was developed for
A. lyrata annotation version 1, and do not contain all meiosis
proteins from our list. Thus, we did not obtain any SIFT score
for SCC3, MSH4, SMC6A, and ZYP1a and we only considered
Grantham scores for them (supplementary tables S5 and $6,
Supplementary Material online).

Finally, we controlled for the presence of differentiated
indel variants in all candidate meiosis proteins by inspecting
their alignment files of the RNA-Seq mapping and screening
their gene sequences in the newly generated diploid and
tetraploid draft assemblies. We identified only three indel
variants differentiated between diploids and tetraploids and
neither of them was a frameshift mutation affecting any of
our candidate AASs. Thus, the indel variants should not affect
the interpretations of our SNP-based selection scans.

Finally, to further assess selection acting on meiotic pro-
teins, we conducted a McDonald-Kreitman test, which is a
powerful approach for detecting selection in proteins
(McDonald and Kreitman 1991, Smith and Eyre-Walker
2002). We calculated alpha, which quantifies the proportion
of divergence driven by positive selection and is defined as
o =1 — (DsPn)/(DnPs), where Ds and Dy are the numbers
synonymous and nonsynonymous substitutions per gene, re-
spectively, and Ps and Py are the numbers of synonymous
and nonsynonymous polymorphisms per gene. The diver-
gence between diploids and tetraploids of A. arenosa is too
recent to satisfy the assumption of fixation of nucleotide
substitutions within species. We thus estimated nucleotide
divergence values (Ds, Dy) using the upper 1% outliers of
allele frequency differences (AFD) between diploids and tet-
raploids (upper 1% AFD outlier treshold = 0.53). It has also
been suggested that it is important to exclude rare polymor-
phisms to minimize the impact of slightly deleterious muta-
tions on the estimate of adaptive evolution (Charlesworth
and Eyre-Walker 2008). Thus, we excluded variants with over-
all allele frequency lower than 0.15 (following Fay et al. 20071;
Zhang 2005).

Ortholog Search and Analysis of Evolutionary Conservation
of Candidate AASs

To examine the tendency of candidate AASs to affect con-
served sites, we compared levels of pairwise alignment iden-
tity (PAl, mean pairwise identity over all pairs in the

1989

L Z0Z Bunp || U0 Jasn AJisIeAlun SepeYD ‘2ousng Jo Aynoe4 ‘ABojoisAud jue|d jo yuewyuedaq AQ 0080Z | 9/0861 /S/gE/R1RIME/aquW Woa dno-olapese/ :isdjy Wol) peapeojumog



a4

Bohutinska et al. - doi:10.1093/molbev/msab001

MBE

alignment column) of the 78 meiosis protein sequences
across the proteomes of 17 Malvidae reference genomes.
To do so, we downloaded A. lyrata sequences of the meiosis
proteins from Phytozome12.1 database (www.phytozome,jgi.
doegov, last accessed August 7, 2018) and used as query
sequences to identify orthologs of 17 Malvidae species pro-
teomes. Species included in the search were Arabidopsis hal-
leri, A. thaliana, Boechera stricta, Capsella grandiflora, Capsella
rubella, Eutrema salsugineum, Brassica rapa, Brassica oleracea,
Populus trichocarpa, Salix purpurea, Theobroma cacao,
Manihot esculenta, Gossypium raimondii, Carica papaya,
Citrus clementina, Citrus sinensis, and Linum usitatissimum.
We performed searches using the BlastP program in
Phytozome with proteome as target type, e-threshold —1
and BLOSUMG2 comparison matrix. In case of identification
of multiple orthologs (i.e., multiple hits for the same species),
only the ortholog with the lowest e-value was considered. The
number of sequences in protein alignments ranged 13-17
(16,5 on average, supplementary table 512, Supplementary
Material online). We aligned protein sequences of all identi-
fied orthologs using MUSCLE as implemented in Geneious
v11 (Kearse et al. 2012), with default settings (UPGMB clus-
tering method, terminal gaps full penalty, gap open score —1,
window size five). PAl was extracted for each reference
(A. lyrata) amino acid and we tested the difference in the
PAI of diploid and tetraploid candidate AASs sites using
Wilcoxon rank sum test (R package stats, R Core Team 2018).

Distinguishing between Positive Selection on De Novo
Mutations and Standing Variation

We used a three-step procedure to distinguish whether pos-
itive selection in each candidate meiosis protein likely acted
on de novo mutations or standing variation: 1) search for the
presence of candidate tetraploid-differentiated AASs across
full sampling of individuals from all known diploid lineages of
A. arenosa, 2) search for the presence of tetraploid-
differentiated haplotypes across these diploid individuals,
and 3) study of uniqueness of tetraploid haplotypes by com-
paring their differentiation from diploids to their overall dip-
loid diversity.

In order to conclude that positive selection in a candidate
meiosis protein likely acted on de novo variation, we
requested that all three of these criteria pointed toward de
novo origin in tetraploids; that is, that at least some of its
candidate tetraploid-differentiated AASs were not found in
any diploid individual, the complete tetraploid haplotype was
not find in any diploid individual, and the tetraploid haplo-
type divergence from the diploid exceeds the overall diploid
diversity (diploid-tetraploid Hamming distance exceeding
diploid Hamming diameter).

The Presence of Candidate Tetraploid-Differentiated AASs in
Diploid Lineages

To identify possible standing variation for the tetraploid
alleles, we searched for the presence of each candidate
tetraploid-differentiated AASs in diploids. We analyzed the
full sampling of all 105 individuals from the 14 diploid
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populations, covering all known lineages of A. arenosa
(fig. 1A, Kolar et al. 2016; Monnahan et al. 2019). The rare-
faction analysis implies that our sample of 105 individuals is
sufficient to converge on the true diversity of A. arenosa
diploids. In fact, the rarefaction curve (supplementary fig
$3, Supplementary Material online) suggests that as little as
40 diploid individuals sampled across the A. arenosa species
range would be enough to cover most of its diploid diversity.

Reconstructed Haplotypes across Linked Candidate AASs

To search for the presence of tetraploid haplotypes in dip-
loids, we reconstructed lineage-specific haplotypes and their
allele frequencies across the sets of linked candidate AASs
within each candidate protein in tetraploids (supplementary
table S6, Supplementary Material online). We used this sim-
plified procedure as we were not able to use standard phasing
procedures reliably, due to the fact that we were using short
reads and working with tetraploids (Kyriakidou et al. 2018).

For each protein, with n candidate AAS sites in the data set
of 145 individuals consisting of 105 diploids and 40 tetra-
ploids, we defined M; to be the major allele frequency at
the candidate AAS site i, given that the sample consists of
160 tetraploid haplotypes, and 210 diploid haplotypes, this
major allele frequency is going to be dominated by the diploid
haplotype, thus we define the ancestral (i.e, diploid) haplo-
type allele frequency as HAF; = min{M;}, and consequently,
we define the derived (ie, tetraploid) HAF as
HAF, = 1 — max{M; }. We further define the frequency of
all other haplotypes, which result from recombination of the
two previous, as HAF, = 1 — HAF, — HAF,.

We checked for reliability of our approach by extracting
haplotypes from our diploid and tetraploid assemblies.
Extracted diploid and tetraploid haplotypes of candidate mei-
osis proteins were consistent with the diploid and tetraploid
haplotypes combined based on the allele frequencies at can-
didate AAS sites.

For all calculations, we used our in-house R script (github.
com/mbohutinska/ProtEvol).

Hamming Distance and Diameter
In order to study the uniqueness of the tetraploid haplotypes,
we defined a measure based on maximum pairwise Hamming
distance within a sample (Robinson 2003). In our setting, the
Hamming distance compares distances between genotypes,
for diploids we first define a distance between alleles such that
if the genotypes of two different plants at a given loci is AA aa
or aa AA, the genotypic distance is 1, and for pairs AA Aa, Aa
aa, Aa Aa, Aa AA, AA AA, aa Aa, the genotypic distance is 0.
For tetraploids, we define the genotypic distance to be 1 if the
pairs of genotypes are AAAA aaaa, AAAa aaaa, AAAA Aaaa,
aaaA AAAA, aaaa AAAa, aaaa AAAA and 0 otherwise. For
diploid/tetraploid comparison, we define the genotypic dis-
tance to be 1 for the pairs AA aaaa, AA Aaaa, aa AAAA, aa
AAAa and 0 otherwise.

The Hamming distance is the sum over all positions that
are different. The maximum pairwise numbers are called the
Hamming diameter. If the Hamming distance between
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diploids and tetraploids exceeds Hamming diameter within
diploids, it becomes plausible that the AASs forming the tet-
raploid haplotypes originated de novo. This is a conservative
indication of possible de novo origin of the tetraploid haplo-
type, as the fact that all the AASs forming the tetraploid
haplotype are standing in the diploids does not imply that
the complete tetraploid haplotype preexisted in any diploid
individual.

The code used for the calculations is available in github
(hteps://github.com/paajanen/meiosis_protein_evolution/).

Compensatory Evolution and Coevolution

Timing of Sweeps Using the Haplotype Information
Assuming hard sweep, the sweeping allele initially clears var-
iation on the swept haplotype in a population, but over time,
new variants accumulate. In addition, recombination causes
the length of swept haplotypes to decline over time (Ormond
et al. 2016; Stephan 2019). We thus combined these two
metrics to infer the relative age of selection sweeps within
the subset of six candidate meiosis proteins with signs of de
novo origin of the selected haplotype. For each meiosis pro-
tein, we used the haplotype interval between first and last
candidate AASs. We took the length of the haplotype in base
pairs and measured how many new mutations had appeared
in the set of the tetraploid genomes between the first and the
last candidate AAS, excluding the candidate AASs, and nor-
malized this count by the length of the haplotype. Finally, we
considered the protein with the highest proportion of accu-
mulated mutations in the selected haplotype as the oldest.
Note that the short-read population genomic tetraploid data
did not allow for reliable phasing so we could not use any
method relying on haplotype length decay across individuals.

Secondary Structure Prediction in a Subset of Candidate
Meiosis Proteins

Coding sequences of candidate meiotic genes were extracted
from our diploid and tetraploid A. arenosa reference
genomes. Open-reading frames were translated into amino
acid sequences using Geneious v11 (Kearse et al. 2012). The
presence of characteristic amino acid polymorphisms found
in this study, conserved in diploid and tetraploid A. arenosa,
could be confirmed in the extracted sequences. The online
tool PSIPRED was used to predict secondary protein struc-
tures (Jones 1999 bioinfcs.uclacuk/psipred/, last accessed
February 3, 2021). The PSIPRED algorithm calculates the like-
lihood of local amino acid interactions including coil (G dis-
ordered), helix (H), or sheet structures (E) for every amino
acid position. The folding of amino acid chains into 3D struc-
tures is influenced by local forces (interactions between close
amino acid residues, connected neighbors), which determine
the secondary structure, and nonlocal forces (topological
neighbors), which lead to the tertiary structure. The
PSIPRED algorithm includes two feed-forward neural net-
works that perform an analysis of the output of PSI-Blast
(position-specific iterated-Blast), which in turn is based on
an alignment of multiple protein sequences. To compare
secondary structures of meiotic proteins with each other,

sequences of secondary structures from diploid and tetra-
ploid A. arenosa were pairwise aligned using the Geneious
alignment tool with default settings. Structure identity scores
(0; 1) were extracted and plotted together with the identities
of the amino acid sequences. Binding sites were identified by
literature search: PDS5b-binding site in REC8/SYN1 (Muir
et al. 2016), SCC3-binding site in REC8/SYN1- and REC8/
SYN1-binding sites in SCC3 (Roig et al. 2014; Orgil et al.
2015), and WAPL-binding site in PDS5b (Ouyang et al. 2016).

Evidence for MNMs

We observed that in some of our candidate proteins, the
candidate AASs were <20bp apart (supplementary tables
S5 and S6, Supplementary Material online), a common rough
way how to define MNMs in human or Drosophila (Schrider
et al. 2011; Besenbacher et al. 2016). Thus, we tested if dis-
tances between our candidate AASs in tetraploids were sig-
nificantly shorter than distances between sites harboring
missense SNPs in genes genomewide. We repeated the anal-
ysis over tetraploid individuals from the subsampled data set
and the results were consistent, so we report results for the
individual with the highest coverage SWA_002_1. We used
Wilcoxon rank sum test to compare distances between can-
didate AASs within candidate meiosis proteins and any SNPs
genomewide (R package stats, R Core Team 2018).

Another evidence for MNMs is a significant excess of trans-
versions relative to transitions compared with genomewide
counts. Thus, for each SNP, we determined if it is a transition
or transversion using SnpEff (Cingolani et al. 2012) and tested
for excess of transversions relative to transitions in our can-
didate proteins compared with genomewide counts using z
test (R package stats, R Core Team 2018).

Code Availability

Custom scripts used in this paper are available at the follow-
ing github repositories hteps://github.com/mbohutinska/
ProtEvol,
ProtEvol,
evolution.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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Abstract

Whole genome duplication (WGD) can promote adaptation but is disruptive to conserved processes,
especially meiosis. Studies in Arabidopsis arenosa revealed a coordinated evolutionary response to
WGD involving interacting proteins controlling meiotic crossovers, which are minimised in an
autotetraploid (within-species polyploid) to avoid mis-segregation. Here we test whether this
surprising flexibility of a conserved essential process, meiosis, is recapitulated in an independent
WGD system, Cardamine amara, 17 million years diverged from A. arenosa. We assess meiotic
stability and perform population-based scans for positive selection, contrasting the genomic response
to WGD in C. amara with that of A. arenosa. We found in C. amara the strongest selection signals at
genes with predicted functions thought important to adaptation to WGD: meiosis, chromosome
remodelling, cell cycle, and ion transport. However, genomic responses to WGD in the two species
differ: minimal ortholog-level convergence emerged, with none of the meiosis genes found in A.
arenosa exhibiting strong signal in C. amara. This is consistent with our observations of lower meiotic
stability and occasional clonal spreading in diploid C. amara, suggesting that nascent C. amara
autotetraploid lineages were preadapted by their diploid lifestyle to survive while enduring reduced
meiotic fidelity. However, in contrast to a lack of ortholog convergence, we see process-level and
network convergence in DNA management, chromosome organisation, stress signalling, and ion
homeostasis processes. This gives the first insight into the salient adaptations required to meet the
challenges of a WGD state and shows that autopolyploids can utilize multiple evolutionary trajectories

to adapt to WGD.

