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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  I  conducted  an  empirical  investigation  on  how and  why  patterns  of 
genomic convergence change with increasing divergence. To do so, I studied the genomic 
basis  of  convergent  adaptation  to  outer  (alpine  habitats)  and  inner  (whole  genome 
duplication) environmental challenges. I focused on convergently adapting lineages across 
plant model family Brassicaceae, spanning ~0.01 – 25 million years divergence.  Leveraging 
such naturally replicated system, I 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, 
I  identified  convergent  footprints  of  selection  shared  across  natural  populations  and 
quantified 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 I 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, I 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. 
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Abstrakt
Adaptace, proces šíření výhodných alel, umožňuje populacím a druhům čelit  nepříznivým 
podmínkám  prostředí.  Příklady  konvergentní  adaptace  (zde  použita  jako  synonymum  k 
paralelní) ukazují důležitost přírodního výběru pro formování biologické diversity a umožňují 
zjišťovat,  do  jaké  míry  je  genetická  podstata  evoluce  předvídatelná.  Mnoho  nedávných 
genomických studií odhalilo, že je konvergentní evoluce na úrovni genomu rozšířená. Jenže 
konkrétní podoba se velmi liší, od odpovědi pomocí stejných molekulárních drah ale různých 
míst  v  genomu  (funkční  konvergence)  po  opakovanou  adaptaci  pomocí  stejných  genů 
(opětovné použití genů). To vede k otázce, jestli takto variabilní systém umožňuje jakékoliv 
predikce ohledně mechanismů zodpovědných za konvergentní adaptaci. Spekuluje se, že se 
způsoby konvergentní adaptace liší podle příbuznosti zkoumaných linií. Jenže tato možná 
závislost nikdy nebyla testována na jednotném modelovém systému napříč škálou různých 
příbuzností, a tak se nemohla potvrdit ani ona, ani její možné příčiny.
V předkládané PhD práci jsem empiricky zjišťovala jak a proč se genomická konvergence 
liší  s  klesající  příbuzností.  Jako  příklad  jsem  použila  konvergentní  adaptaci  k  vnějším 
(alpinské prostředí) a vnitřním (celogenomová duplikace) podmínkám. Ty jsem studovala v 
rostlinné modelové čeledi brukvovité (Brassicaceae) a zahrnovaly spektrum příbuzností mezi 
0,01  –  25  miliony  let.  Díky  těmto  modelovým  systémům  jsem  testovala,  jestli  se  míra 
opětovného využití genů v konvergentní adaptaci snižuje se snižující se příbuzností a jestli 
to odráží dostupnost sdílených alel nebo genetická omezení daná pleiotropií genů. Nakonec 
jsem se ptala, jakou roli v opakované adaptaci hraje funkční konvergence.
Za  použití  sekvenování  genomu  a  statistických  analýz,  doplněných  experimenty,  jsem 
identifikovala  konvergentní  změny  související  s  adaptací  a  vyčíslila  tak  míru  genomické 
konvergence.  Mezi  studiemi,  které  byly  součástí  mého  PhD  projektu,  míra  opětovného 
využití genů v konvergentní adaptaci úzce souvisela s genetickou příbuzností srovnávaných 
linií.  Identifikovala  jsem  vysokou  míru  opětovného  využití  genů  mezi  blízce  příbuznými 
populacemi  a  naopak  velmi  nízkou  míru  nad  úrovní  rodu.  U  takto  vzdáleně  příbuzných 
konvergentních linií potom byla nízká míra genové konvergence kompenzována zvýšenou 
mírou konvergence na úrovni  funkčních molekulárních drah.  Nakonec jsem zjistila,  že u 
blízce  příbuzných  linií  je  opětovné  využití  genů  pravděpodobnější  díky  jejich  schopnosti 
sdílet společné alely – buď výměnou genovým tokem nebo zděděné od předků. Tato zjištění 
představují první objasnění mechanismů stojících za snižující se mírou opětovného využití 
genů s narůstající evoluční vzdáleností mezi liniemi.
Celkově jsem ukázala, že míra opětovného použití genů v konvergentní adaptaci souvisí s 
příbuzností,  což je  zapříčiněno lepší  dostupností  společných alel  mezi populacemi  uvnitř 
druhu.  Opakovaná  adaptace  pomocí  rozdílných  genů  účinkujících  ve  stejné  molekulární 
dráze naopak dominuje,  když je příbuznost mezi konvergentními liniemi (a tedy možnost 
sdílet výhodné alely) limitně nízká. Obecně tyto výsledky nabízejí nové empirické poznatky k 
debatě o opakovatelnosti adaptace a z ní vyplývající (ne)předvídatelnosti evoluce. To může 
v důsledku přispět k navrhování programů ochrany přírody nebo nalézt využití v oborech 
medicíny pracující s předvídatelností evoluce.     
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Part A – General chapters