Introduction

Whole genome duplication (WGD) is both a massive mutation and a powerful force in evolution. The
opportunities and challenges presented by WGD emerge immediately, realised in a single generation.
As such, WGD comes as a shock to the system. Autopolyploids, formed by within-species WGD
(without hybridization), result from the chance encounter of unreduced gametes (with diverse
underlying factors, see Mason and Pires 2015). Thus, they typically harbour four full haploid genomes
that are similar in all pairwise combinations, resulting in a lack of pairing partner preferences at
meiosis. This, combined with multiple crossover events per chromosome pair, can result in

multivalents among three or more homologs at anaphase, increasing the likelihood of mis-

LZ0Z aunr | | uo Jasn AjIsisaun sauey ) ‘eousag jo Aynoed ‘ABojpisAud ueld Jo wswpedsq AqQ #1.88029/9609ESW/ASIOWE G0 | 01 /10P/R191E-80 UBAPEIAqUW /WO dNo DIWspeIE /s Ay WO Papeo|UMO]



85

segregation or chromosome breakage, leading to aneuploidy (Bomblies and Madlung 2014; Bomblies
et al. 2016). Beyond this, WGD presents a suddenly transformed intracellular landscape to the
conserved workings of the cell, such as altered ion homeostasis and a host of nucleotypic factors
related to cell size, volume, and cell cycle progression (Chao et al. 2013; Yant and Bomblies 2015;

Doyle and Coate 2019; Bomblies 2020).

Despite this, some lineages survive this early trauma and successfully speciate, with direct empirical
evidence of the increased adaptability of autopolyploid lineages from in vitro evolutionary
competition experiments in yeast (Selmecki et al. 2015). With increased ploidy, genetic variability can
be maintained in a masked state, with evidence of young WGD lineages further recruiting diverse
alleles by gene flow across ploidies, and indeed, species (Arnold et al. 2016; Marburger et al. 2019;
Monnahan et al. 2019). At the genomic level, recent detailed understanding of gene flow following
WGD supports the idea that WGD can cause the breakdown of species barriers present in diploids.
Evidence for this has come from both plants (A. arenosa/Arabidopsis lyrata (Schmickl and Koch 2011))
and animals (the frog genus Neobatrachus (Novikova et al. 2020), reviewed in Schmickl and Yant
2021). In both examples WGD led to niche expansion (Molina-Henao and Hopkins 2019; Novikova et
al. 2020) and the invasion of particularly challenging environments relative to the diploid: in the case
of polyploid frogs, the desert (Novikova et al. 2020) and polyploid A. arenosa, metal-contaminated
mines and serpentine barrens (Arnold et al. 2016; Preite et al. 2019; Konecna et al. 2021). Thus, while
clear challenges must be overcome to function as a polyploid (Bomblies et al. 2015; Yant and
Bomblies 2015; Baduel, et al. 2018), novel population genomic and ecological opportunities await a

lineage that successfully adapts to a WGD state (Yant and Bomblies, 2015; Baduel et al., 2018).

The functional and genomic basis for adaptation to WGD has been closely investigated in A. arenosa,
which exists as both diploid and young autotetraploid lineages (~20,000 generation old; Kolaf et al.,
2016; Arnold et al. 2015). Population genomic scans for selection using a diversity of metrics have
shown the strongest signals of positive selection following WGD in A. arenosa as sharp, single-gene
peaks over 10 genes that physically and functionally interact to control meiotic chromosome
crossovers (Hollister et al. 2012; Yant et al. 2013; Bohutinskd et al. 2021). During early meiotic
chromosome crossover formation in an autotetraploid, the four copies of each chromosome are

impossible to distinguish. Thus, crossovers can occur haphazardly in any pairwise manner. If more
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than one crossover per chromosome pair is allowed to occur, multivalent associations can result,
leading to aneuploidy at anaphase. Thus a reduction in the number of meiotic crossovers to one per
chromosome pair stands as the leading candidate process mediating adaptation to WGD (Bomblies et
al. 2016). In the young A. arenosa autotetraploids harbouring these derived alleles, we observed a
decrease in meiotic crossover number as well as fewer multivalents relative to synthetic
autopolyploids with ancestral-like diploid alleles (Yant et al. 2013). Recent work found that the closely
related sister species Arabidopsis lyrata, which contains a younger autotetraploid lineage, also
harbours many of the same selected alleles discovered in A. arenosa (Marburger et al. 2019).
Moreover, from a joint population genomic analysis of both species across an established natural
hybrid zone between A. arenosa and A. lyrata, clear gene sized signals of directional adaptive gene
flow and positive selection emerge precisely at these alleles specifically between the two tetraploids
(Marburger et al. 2019; Seear et al. 2020), indicating that A. lyrata and A. arenosa WGD stabilisation
events are not fully independent. Among these candidate adaptive alleles at least one has been
functionally shown to modulate adaptive decreases in crossover numbers (Morgan et al. 2020; Seear

et al. 2020),

Here we use an independent system, ~17 million years diverged from both A. arenosa and A. lyrata
(Huang et al. 2020), to test the hypothesis that this solution of meiosis gene evolution is repeated,
and if not, whether changes in other genes from analogous processes are associated with adaptation
to WGD. Given the clear results in A. arenosa and A. lyrata, we hypothesised that the adaptive
trajectories which are available to mediate adaptation to a WGD state are constrained, leading to
repeated selection of the same suite of meiosis genes. Such a result would offer a striking case of
convergent evolution in core cellular processes. To test this hypothesis, we take advantage of a well-
characterised model, Cardamine amara (Brassicaceae, tribe Cardamineae). A large-scale cytotyping
survey of over ~3,300 individuals in 302 populations and genetic analysis detail the demographic
relationships of this diploid/tetraploid complex in the Eastern and Central Alps (Zozomova-Lihova et
al., 2015). Comparison of genotyping results of this study with simulations indicates a single
autotetraploid origin. Importantly, C. amara is a perennial herb harbouring a high level of genetic
diversity and shares with A. arenosa a similar distribution range and evolutionary history, with a likely
single geographic origin, followed by autotetraploid expansion associated with glacial oscillations

(Marhold et al. 2002; Zozomova-Lihova et al. 2015).
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To test our hypothesis that gene-level evolutionary convergence is likely following WGD, we
performed genome scans for positive selection in both C. amara and A. arenosa, contrasting natural
autotetraploid and diploid populations in both species. Because there was no reference genome
available for C. amara, we first generated a novel quality reference. We then tested for convergence
in the evolutionary response to WGD at the level of the ortholog, process, and network in a sampling
of 100 C. amara and 120 A. arenosa individuals from well-assessed ranges (Arnold et al. 2015;
Zozomova-Lihova et al. 2015; Kolaf et al. 2016; Monnahan et al. 2019). Overall, we found that the
evolutionary response to WGD in C. amara is very different to that of A. arenosa, with none of the
orthologous meiosis-related genes that control meiotic chromosome crossovers in A. arenosa under
strong selection in C. amara. In contrast, we find a clear signal of process-level convergence in core

pathways controlling DNA management and chromosome organisation.

Results and Discussion

Reference genome, population selection, sampling and genetic structure. Because C. amara is ~17
million years diverged from A. arenosa (Huang et al. 2020), using the same reference genome for
mapping reads of both species would result in unacceptably low mapping efficiencies and missing
data. We therefore first generated a novel reference genome for C. amara (N50 = 1.82 mb, 95%
complete BUSCOs; see Methods). We then resequenced in triplicate four populations of contrasting
ploidy, sampling 100 individuals: two diploid (LUZ, VRK) and two autotetraploid (CEZ, PIC; Fig. 1a;
Supplementary Table 1). We chose these populations based on a comprehensive cytological and
demographic survey of ~3,300 C. amara samples throughout the Czech Republic (Zozomova-Lihova et
al. 2015). Sampled plants were spaced at least 3 m apart, as this distance was sufficient to avoid
resampling of identical clones in that study. We chose populations to represent core areas of each
cytotype, away from potential hybrid zones and distant from any triploid-containing populations
based on (Zozomova-Lihova et al. 2015). Further, we performed flow cytometry on every sample

sequenced to verify expected ploidy.
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Figure 1. Sampling and population structure of Cardamine amara. a, Locations of diploid (red) and

autotetraploid (blue) C. amarao populations sampled. Scale bar corresponds to 200 km; shaded area represents
each cytotype range in (Zozomova-Lihova et al., 2015). b, Population differentiation represented by Principal
Component Analysis of ~124,000 fourfold degenerate SNPs. ¢, Phylogenetic relationships and migration events
between populations inferred by TreeMix analysis. X-axis shows the drift estimation, corresponding to the
number of generations separating the two populations (t), and effective population size (N) (Pickrell and
Pritchard 2012). Node labels show bootstrap support, and the arrow indicates the most likely migration event
(migration weight, which can be interpreted as a moderate degree of admixture = 0.18, similar to A. arenosa,
shown in Supplementary Fig. 1). Additional migration events did not improve the model likelihood. d, Rank
Sum design used in divergence scans to minimise potential bias of population-specific divergence. p1 to p4
represent the between-ploidy contrasts used for the rank sum calculations. dd and tt represent within-ploidy

contrasts used to subtract signal of local population history within each cytotype.

To obtain robust population allele frequency estimates across genomes, we performed a replicated
pooled sequencing approach. From every population we pooled DNA from 25 individuals and
generated on average 31 million reads per sample (for all samples we generated triplicate DNA preps,
pooling, and sequencing to control for potential sampling error: details in Methods) and mapped
reads to our new C. amara assembly (mean coverage per population = 86, Supplementary Table 2).

After mapping, variant calling and quality filtration, we obtained a final dataset of 2,477,517 SNPs.
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The first PCA axis dominantly explained 43% of variation (Fig. 1b) and was consistent with
differentiation primarily by geographic distribution or ploidy (which coincide), followed by
differentiation between the two diploid populations from each other (second axis explaining 28% of
variation). The two autotetraploid populations clustered together in the TreeMix graph (Fig. 1c) and
had the lowest genetic differentiation of all contrasts (Fst = 0.04, mean allele frequency difference =
0.06, Table 1) and lacked any fixed SNP difference whatsoever (Table 1). This high genetic similarity
and spatial arrangement (the populations represent part of a continuous range of the autotetraploid
cytotype), suggest that both autotetraploid populations represent the outcome of a single
polyploidization event, in line with previous assessments (Marhold et al., 2002; Zozomova-Lihova et
al., 2015), although multiple tetraploid origins cannot be ruled out. The absence of individual-level
genotype information did not allow for exact dating, but nearly identical levels of interploidy
divergence in both C. amara and A. arenosa (average Fst between diploids and autotetraploids = 0.10
and 0.11, respectively) and comparable drift estimates in TreeMix (Supplementary Fig. 1), suggested
that the polyploidization may be roughly the same age (Table 1). Supporting this, both WGD events
were estimated to correspond with the end of the last European glaciation (Marhold et al., 2002;

Arnold et al., 2015; Zozomova-Lihova et al., 2015).

Table 1. Measures of genome-wide differentiation between C. amara and A. arenosa populations

Populations Ploidies Mean Fixed Mean 4 snps
AFD diffs Fst

PIC - VKR 4x - 2x 0.09 30 0.09 2,326,315
PIC-LUZ 4x - 2x 0.09 2 0.08 2,314,229
CEZ- VKR 4x - 2x 0.11 120 0.12 2,333,538
CEZ-LUZ ax - 2 0.11 86 0.11 2,335,004
CEZ-PIC 4x - 4x 0.06 0 0.04 2,297,229
LUZ - VKR 2% - 2x 0.1 6 0.09 2,018,892
A. arenosa tetraploids - A. arenosa diploids ~ 4x - 2x 0.05 21 0.11 7,106,848

Note: Differentiation metrics shown are genome-wide mean allele frequency difference between populations
(Mean AFD), the number of fixed differences (Fixed diffs) and mean Fst (Nei 1972). In the case of A. arenosa,
Fst in diploids is calculated as a mean over all pairwise Fst measurements between the five previously

characterised diploid lineages (Monnahan et al. 2019).
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Selection specifically associated with WGD in C. amara. To minimise false positives due to local
population history we leveraged a quartet-based design (Vijay et al. 2016), consisting of two diploid
and two autotetraploid populations (details in Methods). The mean number of SNPs per population
contrast was 2,270,868 (Table 1). We calculated Fst for 1 kb windows with a minimum 20 SNPs for all
six possible population contrasts (Fig. 1d), and ranked windows based on Fst values. To focus on
WGD-associated adaptation, we first assigned ranks to each window based on the Fst values in each
of four possible pairwise diploid-autotetraploid contrasts and identified windows in the top 1%
outliers of the resultant combined rank sum (Fig. 1d, contrasts p1-p4). We then excluded any window
which was also present in the top 1% Fst outliers in diploid-diploid or autotetraploid-autotetraploid
population contrasts to avoid misattribution caused by local population history (Fig. 1c, contrasts tt
and dd). By this approach, we identified 440 windows that intersected 229 gene coding loci
(Supplementary Dataset 1; termed WGD adaptation candidates below). To control for possible biases
due to suboptimal window size selection, we recalculated Fst on a SNP-by-SNP basis, considering
genes with 5 or more SNPs. This approach resulted in the comparable candidate list to the window-

based analysis (see Methods). Larger windows (50kb) failed to detect peaks of divergence.