A1: 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 fitness 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? 
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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  (Bohutínská, 
Vlček, 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, 
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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.
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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, I used a multidisciplinary approach 
leveraging  naturally  replicated  extreme-adapted  plant  populations.  I  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;  Körner,  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, I identified candidate genes associated with  adaptation to each factor. Then, I 
quantified the genome-wide extent of gene reuse and function-level convergence across the 
repeated instances of each case of adaptation. Finally, I inquired about the source of the 
candidate  adaptive  variants  using  population  genomic  modelling  of  different  parallel 
evolution scenarios (Lee & Coop, 2017). 
Overall, I 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. I tested the following 
three hypotheses (Fig. 1):

Central hypotheses: 
● Gene reuse in convergent adaptation negatively scales with evolutionary divergence 

between repeatedly adapting populations, species and genera. 
● The decreasing allele reuse at  short  divergences and increasing diversification of 

pleiotropic constraints at deeper divergences jointly drive this relationship. 
● The  function-level  convergence  compensates  for  limited  gene  reuse  at  deeper 

divergences. 

I 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)).  I  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 uniquely broad set of genetic tools and resources that were 
developed for the leading plant model Arabidopsis thaliana , I 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. I divided the project into three 
parts based on the divergence, addressing following objectives:
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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. I  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.  I  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,  I  identified genomic regions showing signatures of 
positive  selection  associated  with  whole  genome  duplication  or  alpine  colonization.  To 
gather  reliable  candidates  I  used  a  conservative  approach  combining  various  selection 
scans approaches, reviewed in (Oleksyk, Smith, & O’Brien, 2010; Vitti, Grossman, & Sabeti, 
2013; Weigand & Leese, 2018).  Next, I annotated the candidate genes into corresponding 
molecular  pathways  or  functions,  using  Gene  onthlogy  enrichment  analysis  (Alexa  & 
Rahnenführer, 2018) and predictions of protein-protein interactions (Szklarczyk et al., 2015). 
By overlapping candidate genes and functions among repeated instances of adaptation, I 
quantified  the genome-wide  extent  of  gene reuse and function-level  convergence (CS1-
CS6). For the whole procedure, I used python3 ScanTools_ProtEvol pipeline, a toolset which 
I 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,  I  further  applied  modelling  and  experiments.  First,  I  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 I used RNASeq to inquire about 
transcription  changes  associated  with  alpine  adaptation  as  a  proxy  for  function-level 
convergence (CS2). Finally, I 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 (Körner, 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 (Körner, 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  (Bohutínská et al., 
2021, CS1; Knotek et al., 2020; Šrámková-Fuxová et al., 2017).
Following  up  these  results,  I  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 (Bohutínská 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 
(Bohutínská et al., 2021, CS1).

In a complementary study  (Wos, Bohutínská, Nosková, Mandáková, & Kolář, 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 (Bohutínská 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, Bohutínská, Nosková, Mandáková, & Kolář, 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, Kolář, & 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 (Körner, 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  (Günther, Lampei, Barilar, & Schmid, 2016; Hämälä & 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 (Bohutínská 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 (Bohutínská 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 (Bohutínská, Handrick, et 
al., 2021, CS4),  Cardamine amara (Bohutínská, 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 (Bohutínská, 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 (Bohutínská, 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 
(Zozomová-Lihová  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 (Bohutínská, Alston, et al., 2021, 
CS5).
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, CS6).
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A5: Conclusions: Divergence matters!
In my PhD project, I  analyzed genome-wide variation over multiple instances of naturally 
replicated  extreme-adapted  populations  and  species.  To  address  my  objectives  more 
broadly, I studied cases of genomic adaptation towards two distinct selective agents: alpine 
environment  (CS1,  CS2)  and  whole  genome  duplication  (CS3  –  CS6).  I  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, I 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,  I  identified  significant  genomic  convergence  at  the  level  of  gene  reuse  and 
repeated functional pathways (CS1 – CS6). I 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, I inquired about mechanisms underlying varying extent of genomic convergence at 
shallow divergence levels. I 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,  I  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, I 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,  I 
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, I 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 
between the genomic basis of convergent adaptation and divergence. 