Among these 229 gene coding loci, a Gene Ontology (GO) term analysis yielded 22 significantly
enriched hiological processes (Fisher’s exact test with conservative ‘elim’ method, p < 0.05,
Supplementary Table 3). To further control for false positives and refine this candidate list to
putatively functional candidates, we complemented these differentiation measures with a
guantitative estimate that incorporates potential functional impact of encoded derived amino acid
changes, following the FineMAV method (Szpak et al. 2018) (see Methods for a full description). In
short, as an orthogonal complement to Fst scans above, FineMAV assigns SNPs a score based on the
predicted functional consequences of resultant amino acid substitutions using Grantham scores, and
amplifies these by the per-cytotype allele frequency difference between the two amino acids (Szpak
et al., 2018, Bohutinska et al. 2021). This allowed us to focus on radical amino acid changes driven to
high frequency specifically in the autotetraploids. From our 229 Fst window-based WGD adaptation
candidates, 120 contained at least one 1% FineMAV outlier amino acid substitution (Supplementary

Datasets 1 and 2).
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DNA maintenance (repair, chromosome organisation) and meiosis under selection in C. amara. Of
the 22 significantly enriched GO processes, the most enriched by far was DNA metabolic process (p-
value = 6.50E-08, vs 0.00021 for the next most confident enrichment), although there was also
enrichment for chromosome organization and meiotic cell cycle. The 40 genes contributing to these
categories showed highly localised peaks of differentiation (Fig. 2), as well as 1% FineMAY outlier
SNPs in coding regions (Fig. 2, Supplementary Datasets 1 and 2). These genes also clustered in STRING
interaction networks, suggesting coevolutionary dynamics driving the observed selection signals
(Supplementary Fig. 2; see Methods). The largest cluster comprised of MSH6, PDS5e, SMC2, MS5, PKL,
HDA18, CRC, and homologs of two uncharacterised, but putative DNA repair related loci AT1G52950
and AT3G02820 (containing SWI3 domain). MutS Homolog 6 (MSH6) is a component of the post-
replicative DNA mismatch repair system. It forms a heterodimer with MSH2 which binds to DNA
mismatches (Culligan and Hays 2000; Wu et al. 2003), enhancing mismatch recognition. MutS
homologs have also been shown to control crossover number in A. thaliana (Lu et al. 2008). The C.
amara ortholog of AT1G15940 is a close homolog of PDS5, a protein required in fungi and animals for
formation of the synaptonemal complex and sister chromatid cohesion (Panizza et al. 2000).
Structural Maintenance Of Chromosomes 2 (SMC2/TTN3) is a central component of the condensin
complex, which is required for segregation of homologous chromosomes at meiosis (Siddiqui et al.
2003) and stable mitosis (Liu and Meinke 1998). PICKLE (PKL) is a SWI/SWF nuclear-localized
chromatin remodelling factor (Ogas et al., 1999; Shaked et al., 2006) that also has highly pleiotropic
roles in osmotic stress response (Perruc et al., 2007), stomatal aperture (Kang et al. 2018), root
meristem activity (Aichinger et al. 2011), and flowering time (Jing et al.,, 2019). Beyond this cluster,
other related DNA metabolism genes among our top outliers include DAYSLEEPER (Fig. 2), a
domesticated transposase that is essential for development, first isolated as binding the Kubox1 motif
upstream of the DNA repair gene Ku70 (Bundock and Hooykaas 2005). The complex Ku70/Ku80
regulate non-homologous end joining (NHEJ) double-strand break repair (Tamura et al. 2002).
Consistent with this, DAYSLEEPER mutants accumulate DNA damage (Knip 2012), but the exact role of
DAYSLEEPER in normal DNA maintenance is not yet understood. Interesting also is the identification
of MALE-STERILE 5 (MS5/TDM1), which is required for cell cycle exit after meiosis Il. As the name
implies, MS5 mutants are male sterile, with pollen tetrads undergoing an extra round of division after
meiosis Il without chromosome replication (Glover et al. 1998). MS5/TDM1 may be an APC/C

component whose function is to ensure meiosis termination at the end of meiosis Il (Cifuentes et al.
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2016). Together, this set of DNA management loci exhibiting the strongest signals of selection points

to widespread modulation of DNA repair and chromosome management following WGD in C. amara.
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Figure 2. Selective sweep signatures at DNA management and ion homeostasis loci. Examples of selective
sweep signatures among four candidate loci (red arrows). X-axis gives scaffold position in base pairs. Y-axis
gives Fst values at single nucleotide polymorphisms (dots) between diploid and autotetraploid C. amara. Red
dots indicate FineMAYV outlier SNPs. Red arrows indicate gene models overlapping top 1% Fst windows and

grey lines indicate neighbouring gene coding loci.

Evolution of stress signalling and ion homeostasis genes. The remainder of the enriched GO
categories in C. amara revolved around a diversity of cellular processes, including stress response,
protein phosphorylation, root development, ABA signalling, and ion homeostasis. The intersection of
these processes was often represented by several genes. For example, two of the top 20 highest-
scoring SNPs in the genome-wide FineMAYV analysis reside in SNF1-related protein kinase SnRK2.9
(Supplementary Dataset 2). SnRKs have been implicated in osmotic stress and root development (Fujii
et al., 2011; Kawa et al., 2020), and their activity also mediates the prominent roles of Clade A protein
phosphatase 2C proteins in ABA and stress signalling (Cutler et al. 2010). Interesting in this respect is a
strong signature of selection in HIGHLY ABA-INDUCED PP2C GENE 1, a clade A PP2C protein
(Supplementary Dataset 1). Stress-related phosphoinositide phosphatases are represented by SAC9,

mutants of which exhibit constitutive stress responses (Williams et al. 2005). Diverse other genes

10
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related to these categories exhibit the strongest signatures of selection, such as PP2-A8 (Meyers et
al., 2002) and AT4G19090, a transmembrane protein strongly expressed in young buds (Klepikova et
al. 2016) (Fig. 2).

Given the observed increase in potassium and dehydration stress tolerance in first generation
autotetraploid Arabidopsis thaliana (Chao et al. 2013), it is very interesting that our window-based
outliers included an especially dramatic selective sweep at K* Efflux Antiporter 2 (KEA2, Fig. 2), a K*
antiporter that modulates osmoregulation, ion, and pH homeostasis (Kunz et al. 2014). Recent
evidence indicates that KEAZ is important for eliciting a rapid hyperosmotic-induced Ca?* response to
water limitation imposed by osmotic stress (Stephan et al. 2016). The KEAZ2 locus in autotetraploid C.
amara features an exceptional ten FineMAV-outlier SNPs (Fig. 2, Supplementary Datasets 1 and 2),
indicating that the sweep contains a run of radical amino acid changes at high allele frequency
difference between the ploidies, pointing to a potential functional change. We also detected cation-
chloride co-transporter 1 (HAP 5) a Na+, K+, Cl- co-transporter, involved in diverse developmental
processes and Cl- homeostasis (Colmenero-Flores et al. 2007). These cellular processes map well onto
increasingly recognized changes that occur in polyploids, most comprehensively reviewed by

(Bomblies, 2020).

Limited gene ortholog-level convergence between C. amara and A. arenosa. We hypothesized that
WGD imposed strong, specific selection pressures leading to convergent directional selection on the
same genes or at least on different genes playing a role in the same process (ortholog- or function-
level convergence, respectively) between C. amara and A. arenosa. To test for this, we complemented
our C. amara genome scan with an analysis of A. arenosa divergence outliers based on an expanded
sampling relative to the original A. arenosa genome scan studies. We selected the 80 diploid and 40
autotetraploid individuals sequenced most deeply in a recent range-wide survey (Monnahan et al.,
2019, subsampling following Bohutinska et al. 2021) of genomic variation in A. arenosa (mean
coverage depth per individual = 18; 160 haploid genomes sampled of each ploidy), and scanned for
Fst outliers in 1 kb windows, as we did for C. amara. We identified 696 windows among 1% Fst
outliers, overlapping 452 gene-coding loci (Supplementary Dataset 3), recovering results similar to
(Yant et al. 2013, Bohutinska et al. 2021), including the interacting set of loci that govern meiotic

chromosome crossovers, despite radically different sampling in each of the A. arenosa studies. From

11
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this entire list of 452 A. arenosa WGD adaptation candidates, only six orthologous loci were shared
with our 229 C. amara WGD adaptation candidates (Table 2). While it is possible that these six genes
may be convergently evolving in each species, this degree of overlap was not significant (p = 0.42,
Fisher’s exact test), indicating no excess convergence at the level of orthologous genes beyond the
guantity expected by chance. Re-analysis with candidate genes detected using the SNP-by-SNP
divergence scan did not identify any additional convergent gene. Similarly, there was no excess
overlap among genes which harbour at least one candidate FineMAV substitution (3 overlapping
candidate genes out of 120 in C. amara and 303 in A. arenosa; p = 0.27, Fisher’s exact test). This lack
of excess convergence at the ortholog level may come as a surprise given the expected shared
physiological challenges attendant to WGD (Yant and Bomblies 2015; Baduel, Bray, et al. 2018;
Bomblies 2020).

Table 2. WGD adaptation candidates in both A. arenosa and C. amara.

C.amaralD A.thalianaID A.arenosalD  Name Function (TAIR)

CAg1480 AT1G16460 AL1G28600 MST2/RDH2 embryo/seed development
CAg20214 AT2G45120 AlL4G44210 C2H2-like zinc finger stress response

CAg11103 AT3G42170 AlL3G27110 DAYSLEEPER DNA repair

CAg16465 AT3G62850 AL1G11960 zinc finger-like unknown

CAg4024 AT5G05480 AL6G15370 Asparagine amidase A  growth and development
CAg5641 AT5G23570 AL6G34840 SGS3 posttranscriptional gene silencing

Note: The number of genes does not exceed random expectations for the overlap of candidate gene lists from
each species, indicating a lack of gene-level convergence. Genes in bold also harbour at least one candidate

FineMAV SNP in both species.

To determine whether we may have failed to detect convergent loci due to missing data or if top
outliers in A. arenosa had few, but potentially functionally-implicated, differentiated SNPs in C.
amara, we performed a targeted search in C. amara for the interacting set of meiosis proteins found
to exhibit the most robust signatures of selection in A. arenosa (Yant et al., 2013, Bohutinska et al.
2021) (Supplementary Table 4). All meiosis-related orthologs in C. amara that exhibit selection
signatures in A. arenosa (13 in total) passed our data quality criteria and were included in our

analyses. Only three showed any signal by FineMAV analysis: PDS5b harbours an unusually high three
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fineMAV outlier SNPs, although it is not a Fst outlier. ASY3, which controls crossover distribution at
meiosis, has only one FineMAYV outlier SNP. Finally, a regulator of endoreduplication, CYCAZ2,3, also
harbours a single FineMAV 1% outlier in C. amara, although it was not included in the Fst window
analysis (the window overlapping it contained only 7 SNPs, below the 20 SNP minimum cut-off for
inclusion in the Fst window analysis). However, these 7 SNPs exhibited high mean Fst (0.55). Thus,
while we detect varying signal in these three meiosis-related genes following WGD (Supplementary
Table 4), we do not see widespread signals of selection in the set of interacting crossover-controlling

genes that were so conspicuous in A. arenosa (Yant et al. 2013).

Meiotic stability in C. amara. Despite our broad overall analysis of selection in C. amara, as well as a
targeted assessment of particular meiosis genes, we did not detect strong signal of selection in
meiosis genes in C. amara (Supplementary Table 4). The C. amara autotetraploid is a fertile,
outcrossing, well-established lineage, but we still wondered if some contrast in meiotic behaviour
underlies this difference in specific loci under selection. We therefore cytologically assessed the
degree of male meiotic stability in C. amara (Fig. 3a). A reduction in crossover number to one per
bivalent is indicated as a leading mechanism for meiotic diploidization in autopolyploids because this
limits multivalent associations (which increase the propensity toward breakage and aneuploidy vs
bivalents (Cifuentes et al. 2010; Le Comber et al. 2010; Bomblies et al. 2016)), so we use proportion of
bivalents to multivalents as our estimator (Methods). This revealed a highly variable degree of
stability in both C. amara cytotypes (mean proportion stable metaphase | cells in diploid maternal
seed lines = 0.38 — 0.69, n = 133 scored cells; in tetraploids = 0.03 — 0.38; n = 348 scored cells;
Supplementary Table 5). Indeed, while still highly variable, the overall degree of stability was lower in
autotetraploids vs. diploids (differing proportion of stable to unstable meiotic cells for each ploidy; D
=62.7,df = 1, p < 0.0001, GLM with binomial errors; Fig. 3b, Supplementary Table 5), corresponding
with the lack of selection signal in crossover-controlling meiosis genes. Interestingly, the broad
variation in stability estimates within both cytotypes suggests widespread standing variation
controlling this trait. In contrast, higher frequencies of stable metaphase | cells (>80%) have been
commonly observed for diploid and autotetraploid A. arenosa (Marburger et al. 2019), although wider
estimates of meiotic variation have also been observed in populations hybridising with A. lyrata
(Seear et al., 2019). Taken together with the observation of occasional clonal spreading of C. amara

(Hejny et al. 1992; Tedder et al. 2015; Zozomova-Lihova et al. 2015), this indicates an ability to
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maintain stable populations, thus perhaps decreasing the immediate necessity to fully stabilise
meiosis in either cytotype. Vegetative reproduction is often seen in polyploids (Herben et al., 2017,
Van Drunen and Husband, 2019) and in turn may have facilitated the establishment of the
autotetraploid cytotypes. We note finally that the tetraploid populations are still highly fertile,

consistent with observations across the range (Koch et al. 2003).

—
o

Meiotic stability &
o
(4]

o
o

Diploid Tetraploid

Diploid Tetraploid

Figure 3. Variable meiotic stability in C. amara. a, An example of stable and unstable diploid and

autotetraploid DAPI-stained meiotic chromosomes (diakinesis and metaphase I). Unstable meiosis is
characterised by multivalent formation and interchromosomal connections, so we use the proportion of
bivalents to multivalents as a proxy to estimate stability. In this example, the stable and unstable diploids (left
panels) pictured contain 8 and 4 bivalents, respectively, while the stable and unstable tetraploids (right panels)
show 16 and 0 bivalents, respectively. Thus all chromosomes pictured in these ‘Stable’ examples are present
as bivalents, while in the ‘Unstable’ examples, only the four with astrisks (*) are bivalents, while the rest are
mulivalents. Scale bar corresponds to 10 um. For a complete overview of all scored chromosome spreads see
Supplementary Fig. 5. b, Distribution of meiotic stability (calculated as proportion of stable and partly stable to
all scored meiotic spreads) in diploid and autotetraploid individuals of C. amara. *** - p < 0.001, GLM with

binomial errors.

Evidence for process-level convergence. While we found no excess convergence at the level of
orthologous genes under selection, we speculated that convergence may occur nevertheless at the
level of functional processes. To test this, we used two complementary approaches: overlap of GO

term enrichment and evidence of shared protein function from interaction networks. First, of 73

14

LZ0Z aunr | | uo Jasn AjIsisaun sauey ) ‘eousag jo Aynoed ‘ABojpisAud ueld Jo wswpedsq AqQ #1.88029/9609ESW/ASIOWE G0 | 01 /10P/R191E-80 UBAPEIAqUW /WO dNo DIWspeIE /s Ay WO Papeo|UMO]



97

significantly (p < 0.05) enriched GO terms in A. arenosa (Supplementary Table 6), we found that five
were identical to those significantly enriched in C. amara, which is more than expected by chance (p <
0.001, Fisher’s exact test; Table 3). In addition, some processes were found in both species, but were
represented by slightly different terms, especially in the case of meiosis ("meiotic cell cycle" in C.
amara, "meiotic cell cycle process" in A. arenosa: Supplementary Tables 3 and 6). Remarkably, the
relative ranking of enrichments of all five convergent terms was identical in both C. amara and A.
arenosa (Table 3). This stands in strong contrast to the fact that A. arenosa presented an obvious set
of physically and functionally interacting genes in the top two categories (DNA metabolic process and
chromosome arganisation), while the genes in these categories in C. amara are implicated in more

diverse DNA management roles.

Table 3. Convergent processes under selection in both C. amara and A. arenosa following WGD

p-value p-value Enrichment Enrichment
GO ID Term
(C. amara) (A. arenosa) (C.amara) (A. arenosa)
G0:0006259 DNA metabolic process 6.50E-08 8.20E-04 3.72 2.46
G0:0051276 chromosome organization 0.019 2.10E-04 1.98 2.01
GO:0009738 abscisic acid-activated signalling pathway 0.032 0.022 2.54 2.10
cellular response to abscisic acid
G0:0071215 0.048 0.04 2.30 1.90
stimulation
G0:0097306 cellular response to alcohol 0.048 0.04 2.30 1.90

Note: p-values given are Fisher’s exact test, which tests for enrichment of terms from the GO hierarchy.

Enrichment refers to fold enrichment.

Second, we sought for evidence that genes under selection in C. amara might interact with those
found under selection in A. arenosa, which would further support process-level convergence between
the species. Thus, we took advantage of protein interaction information from the STRING database,
which provides an estimate of proteins’ joint contributions to a shared function (Szklarczyk et al.
2015). For each C. amara WGD adaptation candidate we searched for the presence of STRING
interactors among the A. arenosa WGD adaptation candidates, reasoning that finding such an
association between candidates in two species may suggest that directional selection has targeted the
same processes in both species through different genes. Following this approach, we found that out

of the 229 C. amara WGD adaptation candidates, 90 were predicted to interact with at least one of
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the 452 WGD adaptation candidates in A. arenosa. In fact, 57 likely interacted with more than one A.
arenosa candidate protein (Fig. 4 and Supplementary Table 7). This level of overlap was greater than
expected by chance (p = 0.001 for both "any interaction" and "more-than-one interaction", as
determined by permutation tests with the same database and 1000 randomly generated candidate

lists).

a: meiosis & chromatin remodeling
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) MS5/TDM1
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Figure 4. Evidence for functional convergence between C. amara and A. arenosa following independent

E AT1GS6130

WGDs. Plots show C. amara candidate genes in blue and STRING-associated A. arenosa candidate genes in
grey. We used only medium confidence associations and higher (increasing thickness of lines connecting genes
indicates greater confidence). a, meiosis- and chromatin remodelling-related genes. b, ion transport-related

genes.
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Several large STRING clusters were evident among WGD adaptation candidates in C. amara and A.
arenosa (Fig. 4). The largest of these clusters centre on genome maintenance, specifically meiosis and
chromatin remodelling (Fig. 4a), and ion homeostasis (especially K+ and Ca2+), along with stress (ABA)
signalling (Fig. 4b), consistent with the results of GO analysis. Taken together, both STRING and GO
analyses support our hypothesis of functional convergence of these processes following WGD in C.

amara and A. arenosa.

Conclusions

Given the expected shared challenges attendant to WGD in C. amara and A. arenosa, we
hypothesised at least partially convergent evolutionary responses to WGD. While we found obvious
convergent recruitment at the level of functional processes, we did not detect excess convergence at
the gene level. This was consistent with the probable absence of shared standing variation between
these species (Hudson and Coyne 2002), which are 17 million years diverged. Nevertheless, we note
that if any shared variation has persisted, it was not selected upon convergently in both young
autotetraploids, thus strengthening the conclusion that the genes selected in response to WGD are

not highly constrained.

The most prominent difference we observed here is the lack of an obvious coordinated evolutionary
response in genes stabilizing early meiotic chromosome segregation in C. amara, relative to the
striking coevolution of physically and functionally interacting proteins governing crossover formation
in A. arenosa. This might be explained to some extent by our observation that in C. amara both
diploids and autotetraploids are somewhat less meiotically stable than either cytotype in A. arenosa,
and this instability may preadapt the autotetraploids to enjoy a less strict reliance on the generation
of a high percentage of euploid gametes, by forcing occasional reliance on vegetative reproduction, as
has been observed (Herben et al. 2017). This then may allow a decoupling of crossover number
reduction from broader changes across meiosis and other processes we observe. This is not to say
that we see no signal of WGD adaptation in C. amara: factors governing timing during later meiosis,
especially the exit from meiotic divisions as evidenced by the interacting trio of SMG7, SDS and MS5,

along with other chromatin remodelling factors and DNA repair-related proteins, such as MSH6 and
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DAYSLEEPER give very strong signals. The convergent functions we did detect (other meiosis
processes, chromosome organisation/chromatin remodelling, ABA signalling and ion transport)
provide first insights into the salient challenges associated with WGD. We note also that tetraploid
populations of both C. amara and A. arenosa are found in slightly colder environments than
conspecific diploids (Zozomova-Lihova et al. 2015; Molina-Henao and Hopkins 2019), so some of
these processes (e.g. ABA signalling and ion transport) might be linked to ecological adaptation

following WGD.

Overall, our results provide contrast to widespread reports of gene-level convergence (reviewed e.g.
in (Elmer and Meyer, 2011; Martin and Orgogozo, 2013; Blount et al., 2018)) and support the idea
that pathway-level convergence becomes dominant when the divergence between species is high
(Takuno et al. 2015; Birkeland et al. 2020; Bohutinska et al. 2020). This could be due to the absence of
shared low-frequency alleles (acquired via gene flow or from standing variation) in species diverging
millions of years ago, as was shown in alpine adaptation of different Brassicaceae species (Bohutinska
et al. 2020). Alternatively, WGD provides complex multi-factorial challenge (Bomblies et al. 2015;
Baduel, Bray, et al. 2018; Bomblies 2020) and the possible solutions to overcome such challenge may
in fact be diverse. The result would be multiple alternative genetic paths to adaptation, with limited
gene-level convergence due to the low diversity constraints (Yeaman et al. 2018). Finally, we note
that the lack of gene-level convergence in meiosis genes suggests that the genomic changes
associated with meiosis stabilization after WGD might not be as constrained as would be expected
based on its functional conservation across eukaryotes (Grishaeva and Bogdanov 2014; Rosenberg

and Corbett 2015; Baker et al. 2017).

We conclude that evolutionary solutions to WGD-associated challenges vary strongly from case to
case, suggesting less functional constraint than one may expect based on the fact that these
processes are conserved and essential. This may help explain how many species manage to thrive
following WGD and, once established as polyploids, experience evolutionary success. In fact, we
envision that the meiotic instability experienced by some WGD lineages, such as C. amara, could
serve as a diversity-generating engine promoting large effect genomic structural variation, as has

been observed in aggressive polyploid gliomas (Yant and Bomblies 2015).
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Methods

Reference Genome Assembly and Alignment

We generated a de novo assembly using the 10x Genomics Chromium approach. In brief, a single
diploid individual from pop LUZ (Supplementary Table 8) was used to generate one Chromium library,
sequenced using 250PE mode on an lllumina sequencer, and assembled with Supernova version 2.0.0.
This assembly had an overall scaffold N50 of 1.82mb. An assessment of genome completeness using
BUSCO (version 3.0.2) (Seppey et al., 2019) for the 2,251 contigs >=10kb was estimated at 94.8%
(1365/1440 BUSCO groups; Supplementary Table 9).

BioNano Plant Extraction protocol

Fresh young leaves of the C. amara accession LUZ were collected after 48-hour dark treatment. DNA
was extracted by the Earlham Institute’s Platforms and Pipelines group following an IrysPrep
"FixnBlend" Plant DNA extraction protocol supplied by BioNano Genomics. First 2.5 g of fresh young
leaves were fixed with 2% formaldehyde. After washing, leaves were disrupted and homogenized in
the presence of an isolation buffer containing PVP10 and BME to prevent polyphenol oxidation. Triton
X-100 was added to facilitate nuclei release. Nuclei were then purified on a Percoll cushion. The
nuclear phase was taken and washed in isolation buffer before embedding into low melting point
agarose. Two plugs of 90 pl were cast using the CHEF Mammalian Genomic DNA Plug Kit (Bio-Rad
170-3591). Once set at 4°C the plugs were added to a lysis solution containing 200 pl proteinase K
(QIAGEN 158920) and 2.5 ml of BioNano lysis buffer in a 50 ml conical tube. These were put at 50°C
for 2 hours on a thermomixer, making a fresh proteinase K solution to incubate overnight. Samples
were then removed from the thermomixer for 5 minutes before 50 pl RNAse A (Qiagen158924) was
added and the tubes incubated for a further hour at 37°C. Plugs were then washed 7 times in the
Wash Buffer supplied in the Chef kit and 7 times in 1xTE. One plug was removed and melted for 2
minutes at 70°C followed by 5 minutes at 43°C before adding 10 pl of 0.2 U /ul of GELase (Cambio Ltd
G31200). After 45 minutes at 43°C the melted plug was dialysed on a 0.1 uM membrane (Millipore
VCWP04700) sitting on 15 ml of 1xTE in a small petri dish. After 2 hours the sample was removed with

a wide bore tip and mixed gently and left overnight at 4°C.

10X library construction
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DNA material was diluted to 0.5 ng/ul with EB (Qiagen) and checked with a QuBit Flourometer 2.0
(Invitrogen) using the QuBit dsDNA HS Assay kit (Supplementary Table 8). The Chromium User Guide
was followed as per the manufacturer’s instructions (10X Genomics, CG00043, Rev A). The final library
was quantified using qPCR (KAPA Library Quant kit [Illumina] and ABI Prism gPCR Mix, Kapa
Biosystems). Sizing of the library fragments was checked using a Bioanalyzer (High Sensitivity DNA
Reagents, Agilent). Samples were pooled based on the molarities calculated using the two QC
measurements. The library was clustered at 8 pM with a 1% spike in of PhiX library (lllumina). The

pool was run on a HiSeq2500 250bp Rapid Run V2 mode (lllumina).

Sequencing and assembly

Reads were subsampled to 90 M reads and assembled with Supernova 2.0.0 (10x Genomics), giving a
raw coverage of 60.30x and an effective coverage of 47.43x. The estimated molecule length was
44.15 kb. The assembly size, considering only scaffolds longer than 10kb was 159.53 Mb and the
Scaffold N50 was 1.82 MB. Genome size estimate by kmer analysis was 225.39 MB, hence we
estimate we are missing 16.61% from the assembly. Because the diploid individual used for reference
genome sequencing was not homozygous, we sought to confirm whether the assembly harboured
evidence of uncollapsed haplotypes by using a reciprocal BLAST (BLAST 2009) best hits approach. A
small proportion (1.7%) of scaffolds exhibited substantial homology (90% or greater identity to
another scaffold over 90% of their length), indicating that very few alternate alleles at heterozygous
loci were misinferred as separate genomic loci in the diploid assembly. Manual investigation of a suite
of meiosis-related loci indicated no cases of false negatives in the data set caused by alternate alleles
aligning to separate scaffolds. We further scaffolded the assembly using the published Cardamine

hirsuta genome using graphAlign (Spalding and Lammers 2004) and Nucmer (Margais et al. 2018).

Gene Calling and Annotation

The plants set database embryophyta_odb9.tar.gz was downloaded from http://busco.ezlab.org/ and
used to assess orthologue presence/absence in our C. amara genome annotation. Running BUSCO
gave Augustus (Stanke and Waack 2003) results via BUSCO HMMs to infer where genes lie in the
assembly and to infer protein sequences. Augustus was used to generate a gff annotation file using
‘arabidopsis’ as the training option. A BLAST (v. 2.2.4) database was built for Brassicales (taxid: 3699)

by downloading ~ 1.26M protein sequences from https://www.ncbi.nlm.nih.gov/taxonomy/ and the
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Augustus-predicted proteins were annotated via Interproscan (Quevillon et al. 2005) and blast2go

(Conesa and Gdtz 2008).

Functional Annotation of C. amara genes

To functionally annotate C. amara genes we performed an orthogrouping analysis using Orthofinder
version 2.3.3 (Emms and Kelly 2018), inferring orthologous groups (OGs) from four species (C. amara,
A. lyrata, A. thaliana, Cochlearia pyrenaica). A total of 21,618 OGs were found. Best reciprocal blast

hits (RBHs) for C. amara and A. thaliana genes were found using BLAST version 2.9.0.

Cardamine amara genes were then assigned an A. thaliana gene ID for GO enrichment analysis via the
following protocol: 1) if the C. amara gene was in an OG with only one A. thaliana gene, that A.
thaliana ID was used; 2) if the C. amara gene was in an OG with more than one A. thaliana gene, then
the RBH, provided it was in the same OG with the C. amara gene, was used; 3) if the C. amara gene
was in an OG that contained more than one A. thaliana gene, none of which was the RBH, then the A.
thaliana gene from that OG with the lowest BLAST E-value was taken; 4) if the C. amara gene was in
an OG group that lacked A. thaliana genes, then the RBH was taken instead; 5) Finally, if the C. amara
gene was in an OG group without any A. thaliana genes and there was no RBH, then the gene with the
lowest E-value in a BLASTs versus the TAIR10 database was used. BLASTs versus the TAIR10 database

were performed during December 2019.

Sampling, sequencing and genetic structure analysis

Sampling

A total of 100 plants were sampled from four populations (Fig. 1d): 25 individuals for each of CEZ (4x),
PIC (4x), VKR (2x), and LUZ (2x). Sampled plants were spaced at least 3 m apart, as such distance was
enough to avoid resampling of identical clones according to analysis in a study sampling ~3,300

individuals across the C. amara range, including these populations (Zozomova-Lihova et al. 2015).

Flow Cytometry
All plants used for DNA extraction were verified for expected ploidy by flow cytometry. Approximately
1 square cm of leaf material was diced alongside an internal reference using a razor blade in 1 ml ice

cold extraction buffer (45 mM MgCl2, 30 mM sodium citrate, 20 mM MOPS, 1% Triton-100, pH 7 with
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NaOH). The resultant slurry was then filtered through a 40-um nylon mesh before the nuclei were
stained with the addition of 1 ml staining buffer (either CyStain UV precise P [Sysmex, Fluorescence
emission: 435 nm to 500 nm] for relative ploidy, or Otto 2 buffer [0.4 M Na2HPO4-12H20, Propidium
iodide 50 pg/mL, RNase 50 ug/mL], for absolute DNA content). After 1 minute of incubation at room
temperature the sample was run for 5,000 particles on either a Partec PA Il flow cytometer or a BD

FACS Melody. Histograms were evaluated using FlowJo software version 10.6.1.

DNA isolation, library preparation and sequencing

A replicated approach was used for the DNA isolation, pooling, and sequencing to reduce variation
that may be associated with Pool-Seq data. DNA isolations were performed in triplicate for every
plant and then each replicate was pooled with samples from the other 24 replicates in each
population, generating three independently extracted and pooled replicates for every population.
DNA was extracted with the RNeasy Plant Mini Kit (Qiagen). Each of the 12 resultant pools for the 4
populations was used as input for library construction with the lllumina Truseq kit (Illumina, Inc.), and

then sequenced on an Illlumina NextSeq (150 bp paired end specification).