19



References
 
Agrawal, A. F., & Stinchcombe, J. R. (2009). How much do genetic covariances alter the rate 

of adaptation? Proceedings of the Royal Society B: Biological Sciences, 276(1659), 
1183–1191. https://doi.org/10.1098/rspb.2008.1671

Alexa, A., & Rahnenführer, J. (2018). Gene set enrichment analysis with topGO. Retrieved 
from http://www.mpi-sb.mpg.de/ alexa∼

Alves, J. M., Carneiro, M., Cheng, J. Y., Matos, A. L. de, Rahman, M. M., Loog, L., … 
Jiggins, F. M. (2019). Parallel adaptation of rabbit populations to myxoma virus. 
Science, 363(6433), 1319–1326. https://doi.org/10.1126/SCIENCE.AAU7285

Arendt, J., & Reznick, D. (2008). Convergence and parallelism reconsidered: what have we 
learned about the genetics of adaptation? Trends in Ecology and Evolution, 23(1), 26–
32. https://doi.org/10.1016/j.tree.2007.09.011

Arnold, B., Kim, S.-T., & Bomblies, K. (2015). Single Geographic Origin of a Widespread 
Autotetraploid Arabidopsis arenosa Lineage Followed by Interploidy Admixture. 
Molecular Biology and Evolution, 32(6), 1382–1395. 
https://doi.org/10.1093/molbev/msv089

Baduel, P., Bray, S., Vallejo-Marin, M., Kolář, F., & Yant, L. (2018, August 20). The 
“Polyploid Hop”: Shifting challenges and opportunities over the evolutionary lifespan of 
genome duplications. Frontiers in Ecology and Evolution. Frontiers Media S.A. 
https://doi.org/10.3389/fevo.2018.00117

Barrett, R. D. H., & Schluter, D. (2008, January 1). Adaptation from standing genetic 
variation. Trends in Ecology and Evolution. Elsevier Current Trends. 
https://doi.org/10.1016/j.tree.2007.09.008

Birkeland, S., Lovisa, A., Gustafsson, S., Brysting, A. K., Brochmann, C., & Nowak, M. D. 
(2020). Multiple genetic trajectories to extreme abiotic stress adaptation in Arctic 
Brassicaceae. Molecular Biology and Evolution. 
https://doi.org/10.1093/molbev/msaa068/5804990

Blount, Z. D., Lenski, R. E., & Losos, J. B. (2018). Contingency and determinism in 
evolution: Replaying life’s tape. Science, 362(655). 
https://doi.org/10.1126/SCIENCE.AAM5979

Bohutínská, M., Alston, M., Monnahan, P., Mandáková, T., Bray, S., Paajanen, P., … Yant, 
L. (2021). Novelty and convergence in adaptation to whole genome duplication. 
Molecular Biology and Evolution. https://doi.org/10.1093/molbev/msab096

Bohutínská, M., Handrick, V., Yant, L., Schmickl, R., Kolář, F., Bomblies, K., & Paajanen, P. 
(2021). De-novo mutation and rapid protein (co-)evolution during meiotic adaptation in 
Arabidopsis arenosa. Molecular Biology and Evolution. 
https://doi.org/10.1093/molbev/msab001

20



Bohutínská, M., Vlček, J., Yair, S., Leanen, B., Konečná, V., Fracassetti, M., … Kolář, F. 
(2021). Genomic basis of parallel adaptation varies with divergence in Arabidopsis and 
its relatives. Proceedings of the National Academy of Sciences of the United States of 
America. https://doi.org/10.1073/pnas.2022713118