Data preparation, alignment, and genotyping

Fastq files from two runs on the lllumina NextSeq concatenated to give an average of 30.5 million
reads per sample. Adapter sequences were removed using cutadapt (version 1.9.1) (Martin 2011) and
guality trimmed via Sickle (version 33) (Joshi and Fass 2011) to generate only high-quality reads
(Phred score >=30) of 30bp or more, resulting in an average of 27.9 million reads per sample. Reads
were then aligned with (Li et al. 2009) BWA (version 0.7.12) (Li and Durbin 2009) and processed with
Samtools (version 1.7) (Li et al. 2009). Using Picard (version 1.134) (Broad Institute 2009), duplicate
reads were removed via MarkDuplicates followed by the addition of read group IDs to the bam files
via AddOrReplaceReadGroups. Finally, to handle the presence of indels, GATK (version 3.6.0)

(McKenna et al. 2010) was used to realign reads using IndelRealigner.

Variant Calling
Variants were called for the 12 bam files (three replicates per population) using Freebayes (version
1.1.0.46) (Garrison and Marth 2012) to generate a single VCF output file. Freebayes was run with

default parameters, except we specified “--pooled-discrete” to indicate samples were pooled, “--use-
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best-n-alleles 2” to restrict to biallelic sites, and “--no-indels” to exclude indels. The resultant VCF was
then filtered with BCFtools (version 1.8) (Narasimhan et al. 2016) to remove sites where the read
depth was less than 10, or greater than 1.6x the second mode (determined as 1.6 x 31 = 50,
Supplementary Fig. 3) in order to remove from the analysis regions exhibiting heterozygous deletions
or where multiple genomic regions may have mapped to the reference due to e.g. paralogous

duplications n the sequenced individuals.

Population genetic structure

We first calculated genome-wide between-population metrics (Nei’s Fst (Nei 1972) and allele
frequency difference). The Allele Frequency (AF) in individual replicate pools was calculated as the
fraction of the total number of reads supporting the alternative allele (Anand et al. 2016). For each
population the average AF was then calculated from the three replicates and used for all further
calculations. We used the python3 PoolSeqBPM pipeline, designed to input pooled data
(https://github.com/mbohutinska/PoolSeqBPM). Then we inferred relationships between populations
over putatively neutral four-fold degenerate SNPs using PCA as implemented in adegenet (Jombart
and Ahmed 2011). Finally, we inferred relationships between populations using allele frequency
covariance graphs implemented in TreeMix (Pickrell and Pritchard 2012). We ran TreeMix allowing a
range of migration events; and presented one additional migration edge, as it represented points of
log-likelihood saturation. To obtain confidence in the reconstructed topology, we bootstrapped the
scenario with zero events (the tree topology had not changed when considering the migration events)
choosing a bootstrap block size of 1000 bp, equivalent to the window size in our selection scan, and

100 replicates.

Genome scans for selection

To detect signals of selection, we used a combination of two different selection scan approaches.
First, we calculated pairwise window-based Fst between diploid and populations and used minimum
sum of ranks between informative contrasts in a quartet design (below). To further control for false
positives and refine the gene list to putatively functional candidates we complemented these
differentiation measures with a functional score estimate following the FineMAV method (below).
Both approaches are based on population allele frequencies and allow analysis of diploid and

autopolyploid populations.
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Window-based selection scan using a quartet design

We performed a window-based Fst (Nei 1972) scan for directional selection in C. amara, taking
advantage of quartet sampling of two diploid and two autotetraploid populations (Fig. 1d). Using this
design we identified top candidate windows for selective sweeps associated with ploidy
differentiation, while excluding differentiation patterns private to a single population or ploidy-
uninformative selective sweeps. Thus comparisons between populations of the same ploidy
constitute a null model for shared heterogeneity in genetic differentiation arising through processes
unrelated to WGD (following an approach successfully applied in Vijay et al. 2016). To do this, we
calculated Fst for 1 kb windows with minimum 20 SNPs for all six population pairs in the quartet (Fig.
1d) and ranked windows based on their Fst value. We excluded windows which were top 1% outliers
in diploid-diploid (dd in Fig. 1d) or autotetraploid-autotetraploid (tt) population contrasts, as they
represent variation inconsistent with diploid-autotetraploid divergence but rather signal local
differentiation within a cytotype. Next, we assigned ranks to each window based on the Fst values in
four diploid-autotetraploid contrasts and identified windows being top 1% outliers of minimum rank

sum.

Because candidate detection could be biased by arbitrary window size choice, we re-analysed our
differentiation scans changing two parameters: 1) using a SNP-by-SNP basis (requiring at least five
SNPs per gene for inclusion); and 2) using larger, 50 kb windows. Doing this, we found that SNP-level
and 1 kb-window scans resulted in comparable candidate gene lists, while 50kb windows were too
wide to identify local peaks of differentiation. Thus, we decided to use scans with a window size of 1
kb, which best corresponded to the average length of selective sweep signatures in differentiation
plots (e.g. Fig. 2), and allowed to locate the candidate selected region while still providing enough

polymorphisms to robustly estimate differentiation between ploidies.

To account for possible confounding effect of comparing windows from genic and non-genic regions,
we calculated the number of base pairs overlapping with any gene within each window. There was no
relationship between the proportion of genic space within a window and Fst (Pearsons r = -0.057,
Supplementary Fig. 4), indicating that our analyses were unaffected by unequal proportion of genic

space in a window.
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In A. arenosa, we performed window-based Fst scan for directional selection using the same criteria
as for C. amara (1kb windows, min 20 SNPs per window). We did not use the quartet design as the
range-wide dataset of 80 diploid and 40 autotetraploid individuals drawn from the entire A. arenosa
range (15 diploid and 24 autotetraploid populations) assured power to detect genomic regions with
WGD-associated differentiation. This A. arenosa analysis gave very similar results to (Yant et al. 2013),
which used only 2 diploid and 4 autotetraploid populations, indicating minimal dependence on

sampling to detect these strongest signatures of selection in the A. arenosa system.

FineMAV

We adopted the approach, Fine-Mapping of Adaptive Variation, FineMAV (Szpak et al. 2018), using
our C. amara annotation (following approach successfully applied to non-human genome in
Bohutinska, et al. 2021). To functionally annotate each amino acid change, we used the Grantham
score (Grantham 1974), a theoretical amino acid substitution value, encoded in the Grantham matrix,
where each element shows the differences of physicochemical properties between two amino acids.
We used SnpEff (version 4.3) (Cingolani et al. 2012) to annotate our SNP dataset by applying our
Augustus-generated C. amara annotation (‘Gene Calling and Annotation,” above). We estimated the
population genetic component of FineMAYV (see (Szpak et al. 2018) for details on calculations) using
allele frequency information at each site (considering minor frequency alleles as derived) and derived
allele purity (DAP) parameter of 3.5, a measure of population differentiation, which describes how
unequally the derived allele is distributed among populations. The advantage is that DAP can
summarize differentiation across many populations in a single measure for each variant. Finally, for
each amino acid substitution, we assigned Grantham scores, together with population genetic
component of FineMAV, using custom scripts in Python 2.7.10 and Biopython version 1.69. We
identified the top 1% outliers as FineMAV candidates. All calculations were performed using code

available at (github.com/paajanen/meiosis_protein_evolution).

Arabidopsis arenosa population genomic dataset
Our selection analysis in A. arenosa was based on an expanded sampling (Monnahan et al. 2019)
relative to (Yant et al. 2013), who sampled 24 individuals (from 2 diploid and 4 tetraploid populations,

sourced from a fraction of now known lineages). This expanded sampling covered all known lineages,
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across the entire range of the species, including 39 populations: 15 diploid populations (105
individually resequenced plants) and 24 tetraploid populations (182 individually resequenced plants)
(Monnahan et al. 2019). We aligned PE Illumina data to the A. lyrata reference (Hu et al. 2011), called
variants and filtered as previously (Monnahan et al. 2019) using GATK 3.5 (McKenna et al. 2010). We
used a subset of the data consisting of 80 diploid individuals and 40 tetraploid individuals from
populations unaffected by secondary introgression from diploid lineages (following Bohutinska et al.
2021; samples selected based on the highest mean depth of coverage). Such sub-sampling gave us a
balanced number of 160 high-quality haploid genomes of each ploidy suitable for selection scans.
Finally, we filtered each subsampled dataset for genotype read depth > 8 and maximum fraction of
missing genotypes < 0.5 in each lineage. We calculated Fst using python3 ScanTools pipeline
(github.com/mbohutinska/ScanTools_ProtEvol). All subsequent analyses were performed following

the same procedure as with C. amara data.

GO enrichment analysis

To infer functions significantly associated with directional selection following WGD, we performed a
gene ontology enrichment on the gene list using the R package topGO (Tilford and Siemers 2009),
using A. thaliana orthologs of C. amara/A. lyrata genes, obtained using biomaRt (Smedley et al. 2009).
We used Fisher’s exact test with conservative ‘elim’ method, which tests for enrichment of terms
from the bottom of the GO hierarchy to the top and discards any genes that are significantly enriched
in a descendant GO terms (Grossmann et al. 2007). Re-analysis with the ‘classic’ method did not
identify any additional convergently enriched GO terms. We used biological process ontology with

minimum node size of 150 genes.

Protein associations from STRING database

We searched for potential functional associations among C. amara and A. arenosa candidate genes
using STRING (Szklarczyk et al. 2015). Genes were assigned an A. thaliana gene ID as described above.
We used the ‘multiple proteins’ search in A. thaliana, with text mining, experiments, databases,
co-expression, neighbourhood, gene fusion and co-occurrence as information sources. We used
minimum confidence 0.4 and retained only 1st shell associations (proteins that are directly associated

with the candidate protein: i.e., immediately neighbouring network circles).
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Quantifying convergence

We considered convergent any candidates or enriched GO categories that overlapped across both
species. Convergent candidate genes had to be members of the same orthogroups (Emms and Kelly
2018). To test for higher than random number of overlapping items we used Fisher’s Exact Test for

Count Data in R (R Development Core Team 2011).

Cytological assessment of meiotic stability

We cytologically estimated the degree of male meiotic stability in C. amara by counting the number
of bivalent chromosome associations in each metaphase event. A lower number of bivalents and a
higher number of multivalents is taken as a proxy for reduced meiotic stability. The reasoning behind
this is that a reduction in crossover number to one per bivalent is strongly indicated as a leading
mechanism for meiotic diploidization in autopolyploids as this limits multivalent associations (which
increase the propensity toward breakage and aneuploidy vs bivalents (Cifuentes et al., 2010; Le

Comber et al., 2010; Bomblies et al., 2016)).

Chromosome preparation

Whole young inflorescences were fixed in freshly prepared ethanol:acetic acid (3:1) overnight,
transferred into 70% ethanol and stored at -20 °C until use. Meiotic chromosome spreads were
prepared from anthers according to (Mandakova et al. 2014). Briefly, after washing in citrate buffer
(10 mM sodium citrate, pH 4.8), selected flower buds were digested using a 0.3% mix of pectolytic
enzymes (cellulase, cytohelisase, pectolyase; Sigma-Aldrich Corp., St. Louis, MO) in citrate buffer for 3
hours. Individual anthers were dissected and spread in 20 pl of 60% acetic acid on a microscope slide
placed on a metal hot plate (50°C), fixed by ethanol:acetic acid (3:1) and the preparation was dried
using a hair dryer. Slides were postfixed in freshly prepared 4% formaldehyde in distilled water for 10
min and air-dried. The preparations were stained with 4',6-diamidino-2-phenylindole (DAPI; 2 pg/ml)
in Vectashield (Vector Laboratories, Peterborough, UK). Fluorescence signals were analysed using an
Axioimager Z2 epifluorescence microscope (Zeiss, Oberkochen, Germany) and CoolCube CCD camera

(MetaSystems, Newton, MA).

Meiotic stability assessments
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In diploids, chromosome spreads with 8 bivalents were scored as "stable meiosis", 7-6 as "partly
stable", 5-4 as "partly unstable", and <4 as "unstable". In autotetraploids, chromosome spreads with
16 bivalents were scored as "stable meiosis", 14-12 as "partly stable", 10-8 as "partly unstable", and
<8 as "unstable". We report a mean value of meiotic stability for each ploidy calculated over "stable
meiosis" and over sum of "stable meiosis" and "partly stable” categories. Differences in meiotic
stability between diploids and autotetraploids (Fig. 3b) are reported for the sum of "stable" and
"partly stable" categories. However, considering only the "stable meiosis" category does not
qualitatively affect the results (i.e. the degree of meiotic stability is significantly lower in tetraploids, D
=125.7,df =1, p < 0.0001, GLM with binomial errors). Photos of all spreads scored are supplied in
Supplementary Fig. 4.

Data Availability Statement

Sequence data are available at the European Nucleotide Archive at
http://www.ebi.ac.uk/ena/data/view/PRJEB39872 (C. amara) and the Sequence Read Archive at
https://www.ncbi.nlm.nih.gov/sra/, study code SRP156117 (A. arenosa data). All scripts are available
at https://github.com/mbohutinska/PoolSeqBPM (Fst-based selection scans and all following

analyses) and https://github.com/paajanen/meiosis_protein_evolution (FineMAV scan).
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Supplementary figure captions

Supplementary Fig. 1: Comparable phylogenetic relationships and migration events between
diploid and tetraploid populations of C. amara and A. arenosa inferred by TreeMix. X-axis

shows the drift estimation, corresponding to the number of generations separating the two

populations (t), and effective population size (N) (Pickrell and Pritchard, 2012). Node labels
show bootstrap support and the arrow indicates the most likely migration event (migration
weight, which can be interpreted as admixture proportion, = 0.18 and 0.19 for C. amara and A.

arenosa, respectively). Additional migration events did not improve the model likelihood.
Supplementary Fig. 2: C. amara candidate meiosis gene associations as identified by
STRING analysis. We used only medium confidence associations and higher (shown as
thickness of lines connecting genes).

Supplementary Fig. 3: Distribution of read depth over all sequenced samples.

Supplementary Fig. 4: Relationship between the proportion of genic space within a window

and Fst.

Supplementary table captions

Supplementary Table 1. GPS coordinates of population localities.

Supplementary Table 2. Mean depth of coverage (MDOC) per pool of individuals from each

population.
Supplementary Table 3. GO terms enriched in C. amara WGD candidate genes.

Supplementary Table 4. Targeted search for patterns suggesting directional selection
in C. amara orthologs of candidate A. arenosa meiosis genes.

Supplementary Table 5. Chromosome stability scoring of individual diploid (2n = 16) and
autotetraploid (2n = 32) plants of C. amara at meiotic diakinesis and metaphase |.

Supplementary Table 6. GO terms enriched in A. arenosa WGD candidate genes.