Bomblies, K. (2020). When everything changes at once: finding a new normal after genome 
duplication. Proceedings of the Royal Society B: Biological Sciences, 287(1939), 
20202154. https://doi.org/10.1098/rspb.2020.2154

Bomblies, K., Higgins, J. D., & Yant, L. (2015). Meiosis evolves: adaptation to external and 
internal environments. New Phytologist, 208(2), 306–323. 
https://doi.org/10.1111/nph.13499

Booker, T. R., Jackson, B. C., & Keightley, P. D. (2017, October 30). Detecting positive 
selection in the genome. BMC Biology. BioMed Central Ltd. 
https://doi.org/10.1186/s12915-017-0434-y

Bradburd, G. S., & Ralph, P. L. (2019). Spatial Population Genetics: It’s About Time. Annual 
Review of Ecology, Evolution, and Systematics, 50, 427–449. 
https://doi.org/10.1146/annurev-ecolsys-110316

Bray, S. M., Wolf, E. M., Zhou, M., Busoms, S., Bohutinska, M., Paajanen, P., … Yant, L. 
(2020). Convergence and novelty in adaptation to whole genome duplication in three 
independent polyploids. BioRxiv, 2020.03.31.017939. 
https://doi.org/10.1101/2020.03.31.017939

Charlesworth, B., Charlesworth, D., & Barton, N. H. (2003). The Effects of Genetic and 
Geographic Structure on Neutral Variation. Annual Review of Ecology, Evolution, and 
Systematics, 34(1), 99–125. https://doi.org/10.1146/annurev.ecolsys.34.011802.132359

Connallon, T., & Hall, M. D. (2018). Genetic constraints on adaptation: a theoretical primer 
for the genomics era. Annals of the New York Academy of Sciences, 1422(1), 65–87. 
https://doi.org/10.1111/nyas.13536

Conte, G. L., Arnegard, M. E., Peichel, C. L., & Schluter, D. (2012). The probability of 
genetic parallelism and convergence in natural populations. Proc. R. Soc. B, 279, 
5039–5047. https://doi.org/10.1098/rspb.2012.2146

Cooper, K. L., Sears, K. E., Uygur, A., Maier, J., Baczkowski, K.-S., Brosnahan, M., … 
Tabin, C. J. (2014). Patterning and post-patterning modes of evolutionary digit loss in 
mammals. Nature, 511(7507), 41–45. https://doi.org/10.1038/nature13496

Duret, L. (2008). Neutral Theory: The Null Hypothesis of Molecular Evolution | Learn Science 
at Scitable. Nature Education, 1(1). Retrieved from 
https://www.nature.com/scitable/topicpage/neutral-theory-the-null-hypothesis-of-
molecular-839/

Elmer, K. R., & Meyer, A. (2011, June 1). Adaptation in the age of ecological genomics: 
Insights from parallelism and convergence. Trends in Ecology and Evolution. Elsevier 
Current Trends. https://doi.org/10.1016/j.tree.2011.02.008

21



Fisher, R. A. (1930). The genetical theory of natural selection. The genetical theory of 
natural selection. Clarendon Press. https://doi.org/10.5962/bhl.title.27468

Foote, A. D., Liu, Y., Thomas, G. W. C., Vinař, T., Alföldi, J., Deng, J., … Gibbs, R. A. 
(2015). Convergent evolution of the genomes of marine mammals. Nature GeNetics, 
47. https://doi.org/10.1038/ng.3198

Gill, E. (2008). Conservation genetics of the species complex Cochlearia officinalis L. s.l. in 
Britain.

Goldstein, R. A., Pollard, S. T., Shah, S. D., & Pollock, D. D. (2015). Nonadaptive Amino 
Acid Convergence Rates Decrease over Time. Molecular Biology and Evolution, 32(6), 
1373–1381. https://doi.org/10.1093/molbev/msv041

Gould, S. J. (1989). Wonderful life : the Burgess Shale and the nature of history. Norton.

Graham, C. H., Storch, D., & Machac, A. (2018). Phylogenetic scale in ecology and 
evolution. Global Ecology and Biogeography, 27(2), 175–187. 
https://doi.org/10.1111/geb.12686

Günther, T., Lampei, C., Barilar, I., & Schmid, K. J. (2016). Genomic and phenotypic 
differentiation of Arabidopsis thaliana along altitudinal gradients in the North Italian 
Alps. Molecular Ecology, 25(15), 3574–3592. https://doi.org/10.1111/mec.13705

Haenel, Q., Roesti, M., Moser, D., MacColl, A. D. C., & Berner, D. (2019). Predictable 
genome-wide sorting of standing genetic variation during parallel adaptation to basic 
versus acidic environments in stickleback fish. Evolution Letters, 3(1), 28–42. 
https://doi.org/10.1002/evl3.99

Hämälä, T., & Savolainen, O. (2019). Genomic Patterns of Local Adaptation under Gene 
Flow in Arabidopsis lyrata. Molecular Biology and Evolution, 32(11), 2557–2571. 
https://doi.org/10.1093/molbev/msz149

Hibbins, M. S., Gibson, M. J. S., & Hahn, M. W. (2020). Determining the probability of 
hemiplasy in the presence of incomplete lineage sorting and introgression. BioRxiv, 
2020.04.15.043752. https://doi.org/10.1101/2020.04.15.043752

Hoekstra, H. E., & Coyne, J. A. (2007). THE LOCUS OF EVOLUTION: EVO DEVO AND 
THE GENETICS OF ADAPTATION. Evolution, 61(5), 995–1016. 
https://doi.org/10.1111/j.1558-5646.2007.00105.x

Hohmann, N., Wolf, E. M., Lysak, M. A., & Koch, M. A. (2015). A Time-Calibrated Road Map 
of Brassicaceae Species Radiation and Evolutionary History. The Plant Cell, 27(10), 
2770–2784. https://doi.org/10.1105/tpc.15.00482

Hollister, J. D., Arnold, B. J., Svedin, E., Xue, K. S., Dilkes, B. P., & Bomblies, K. (2012). 
Genetic Adaptation Associated with Genome-Doubling in Autotetraploid Arabidopsis 
arenosa. PLoS Genetics, 8(12), e1003093. 
https://doi.org/10.1371/journal.pgen.1003093

Hudson, R. R., & Coyne, J. A. (2002). Mathematical consequences of the genealogical 
species concept. Evolution, 56(8), 1557–1565. https://doi.org/10.1111/j.0014-

22



3820.2002.tb01467.x

Jacobs, A., Carruthers, M., Yurchenko, A., Gordeeva, N. V., Alekseyev, S. S., Hooker, O., … 
Elmer, K. R. (2020). Parallelism in eco-morphology and gene expression despite 
variable evolutionary and genomic backgrounds in a Holarctic fish. PLOS Genetics, 
16(4), e1008658. https://doi.org/10.1371/journal.pgen.1008658

Johanson, U., West, J., Lister, C., Michaels, S., Amasino, R., & Dean, C. (2000). Molecular 
analysis of FRIGIDA, a major determinant of natural variation in Arabidopsis flowering 
time. Science, 290(5490), 344–347. https://doi.org/10.1126/science.290.5490.344

Jones, F. C., Grabherr, M. G., Chan, Y. F., Russell, P., Mauceli, E., Johnson, J., … Kingsley, 
D. M. (2012). The genomic basis of adaptive evolution in threespine sticklebacks. 
Nature, 484(7392), 55–61. https://doi.org/10.1038/nature10944

Kingsley, E. P., Manceau, M., Wiley, C. D., & Hoekstra, H. E. (2009). Melanism in 
Peromyscus is caused by independent mutations in Agouti. PLoS ONE, 4(7), 6435. 
https://doi.org/10.1371/journal.pone.0006435

Knotek, A., Konečná, V., Wos, G., Požárová, D., Šrámková, G., Bohutínská, M., … Kolář, F. 
(2020). Parallel Alpine Differentiation in Arabidopsis arenosa. Frontiers in Plant 
Science, 11, 1949. https://doi.org/10.3389/fpls.2020.561526