Supplementary Table 6. Chromosome stability scoring of individual diploid (2n = 16) and
autotetraploid (2n = 32) plants of C. amara at meiotic metaphase I.

Supplementary Table 7. C. amara candidate genes that have more than one associated
protein among A. arenosa candidates by STRING analysis.

Supplementary Table 8. Quality checks of DNA isolated from LUZ.

Supplementary Table 9. Assessment of genome completeness using BUSCO.
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Other supplementary material
Supplementary Datasets (separate excel file consisting of three worksheets)

Supplementary Dataset 1. Genes in the top 1% of Fst scores (1000 bp windows) in C.
amara. Note: red lines denote six genes which are candidates also in A. arenosa.

Supplementary Dataset 2. Top 1% of amino acid substitutions with the highest fineMAV
score.

Supplementary Dataset 3. Genes in the top 1% of Fst scores (1000 bp windows) in A.
arenosa.

Supplementary Figure 5. (separate image file)

37

LZ0Z aunr | | uo Jasn AjIsisaun sauey ) ‘eousag jo Aynoed ‘ABojpisAud ueld Jo wswpedsq AqQ #1.88029/9609ESW/ASIOWE G0 | 01 /10P/R191E-80 UBAPEIAqUW /WO dNo DIWspeIE /s Ay WO Papeo|UMO]



Case study 6.

Convergence and novelty in adaptation to whole genome duplication
in three independent polyploids.
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Abstract

Convergent evolution is observed broadly across the web of life, but the degree of
evolutionary constraint during adaptation of core intracellular processes is not known.
High constraint has been assumed for conserved processes, such as cell division and
DNA repair, but reports of nimble evolutionary shifts in these processes have
confounded this expectation. Whole genome duplication (WGD) necessitates the
concerted adjustment of a wide range of fundamental intracellular functions but
nevertheless has been repeatedly survived in all kingdoms. Given this repeated
adaptation to WGD despite obvious intracellular challenges to core processes such as
meiosis, we asked: how do lineages not only survive WGD, but sometimes ultimately
thrive? Are the solutions employed constrained or diverse? Here we detect genes and
processes under selection following WGD in the Cochlearia species complex by
performing a scan for selective sweeps following WGD in a large-scale survey of 73
resequenced individuals from 23 populations across Europe. We then contrast our
results from two independent WGDs in Arabidopsis arenosa and Cardamine amara. We
find that while WGD does require the adaptation of particular functional processes in all
three cases, the specific genes recruited to respond are highly flexible. We also observe
evidence of varying degrees of convergence between different cases. Our results point
to a polygenic basis for the distributed adaptive systems that control meiotic crossover
number, ionomic rewiring, cell cycle control, and nuclear regulation. Given the sheer
number of loci under selection post-WGD, we surmise that this polygenicity may explain
the general lack of convergence between these species that are ~30 million years
diverged. Based on our results, we speculate that adaptive processes themselves — such
as the rate of generation of structural genomic variants—may be altered by WGD in
nascent autopolyploids, contributing to the occasionally spectacular adaptability of
autopolyploids observed across kingdoms.
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Biologists have long been fascinated by the convergent evolution of similar traits in
distant lineages'. Given the tractability of population-based resequencing studies to
detect candidate mechanisms underlying adaptations, the genomic underpinnings of
convergence are increasingly coming to light®. Diverse examples can be found in all
kingdoms, from the convergent basis for the loss in flight in birds®, to the evolution of
toxin-resistant herbivory in insects’, to drug resistance in pathogens®. These studies ask
the fundamental question: to what degree is evolution constrained along a given
adaptive trajectory? That is, do convergent traits, when detected, have a basis in similar
or identical genetic changes? Ultimately, this drives at a bigger question: is evolution
predictable? Overwhelmingly, these works focus on adaptation to external selection
pressures. Here, in contrast, we investigate convergence in genomic responses to an
array of internal physiological pressures resulting from whole genome duplication (WGD).

The duplication of an entire genome is a dramatic mutation that disrupts the most
fundamental of cellular processes, yet is full of promise for those that can adapt to a
transformed WGD state®®. Immediately following WGD in autopolyploids (within species
WGD, with no hybridisation), a series of novel challenges arise. The most obvious
concerns meiosis: the instant doubling of chromosome homologs complicates their neat
pairing during meiosis®, with consequences that directly reduce fitness. If a chromosome
engages in crossovers with more than one other homolog, the likelihood of entanglement
dramatically rises, along with breakage upon anaphase. Simultaneously, WGD throws
evolved cellular equilibria off balance, including ion homeostasis, protein expression and
cell size regulation®”"®"'. These challenges are so severe that they are insurmountable
for many young autopolyploids, although established polyploid populations persist in
nature for many species, indicating that the early challenges can be overcome.

To date there have been two genome-scale investigations probing the genomic basis of
adaptation to WGD. The first evidence for specific adaptative signatures in response to
WGD comes from Arabidopsis arenosa'®'®. Population resequencing studies scanning
for divergent selection across the genomes of this young autotetraploid revealed a set
of physically and functionally interacting proteins exhibiting the strongest signatures of
selection post-WGD. While a range of processes was under selection, 8 of the 18 most
robust signatures of selective sweep directly overlapped genes that appear to have
coevolved to decrease chromosome crossover rates during prophase | of meiosis™. This
same suite of alleles was found to be shared in a sister species, Arabidopsis lyrata, with
which A. arenosa hybridises in the wild, specifically between the autotetraploid cytotypes
of each species'. The importance of these genes was highlighted by the discovery that
these same alleles were shared by both young autotetraploids. Specific signatures of
gene flow at these same 8 alleles indicated that the two cases were not independent,
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and that these 8 alleles that cooperatively function had their origins in sperate diploid
species, coming together across species barriers only when the two autotetraploids
hybridised'®'®. More recently, a pool-seg-based genome scan for divergence outliers
following WGD in Cardamine amara, a Brassicaceae ~17 million years diverged from A.
arenosa, was unable to detect excess convergence beyond that expected by chance
among individual loci under selection at the gene orthologue level'”. However, a modest
degree of convergence on the level of functional pathways was detected, in particular
for genes that control meiosis. Despite this convergence at the process level, the marked
coevolution of functionally and physically interacting chromosome crossover-governing
genes discovered in A. arenosa was largely absent in C. amara"’.

Here we test whether this convergence signal is further abrogated in a more distantly
related, independent WGD event. With the addition of a third case we can better estimate
whether adaptation of this set of interacting meiosis proteins is the exception or the rule.
We focus here on the Cochlearia species complex, which is ~20-25 million years
diverged from A. arenosa'®?'. The Cochlearia genus exhibits two ploidy series with
diploid base chromosome number n=6 and n=7, with the n=6 series consisting of diploid,
tetraploid, hexaploid, octoploid and eventually heptaploid cytotypes, which broadly
hybridise in nature®®?. This cytotype richness is magnified by the presence of B
chromosomes in some populations?®. Cochlearia is found across Europe, from Spain to
the Arctic, in a wide range of habitats including freshwater springs, coastal cliffs, sand
dunes, salt marshes, metal contaminated sites and roadside grit®®23358263131.82 A phroad
habitat differentiation is evident by ploidy, with diploids typically found in upland
freshwater springs, tetraploids on coasts, often directly adjacent to seawater or
continuously submerged, and hexaploids in similarly extreme saline conditions. In fact,
the hexaploid C. danica is one of the most rapidly spreading invasive species in the UK
and Continental Europe, specifically invading salted roadways since the 1970’s**, and
thriving the most highly saline road grit conditions®**.

We first assess Cochlearia demography and scan for selective sweeps post-WGD by
individually resequencing 76 individuals from 23 diploid, tetraploid, and hexaploid
populations sampled from across Europe, focusing analysis on diploids and tetraploids
in the UK. We find evidence of convergence at the functional level across all three
species and partial convergence at the gene ortholog level between Cochlearia and A.
arenosa, but not C. amara. This suggests that the same core set of cellular functions
must adapt in response to WGD, but that the specific genes that can be utilized to this
end are not fully constrained, though there is some evidence of ortholog-level
convergence.
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Results and Discussion

Population sampling and genome assembly. To determine optimal populations to
contrast for WGD-specific signatures of selection, we first sampled populations across
the reported range of the Cochlearia species complex throughout
Europg?*26:41:434427.283031.31-30 and then conducted a flow cytometry-based survey of
genome size variation (Dataset S1). Measurements were normalised against the diploid
population with the most stable individual within-population genome size estimates,
WOL. Because Cochlearia species extensively hybridise and exhibit considerable
phenotypic plasticity, we here primarily designate populations by demonstrated ploidy
rather than taxonomic names: in general diploids = Cochlearia pyrenaica, tetraploids =
Cochlearia officinalis, hexaploids = Cochlearia danica (coastal dunes and roadside) or
octoploids = Cochlearia anglica (immediately coastal, marshes).

We constructed a de novo genome assembly of one diploid individual from the NEN
population using 10x Genomics Chromium linked-read sequencing assembled with
Supernova 2.0.0 (91% complete BUSCOs; contig n50=40kbp; Table S1, Table S2 and
Methods). We next choose for population-level genome resequencing 116 individuals
from 25 populations across Europe and re-sequenced these using lllumina PE format
(genome-wide average sequencing depth = 15x; Figure 1A and Table S3). After retaining
only individuals with a minimum average genome-wide sequencing depth (average=21x;
min=4x), this cohort consisted of 76 individuals from 23 populations. The final dataset
consisted of 6,020,948 SNPs (quality and depth filtered; see Methods).

Demographic structure and WGD selection scan population choice. To assess
demographic structure, we first performed principal component analysis (PCA) on
415,139 (putatively neutral) 4-fold-degenerate SNPs. The first two axes indicate that
geographic origin dominates over ploidy: PC1 (9.5% of variability) differentiates
populations by geographic location, and PC2 (7.5% of variability) differentiates by ploidy
(figure 1B). The PC1/PC2 distribution resembles a three-pointed star (concave hexagon),
where each point represents one ploidy over a gradient of geographic distance, with the
exception of individuals from the Hull estuary on the east of Northern England, where
individuals of all ploidies intermingle, suggesting extensive local interploidy introgression
and a complex reticulate system. Global ancestry estimation with fastSTRUCTURE was
consistent with this observation (Fig. 1E), showing obvious clustering by ploidy and
geographic location as well as interploidy admixture, especially in the Hull region.
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Fig. 1 | Geographic distribution and genetic structure of Cochlearia. A, distribution of the 23
Cochlearia populations (red labels, diploids; blue, tetraploids; yellow, hexaploids; locations are
given in Table S3). B, Principal Component Analysis (PCA) of all populations. C, Rooted
phylogeny of 76 individuals from 23 populations created with RAxML, with outgroup
lonopsidium. D, TreeMix graph of populations, indicating migration edge from lonopsidium to
SKF/TET ancestor. E, fastSTRUCTURE analysis (k=4, min alleles=8) of all Cochlearia individuals,
with regions, populations, and ploidies indicated.
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Next, we performed a phylogenetic analysis in RAXML based on 72,641 4-fold-
degenerate SNPs (using the relative lonopsidium to root the tree; Figure 1C). Bootstrap
values were strong for major groupings (e.g. the clustering of British diploids vs.
tetraploids or the Norwegian tetraploids), although backbone resolution was weaker,
with the positioning of groups flipped between trees. Such a pattern could result from
high levels of introgression or rapid radiation. Introgression seems likely, as there is
known interploidy hybridisation in Cochlearia®***%, This observation is supported by the
admixture seen by fastSTRUCTURE and SplitsTree analyses (Figure 1E and 2C). This
could also be consistent with a rapid inter- or peri-glacial radiation' and postglacial
migration and introgression scenarios such as found in other Cochlearia species®. To
further assess demographic history and admixture patterns, we performed TreeMix
modeling (on 52,186 biallelic, fourfold-degenerate SNPs), which represents genome
relationships through a graph of ancestral populations®. Here, the optimal number of
migration edges was determined to be a single one (based on the Evanno method) which
revealed an admixture signal from the outgroup lonopsidium to British Cochlearia
hexaploids SKF (Figure 1D). Taken together, these demographic analyses indicate
complex patterns of ancestry and/or hybridization among the hexaploids, but simpler
groupings between diploids and tetraploids.

To focus on adaptation following WGD, we selected six sequenced populations of British
Cochlearia tetraploids (27 individuals; average depth >20x) and two populations of
British Cochlearia diploids (8 individuals; average depth >20x; Fig. 2A). This resulted in
a dataset containing 6,020,948 SNPs after quality and depth filtering. To assess
population relationships in this simplified demographic scenario, we first performed a
PCA using 361,981 4-fold-degenerate SNPs. The first axis (11.7% of variability
explained) clearly separated the samples by ploidy, while the second (8.1% of variability
explained) separated the LNL and TET individuals that showed signs of admixture with
either the Norwegian tetraploids or British hexaploids respectively (Fig. 2B-D, Fig. 1E).
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Fig. 2 | British Cochlearia demographic structure. A, British Cochlearia populations used for
selective sweep scan (red labels, diploids; blue, tetraploids; yellow, hexaploids). B, PCA of British
samples only, excluding hexaploids. C and D, Nei's genetic distances visualised in a SplitsTree
representation for all sequenced populations (C), and only British diploids and tetraploids (B).

Selective sweeps associated specifically with WGD. To determine which genes
exhibit the strongest signatures of selection following WGD in Cochlearia tetraploids, we
contrasted allele frequencies across the genomes of our British diploids and tetraploids,
calculating differentiation metrics (Rho*®, Hudson’s Fst'’, Nei’s Fst*®, Weir-Cochran’s
Fst*®, Dxy®®, number of fixed differences and average groupwise allele frequency
difference) for all 1 kb windows genome-wide which contain a minimum of 20 post-filter
SNPs, a minimum average depth of 8x and a maximum of 20% missing data. The
number of SNPs in this contrast was 3,024,896 residing in 44,968 windows, covering
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39,594 of the 44,023 predicted genes, or 90% of all gene coding loci.

To determine which differentiation metric most reliably identified genomic regions that
exhibit peaks in allele frequency difference (AFD) above local background levels, we
performed a quantitative inspection of all AFD plots in the outlier tails of empirical
distributions of each differentiation metric (see Methods). Based on superior
performance in this assessment, we used Hudson’s Fst*’, which brings the added benefit
of robustness for unequal population sizes and presence of rare variants®. Given that
Fst-based selective sweep scans have met with success in other diploid/autopolyploid
systems'>'®1531752  this also makes our current results directly comparable to previous
works. We extracted windows in the top 1% of the Fst distribution as empirical outliers,
consisting of 450 1kb windows, overlapping 296 gene-coding loci (Dataset S2). This list
was further refined using a fineMAV-like method'”*?, which uses Grantham scores to
predict the potential functional impact of each SNP that encodes a non-synonymous
amino acid change. This approach then amplifies the severity of each predicted amino
acid change by the AFD between the SNPs encoding the change. Out of the 448,625
non-synonymous-encoding SNPs assigned a MAV score, the 1% outliers from the
empirical distribution were reserved (4,486 SNPs; Dataset S3) and intersected with our
296 Fst outlier windows, yielding a refined list of 144 gene coding loci, containing 406
MAV SNPs (bold in Dataset S2). A selection of AFD peaks for these candidate genes
exhibiting gene-localised, ploidy-specific selective sweep signatures is given in Fig. 3.
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Fig. 3 | Selective sweep signatures at DNA management and ion homeostasis loci.
Examples of selective sweep signatures among 6 Fst outlier genes (red arrows). The X axis gives
genome position in base pairs. The Y axis gives AFD values at single SNPs (dots) between diploid
and tetraploid Cochlearia. Red arrows indicate genes overlapping top 1% Fst windows and grey
lines indicate neighboring genes. Light red dots indicate MAV outlier SNPs present in the
candidate selected locus.

Functional processes under selection post-WGD in Cochlearia. Using our 296 WGD-
specific selective sweep candidates, gene ontology (GO) enrichment analysis yielded
100 significantly enriched biological processes (using a conservative ‘elim’ Exact Test p
< 0.05, Table S4; see Methods). Taking higher level categories (minimum 150 annotated
genes/category) yielded 30 significantly enriched biological processes (Table S4, bold
rows). Among the most significantly enriched categories we observe DNA integration,
cell division, meiotic and sister chromatid segregation, mitosis, DNA repair, and
recombination represented. Other processes such as response to salt stress, organelle
fission, stomatal complex development, and cellular cation homeostasis were also
significantly enriched. Overall, these processes are remarkably well aligned with

10

130



bioRxiv preprint doi: https://doi.org/10.1101/2020.03.31.017939; this version posted April 1, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

physiological changes post-WGD suspected to be important challenges to the
establishment of nascent autopolyploids®'".

Evolution of DNA movement and related processes. Eleven of the top sixteen most
enriched higher-level GO categories were terms closely related to cell division, organelle
fission, cell cycle and DNA metabolic processes, including DNA recombination and DNA
repair, and cellular response to DNA repair (Table S4). Candidate genes contributing to
these enrichments have predicted roles in cell division, specifically meiosis, or
chromosome movement more generally. For example, a particularly dramatic selective
sweep signature overlaps directly CPg20426 (the orthologue of AT3G707180) and
includes 12 MAV outlier SNPs, 6 of which are fixed in the tetraploid relative to the diploid
(Fig. 3A). This gene encodes a kinetochore-like protein, which consists of a kinesin
domain and a binding domain with homology to a TATA binding protein, separated by a
Structural Maintenance of Chromosomes (SMC) coiled coil domain. Taken together, this
suggests that the encoded protein may be part of a complex that mediates chromosome
movement. The category ‘formation of the centromere’ is represented by three further
genes, CPg14121, CPg15411 and CPg17406. CPg14121 is the ortholog of CENP-C, an
essential kinetochore component®® and CPg15411 is the ortholog of the inner
centromere protein INCENP (Fig. 3B). Implicated in the control of chromosome
segregation and cytokinesis in yeast and animals, plant INCENP has a role in the
development and differentiation of the gametophytes® . Both of these loci contain 1%
outlier-MAV SNPs, with the INCENP ortholog harboring a remarkable 14 MAV outlier
SNPs, the greatest number of MAV outlier SNPs of any gene in the entire genome.
Beyond these, there are a diversity of proteins with putative roles in cell division, such
as CPg25053 and CPg25685 whose A. thaliana homologs both regulate cell cycle
progression®*¢°.

Evolution of DNA repair. Several of the most confident signals of selective sweep are
found in DNA repair-related genes. In particular CPg6863, the ortholog of A. thaliana
MLH3 (MutL) is both a 1% Fst outlier and contains 12 MAV SNPs, joint third most (Fig.
3C; equal with the kinetochore protein CPg20426 as the gene with the third highest
genome-wide quantity of MAV SNPs). This mismaitch repair gene controls the number
of meiotic crossovers in A. thaliana, with mutants exhibiting a 60% reduction in crossover
number®', making this a particularly strong candidate for modulating post-WGD meiosis,
where a reduction in crossover number stands as the strongest candidate mechanism
for re-establishing fertility in A. arenosa'®*®.

Two other genes directly implicated in DNA repair stand out: CPg7416, the ortholog of
the condensin-2 H2-subunit required for proper DNA double-strand break repair in A.
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thaliana and humans®®, is an Fst outlier with 8 MAV SNPs (Fig. 3D). Furthermore
condensin-2 has been recently implicated in controlling the association and dissociation
of centromeres®. Additionally, we find an Fst outlier peak over CPg36347, homologue
of DAYSLEEPER, an essential domesticated transposase®®. DAYSLEEPER was first
isolated as binding the Kubox1 motif upstream of the DNA repair gene Ku70. The
complex Ku70/Ku80 regulate non-homologous end joining double-strand break repair,
the only alternative to homologous recombination®®,

Selection on proteins involved in global transcription. In a polyploid the total DNA
content doubles but the protein content and cell size does not scale accordingly, so we
predict that the control of gene expression, like meiosis, should undergo adaptive
evolution post-WGD. This is supported by empirical findings in A. arenosa'*'**?, Here we
confirm this finding in Cochlearia, with 11 predicted DNA/RNA polymerase-associated
genes (CPg1405, CPg1875, CPg5061, CPg12069, CPg16591, CPg17556, CPg21554,
CPg26775, CPg26954, CPg28073 and CPg31859) and 3 putative ribosomal genes
(CPg28891, CPg34724 and CPg35322) among our selective sweep outliers. These
include CPg1405, the ortholog of NRPB9A, an RNA polymerase subunit that is
implicated in transcription initiation, processivity, fidelity, proofreading and DNA repair’™
™. We also detect an ortholog of MED13, CPg28073, a component of the mediator
complex, which is essential for the production of nearly all cellular transcripts.

Selection on ion transport and stress signaling. The ionomic equilibrium of the cell is
immediately altered upon WGD'™. We see signatures of selection that may represent a
response to this, including stress response genes that are triggered in response to
environmental ionic stressors. For example, the ortholog of SALT OVERLY SENSITIVE
1, a membrane Na+/H+ transporter that removes excessive Na+ from the cell™ and is
central to salt tolerance, exhibits a selective sweep signature (Fig 3E). We also find the
ortholog of DEAD-BOX RNA HELICASE 25, identified in A. thaliana as a repressor of
stress signaling for salt, osmotic, and cold stress™7". This gene also controls freezing
tolerance™, a phenotype relevant to the likely cold-loving demographic history of
Cochlearia. Similarly, we see CPg16997, the ortholog of drought response gene AtHB7™.
To confirm that this was not the result of ecotype differences we performed a salt
tolerance experiment on diploid and tetraploid plants. Surprisingly, given their divergent
ecotype preferences, with tetraploids found in more saline conditions, we found that the
diploid Cochlearia are in fact more salt tolerant than the tetraploids (p-value = 2.178e-
05; See Supplementary Text 1 and Table S5.). This finding also contrasts strongly to
observations of increased salinity tolerance in neotetraploid Arabidopsis thaliana™.

Stomata, plastid-related, and other categories under selection. Several genes
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involved in stomatal function were outliers post-WGD, such as the ortholog of OST2
(OPEN STOMATAZ2; CPg30015), which encodes the AHA1 protein, the major H+ ATPase
in the plasma membrane that drives hyperpolarization and initiates stomatal opening.
This protein is a target of ABA stress signaling to close the stomata during drought
response®. We confirmed this functionally, detecting increases in both in stomatal
conductance and net photosynthetic rate under drought conditions in tetraploid
Cochlearia populations relative to diploids (See Supplementary Text 2, Figure S1; Tables
S6-S8). Another equilibrium disrupted by WGD, and that has not been discussed in
previous WGD adaptation genome scans'®'®'®' is that between the chloroplast,
mitochondrion and nuclear genomes. Many genes related to the function of such
organelles are divergence outliers in tetraploid Cochlearia. For example, we detect 11
genes annotated as linked to the function of plastids/chlorophyll (CPg1559, CPg1878,
CPg2251, CPg16297, CPg18478, CPg19736, CPg21595, CPg26364, CPg30068,
CPg30733 and CPg33711) and five linked to mitochondrial function (CPg2266,
CPg24404, CPg26437, CPg28878, CPg17406). Notable also is that four selective sweep
candidates encode myosins (CPg10091, CPg22983, CPg6763 and CPg35628),
suggesting a WGD associated adaptation in cellular organization, a category that
encompasses organelle localization, cytoskeletal dynamics and nuclear shape''.

Ortholog-level convergence. To test for convergence in adaptation to WGD at the
ortholog level, we determined orthogroups using the three genomes gene annotations
with OrthoFinder®, giving a total of 21,619 orthogroups (Methods). Top 1% Fst gene-
coding outliers for A. arenosa (n=452; Dataset S4), C. amara (n=229; Dataset S5), and
Cochlearia (n=296; Dataset S2) were extracted and then considered orthologues if they
were part of the same orthogroup in the genome-wide orthofinder analysis. By this
analysis, not a single orthogroup was represented in all three independent WGDs.
However, there were a handful of orthogroups common to any two WGD adaptation
events: 6 orthogroups were identified in both C. amara and A. arenosa outliers, while 11
were identified in both Cochlearia and A. arenosa outlier lists (Table S9). No orthogroups
were common in both Cochlearia and C. amara lists. Consistent with our previous work',
this overlap was not significant for C. amara vs. A. arenosa (SuperExactTest P=0.23). In
contrast, however, we did detect a significantly greater number of overlaps at the gene
ortholog level between Fst outliers in Cochlearia and those in A. arenosa
(SuperExactTest P=0.013). Gene coding loci under selection post-WGD in both
Cochlearia and A. arenosa have inferred roles in DNA and RNA polymerisation (either
DNA pol V or nuclear DNA-directed RNA polymerase NRPB9 orthologs, respectively),
potassium homeostasis (the HIGH-AFFINITY K+ TRANSPORTER 1 ortholog), and
stomatal control (the ortholog of OPEN STOMATA 2) (Table S9). All of these genes are
involved in processes that have been implicated in adaptation to WGD™®"'. These loci
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therefore stand as strong candidates in salient challenges to nascent polyploids. We
note, however, that the degree of this convergence is low, consisting of only 3.7% of
genes exhibiting the strongest signatures of selection in Cochlearia, and only 2.4% of
those under strong selection in A. arenosa. While we expect that this likely represents a
bona fide lack of convergence in these adaptations at the level of orthologous loci, we
note that we focused here on genic signal, and there are many levels upon which
selection may act beyond the scope of this study. For example, many gene regulatory
changes would escape the notice of our scan, given that we required any outlier
divergence window to at least partially overlap a gene coding locus®.

Functional process-level convergence. While we detected minimal (or no)
convergence in any of our pairwise contrasts at the gene level, we reasoned that there
may be similarities in processes under selection between the three independent WGDs,
representing process level, or functional convergence. To estimate this, we performed
GO enrichment analysis on each outlier set and overlapped the results from each GO
WGD (Table 1). Three high-level terms were significantly enriched in all three species:
‘DNA metabolic process’, ‘cellular response to abscisic acid stimulus,” and ‘cellular
response 1o alcohol’. Additionally, there were six subcategories that were enriched in
Cochlearia and one of the other two species. These included DNA recombination,
drought tolerance, mitosis and meiosis. Taken together, these results strongly imply that
adaptive evolution in response to WGD is focused on particular functions, but that there
is a high degree of stochasticity in which exact genes evolve.

Table 1. Enriched GO terms common among independent WGD events
Cochlearia C.amara A. arenosa

GO:0006259 DNA metabolic process 0.01764 6.50E-08 0.00082
GO:0071215  cellular response to ABA 0.03738 0.04813 0.04013
GO:0097306 cellular response to alcohol 0.03738 0.04813 0.04013
GO:0051301  cell division 0.00044 - 0.0032
G0:1903047 mitotic cell cycle process 0.00797 - 0.00148
GO:0006310 DNA recombination 0.01543 - 0.02109
G0O:0000280 nuclear division 0.03186 - 4.10E-08
GO:0051276 chromosome organization - 0.01902 0.00021
GO:0009738 ABA-activated signalling - 0.03186 0.02214
GO:0051321 meiotic cell cycle 0.0395 0.02571 -
G0O:0009414  water deprivation response 0.04327 0.04782 -

Note: GO Fisher's Exact test elim values are given. This conservative method tests for
enrichment of terms from the bottom of the GO hierarchy to the top and discards any genes that
are significantly enriched in a descendant GO term.
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Conclusion

Following WGD, an instantly changed intracellular environment drives the evolution of a
suite of distinct processes. These processes include meiotic chromosome segregation,
ion homeostasis, and nucleotypic factors revolving around cell size, volume, and cell
cycle control™'®'". The broad array of relevant genes exhibiting signatures of selection in
our data suggest that adaptations of each of these processes have a polygenic basis.
Further, we observed the footprint of WGD-associated selection in genome-wide shifts
in the frequencies of many alleles, replicated in three independent WGDs. This work,
along with others'™™ ", shows that these processes exhibit genomic signatures of
adaptive evolution consistent with observations of altered phenotype upon WGD
consistently in independent adaptation events. A primary, well-established challenge
occurs during meiotic chromosome segregation, and we here illustrated in Cochlearia
other genomic and physiological changes. These physiological changes include
increases in drought resilience and stomatal conductance, concordant with findings in
other studies that concentrated on phenotype rather than genome-wide signal'®®8,

Given this complex genomic architecture, we found that convergence in three species
was minimal at the ortholog level. Even pairwise comparisons between species gave
only a handful of common orthologs under selection (Table S9). However, at the level of
functional processes, we observe evidence of convergent evolution. DNA management,
as a high level process stood out, and in Cochlearia we saw a substantial shift relative
to A. arenosa: in Cochlearia we observe enrichment in DNA repair and later meiotic
processes, as opposed to the prophase l-oriented signal previously reported in A.
arenosa’. It is not yet clear why particular solutions are favored in one species relative to
another. A degree of stochasticity depending on available standing variation can be
expected. But we also expect that an important role may also be played by difference in
species histories, which may offer preadaptations that steer evolution in a particular
direction. For example, our analysis of salinity tolerance in Cochlearia provided the
surprising result the diploid cytotype was at least as tolerant to extreme levels of salt
(600 mM, seawater concentrations) as the tetraploid, even though the diploid is found
exclusively inland, with the tetraploids in seawater or directly on coasts. This cryptic
salinity adaptation may be related to genetically connected polyploid coastal populations
along the Atlantic coast from Portugal towards coastal systems in northern Scandinavia
and the UK with glacial coastal refugia in the southern regions of Europe**®. Furthermore
diploid coastal populations from salt-affected habitat occur in Spain and a postglacial
and boreal spread of the diploid towards the UK is possible™ ™", with salinity tolerance
developing along the way, altering the genomic substrate upon which selection acted in
response to WGD-associated ionomic challenge' .
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While we have not directly addressed the cause of the commonly observed adaptability
of polyploids in this work, our results may suggest a hypothesis for one potential
contributing factor to the occasional dramatic niche shifts observed following WGD. We
observed a large quantity of DNA metabolism and repair genes under selection in all
species, and especially Cochlearia. This may signal a temporarily increased susceptibility
to DNA damage, due to suboptimal function of DNA repair genes during the process of
adaptive evolution, resulting in a relative ‘mutator phenotype’ in young polyploids. Such
a mutator phenotype has been plainly observed in aggressive polyploid human cancers,
which not only exhibit SNP-level hypermutator phenotypes, but also dramatic structural
variation in malignant aneuploid swarms that are associated with cancer progression’. It
could be that a parallel to this exists following other WGD events, even in plants. Whether
or not this hypothesis is supported by future discoveries, the cross-kingdom importance
of WGD to fields from evolution, to ecology, to agriculture and medicine, underscores
the importance of understanding the processes mediating adaptation to—and perhaps
by—WGD.
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Methods

Plant material. We first located 89 populations throughout Europe and collected population
samplings of plants from each, aiming for at least 10 plants per population, with each sampled
plant a minimum of 2 meters from any other. Of these, we selected 12 representative populations
from British Isles and 12 populations from the rest of the European range for population
resequencing (Table S3). An average of 4 individuals per population were sequenced with the
exception of two hexaploid lineages that fall outside the central focus of this study, but were
included for the demographic analysis, coastal Cochlearia danica (JON), which is invasive at
inland stands, and coastal Cochlearia anglica-like FRE, for which only one individual was
sequenced. A total of 116 individuals were initially sequenced, which was narrowed down by a
cutoff of 4x, leaving 76 individuals from 23 populations in the final analysed dataset.

Ploidy Determination. DNA content and ploidy were inferred for populations using Flow
Cytometry (Dataset S1). Approximately 1 square cm of leaf material was diced alongside an
internal reference using razor blades in 1 ml ice cold extraction buffer (either 45 mM MgCl., 30
mM sodium citrate, 20mM MOPS, 1% Triton-100, pH 7 with NaOH for relative staining or 0.1 M
citric acid, 0.5% Tween 20 for absolute measurements). The resultant slurry was then filtered
through a 40-pm nylon mesh before the nuclei were stained with the addition of 1 ml staining
buffer (either CyStain UV precise P [Sysmex, Fluorescence emission: 435nm to 500nm)] for
relative ploidy, or Otto 2 buffer [0.4 M Na,HPQ.-12H.0, Propidium iodide 50 upgmL-1, RNase 50
pgmL-1], for absolute DNA content). After 1 minute of incubation at room temperature the
sample was run for 5,000 particles on either a Partec PA Il flow cytometer or a BD FACS Melody.
Histograms were evaluated using FlowJo software version 10.6.1.

Reference Genome Assembly and Alignment
We generated a synthetic long read-based de novo genome assembly using 10x Genomics
Chromium linked read technology.

CTAB DNA extraction method. A total of 0.4 g Cochlearia pyrenaica leaf material from one
individual plant in the NEN population was ground using liquid nitrogen before the addition of 10
ml of CTAB DNA extraction buffer (100 mM Tris-HCI, 2% CTAB, 1.4 M NaCl, 20 mM EDTA, and
0.004 mg/ml Proteinase K). The mixture was incubated at 55°C for 1 hour then cooled on ice
before the addition of 5 ml Chloroform. This was then centrifuged at 3000 rpm for 30 minutes
and the upper phase taken, this was added to 1X volume of phenol:chloroform:isoamyl-alcohol
and spun for 30 minutes at 3000 rpm. Again, the upper phase was taken and mixed with a 10%
volume of 3M NaOAc and 2.5X volume of 100% ethanol at 4 °C. This was incubated on ice for
30 minutes before being centrifuged for 30 minutes at 3000 rpm and 4 °C. Three times the pellet
was washed in 4ml 70% ethanol at 4 °C before being centrifuged again for 10 minutes at 3000
rpm and 4°C. The pellet was then air dried and resuspend in 300 ul nuclease-free water
containing 0.0036 mg/ml RNase A. The DNA concentration was checked on a QuBit Flourometer
2.0 (Invitrogen) using the QuBit dsDNA HS Assay kit. Fragment sizes were assessed using a Q-
card (OpGen Argus) and the Genomic DNA Tapestation assay (Agilent).
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10X library construction. DNA material was diluted to 0.5 ng/ul with EB (Qiagen) and checked
with a QuBit Flourometer 2.0 (Invitrogen) using the QuBit dsDNA HS Assay kit. The Chromium
User Guide was followed as per the manufacturer’s instructions (10X Genomics, CG00043, Rev
A). The final library was quantified using gPCR (KAPA Library Quant kit (lllumina), ABI Prism
gPCR Mix, Kapa Biosystems). Sizing of the library fragments were checked using a Bioanalyzer
(High Sensitivity DNA Reagents, Agilent). Samples were pooled based on the molarities
calculated using the two QC measurements. The library was clustered at 8 pM with a 1% spike
of PhiX library (lllumina).

Sequencing and assembly and assembly QC. The sample was sequenced on HiSeq2500
Rapid Run V2 mode (lllumina). The first run on 150 bp sequences gave 101.29 M reads. A second
run was carried out on 250 bp sequences, bringing the total number of reads up to 269.58 M,
total coverage to 123x and effective coverage to 51x. These were subsampled to 135 M reads
and assembled on Supernova 2.0.0 giving raw coverage of 63x and effective coverage 35x. The
molecule length was 16.6 kb. Two assemblies were kept, with a minimum contig size of 10 Kb
or 3 Kb, with an assembly size of 174.47 Mb and 219.69 Mb respectively. The k-mer estimate
for the genome size was 528.26 Mb and the flow cytometry estimate of the genome size was
656 Mb (0.67 pg +0.07) for the NEN diploid and 1,352 Mb (1.38 pg + 0.12) for the tetraploids,
consistent with previous reports®™®, The final 3kb minimum contig length assembly had 13,302
contigs, an N50 of 39.7 kb. Assessment of gene space completeness gave 91.3% complete,
single copy core eukaryotic ‘BUSCO genes’ (1315/1440 BUSCO groups; Table S1; BUSCO
version 3.0.2). Uncollapsed haplotypes were detected in this assembly: to purge these we
identified uncollapsed haplotypes (defined as ID > 99%, coverage > 99%:; consisting ~28 mb of
the genome) and one scaffold was randomly selected to use in alignments (consisting ~12 mb
of the genome), while the rest were excluded.

Gene Calling and Annotation. The genome was annotated with gene model predictions
produced by AUGUSTUS (version 3)*® which had been trained on the Arabidopsis thaliana
genome. A total of 44,023 putative genes were identified.

Population Resequencing and Analysis.

Library preparation and sequencing. DNA was prepared using the commercially available
DNeasy Plant Mini Kit from Qiagen. DNA libraries were made using TruSeq DNA PCR-free Library
kit from lllumina as per the manufacturer’s instructions and were multiplexed based on
concentrations measured with a QuBit Flourometer 2.0 (Invitrogen) using the QuBit dsDNA HS
Assay kit. Sequencing was carried out on either NextSeq 550 (lllumina) in house (4 runs) or sent
to Novogene for lllumina Hiseq X, PE150 sequencing (2 runs).

Data preparation, alignment, and genotyping. Adapter sequences were removed using
cutadapt (version 1.9.1)* and quality trimmed with Sickle (version 1.2)* to generate only high-
quality reads (Phred score >=30) of 30bp or more. The reads were aligned to the reference using
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bwa (v. 0.7.12)*" and further processed with samtools (v. 1.3)*. Duplicate reads were removed
and read group IDs added to the bam files using Picard (version 1.134)®. Indels were realigned
with GATK (version 3.8)*. Samples were first genotyped individually with “HaplotypeCaller” and
were then genotyped jointly using “GenotypeGVCFs” in GATK (version 3.8)*'. The resulting VCF
files were then filtered for biallelic sites and mapping quality (QD < 2.0, FS > 60.0, MQ < 40.0,
MQRankSum < -12.5, ReadPosRankSum < -8.0, HaplotypeScore < 13.0). The VCF was then
filtered by depth. To prevent a single individual from dominating the mean depths the three
individuals with the most coverage (VEG_003, SKF_009 and VEG_004) were removed and a
depth histogram was created for the remaining 73 individuals. Based on this distribution a depth
cutoff of 2,469 was applied to the VCF containing the 73 individuals and this was then used as
a mask for the final VCF containing all individuals.

Demographic analysis. We inferred relationships between populations as genetic distances
using principal component analysis (PCA) implemented in adegenet®. To further interrogate their
relationships we then ran fastSTRUCTURE™. Since fastSTRUCTURE does not handle polyploid
genomes we randomly subsampled two alleles from tetraploid and hexaploid populations using
a custom script and used this dataset in fastStructure. We have previously demonstrated that
results generated in this way are directly comparable to results generated with the full dataset in
STRUCTUREY. We calculated Nei’s distances among all individuals in stamp and visualised
these using SplitsTree™.

Phylogenetic analysis. We constructed a maximum likelihood phylogeny using RAXML version
8.1.16" under a GTR + G model of evolution and with an ascertainment bias correction (--asc-
corr=lewis) in order to account for unsampled invariant sites in SNP datasets. Sites with more
than 10% of missing data were excluded from a set of 79,252 fourfold-degenerate SNPs using
the GATK tool “SelectVariants” (GATK version 3.8), and the python script ascbias.py
(https://github.com/btmartin721/raxml_ascbias) was used to remove sites considered as
invariable by RAxML. The maximum likelihood analysis was performed with 1000 rapid bootstrap
replicates. Additionally, we used TreeMix version 1.13" to generate a population maximum
likelihood phylogeny allowing for migration events (admixture) between populations. The input
file was generated using the script vcf2treemix.py
(https://github.com/CoBiG2/RAD_Tools/blob/master/vcf2treemix.py), thereby excluding
multiallelic sites from the set of fourfold-degenerate variants with a maximum of 10% missing
data. We tested for up to 10 migration edges (M) and performed 10 initial replicate runs for every
M. We then determined the optimal number of migration edges based on the Evanno method
using the R package optM'”. Hereafter, we performed 100 bootstrap replicates for the best-
fitting M and finally, a consensus tree was inferred from the resulting 100 maximum likelihood
trees using sumtrees.py version 4.10"".

Orthogrouping and Reciprocal Best Blast Hits. We performed an orthogroup analysis using
Orthofinder version 2.3.3%. to infer orthologous groups (OGs) from four species (C. amara, A.
lyrata, A. thaliana, C. pyrenaica). A total of 21,618 OGs were found. Best reciprocal blast hits
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(RBHs) for Cochlearia and A. thaliana genes were found using BLAST version 2.9.0. Cochlearia
genes were then assigned an A. thaliana gene ID for GO enrichment analysis in one of five ways.
First if the genes’ OG contained only one A. thaliana gene ID, that gene ID was used. If the OG
contained more than one A. thaliana gene ID then the RBH was taken. If there was no RBH then
the OG gene with the lowest E-value in a BLAST versus the TAIR10 database was taken. If no
OG contained the Cochlearia gene then the RBH was taken. Finally, if there was no OG or RBH
then the gene with the lowest E-value in a BLAST versus the TAIR10 database was taken.
BLASTSs versus the TAIR10 database were performed during December 2019.

GO Enrichment Analysis. To infer functions significantly associated with directional selection
following WGD, we performed gene ontology enrichment of candidate genes in the R package
TopGO v.2.32'", using A. thaliana orthologs of Cochlearia genes and an A. thaliana universe set.
We tested for overrepresented Gene Ontology (GO) terms within the three domains Biological
Process (BP), Cellular Component (CC) and Molecular Function (MF) using Fisher’s exact test
with conservative ‘elim’ method, which tests for enrichment of terms from the bottom of the GO
hierarchy to the top and discards any genes that are significantly enriched in a descendant GO
term'®. We used ‘biological process’ ontology with minimum node size 150 genes and FDR =
0.05. A significance cut-off of 0.05 and all processes represented by a single gene were removed
(25 in total).

Window-based scan for selective sweep signatures. We performed a window-based
divergence scan for selection consisting of 1 kb windows that contained at least 20 SNPs. The
data was filtered as described above and in addition was filtered for no more than 20% missing
data and a depth of >= 8x. We calculated metrics: Rho, Nei’'s Fst, Weir-Cochran’s Fst, FstH,
Dxy, number of fixed differences and average groupwise allele frequency difference (AFD). To
determine the best metric to use we performed a quantitative analysis of AFD plot quality for all
1% outliers of each metric. Each window was given a score of 0-4, with 0 being the lowest quality
and 4 the highest. Scores were based on two qualities: peak height and peak specificity. For
peak height one point was awarded if the window contained one SNP of AFD > 0.5 < 0.7, and
two points were awarded for any SNP of AFD > 0.7. Likewise, for peak specificity two points
were awarded for an AFD peak that was restricted to a single gene and one point was awarded
for a peak that was restricted to 2-3 genes. The top 1% outliers from the metric FstH*” was
selected as, compared to all other single 1% outlier lists and all permutations of overlapped 1%
outlier lists, it maximized the number of ‘4’ and ‘3’ scores while minimizing the number of ‘1’ and
‘0’ scores. This is consistent with the good performance of Fst in our previous studies''317:52,

MAY analysis. A FineMAV®-like analysis was carried out on all biallelic, non-synonymous SNPs
passing the same filters as the window-based selection scan. SNPs were assigned a Grantham
score according to the amino acid change and this was scaled by the AFD between ploidies.
The top 1% outliers of all these MAV-SNPs were then overlapped with the genes in our 1% Fst
outlier windows to give a refined list of candidate genes that contain potentially functionally
significant non-synonymous mutations at high AFD between cytotypes. The code outlining this
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can be found at https://github.com/paajanen/meiosis_protein_evolution/tree/master/FAAD.

Data Availability

Sequence data that support the findings of this study have been deposited in the Sequence
Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) with the primary accession code
PRINAXXXXXX (available at http://www.ncbi.nlm.nih.gov/bioproject/XXXXX) and will be released
following peer review and publication.
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