Kopp, A. (2009). Metamodels and phylogenetic replication: a systematic approach to the 
evolution of developmental pathways. Evolution, 63(11), 2771–2789. 
https://doi.org/10.1111/j.1558-5646.2009.00761.x

Körner, C. (2003). Alpine Plant Life. Berlin, Heidelberg: Springer Berlin Heidelberg. 
https://doi.org/10.1007/978-3-642-98018-3

Kubota, S., Iwasaki, T., Hanada, K., Nagano, A. J., Fujiyama, A., Toyoda, A., … Morinaga, 
S. I. (2015). A Genome Scan for Genes Underlying Microgeographic-Scale Local 
Adaptation in a Wild Arabidopsis Species. PLoS Genetics, 11(7), e1005361. 
https://doi.org/10.1371/journal.pgen.1005361

Lai, Y.-T., Yeung, C. K. L., Omland, K. E., Pang, E.-L., Hao, Y., Liao, B.-Y., … Li, S.-H. 
(2019). Standing genetic variation as the predominant source for adaptation of a 
songbird. Proceedings of the National Academy of Sciences of the United States of 
America, 116(6), 2152–2157. https://doi.org/10.1073/pnas.1813597116

Lande, R., & Shannon, S. (1996). The role of genetic variation in adaptation and population 
persistence in a changing environment. BRIEF COMMUNICATIONS Evolution (Vol. 
50).

Lee, K. M., & Coop, G. (2017). Distinguishing Among Modes of Convergent Adaptation 
Using Population Genomic Data. Genetics, 207(4), 1591–1619. 
https://doi.org/10.1534/GENETICS.117.300417

Lim, M. C. W., Witt, C. C., Graham, C. H., & Avalos, L. M. D. (2019). Parallel Molecular 
Evolution in Pathways, Genes, and Sites in High-Elevation Hummingbirds Revealed by 
Comparative Transcriptomics. Genome Biol. Evol., 11(6), 1573–1585. 

23



https://doi.org/10.5061/dryad.v961mb4

Manceau, M., Domingues, V. S., Linnen, C. R., Rosenblum, E. B., & Hoekstra, H. E. (2010). 
Convergence in pigmentation at multiple levels: mutations, genes and function. 
Philosophical Transactions of the Royal Society of London. Series B, Biological 
Sciences, 365(1552), 2439–2450. https://doi.org/10.1098/rstb.2010.0104

Marburger, S., Monnahan, P., Seear, P. J., Martin, S. H., Koch, J., Paajanen, P., … Yant, L. 
(2019). Interspecific introgression mediates adaptation to whole genome duplication. 
Nature Communications, 10(1). https://doi.org/10.1038/s41467-019-13159-5

Martin, A., & Orgogozo, V. (2013). The loci of repeated evolution: a catalog of genetic 
hotspots of phenotypic variation. Evolution, 67(5), 1235–1250. 
https://doi.org/10.1111/evo.12081

Mendes, F., Hahn, Y., & Hahn, M. W. (2016). Gene Tree Discordance Can Generate 
Patterns of Diminishing Convergence over Time. Molecular Biology and Evolution, 
3299–3307. https://doi.org/10.1093/molbev/msw197

Messer, P. W., & Petrov, D. A. (2013). Population genomics of rapid adaptation by soft 
selective sweeps. Trends in Ecology and Evolution. Elsevier Ltd. 
https://doi.org/10.1016/j.tree.2013.08.003

Monnahan, P., Kolář, F., Baduel, P., Sailer, C., Koch, J., Horvath, R., … Yant, L. (2019). 
Pervasive population genomic consequences of genome duplication in Arabidopsis 
arenosa. Nature Ecology and Evolution, 3(3). https://doi.org/10.1038/s41559-019-0807-
4

Morales, H. E., Faria, R., Johannesson, K., Larsson, T., Panova, M., Westram, A. M., & 
Butlin, R. K. (2019). Genomic architecture of parallel ecological divergence: Beyond a 
single environmental contrast. Science Advances, 5(12). 
https://doi.org/10.1126/sciadv.aav9963

Novikova, P. Y., Hohmann, N., Nizhynska, V., Tsuchimatsu, T., Ali, J., Muir, G., … Nordborg, 
M. (2016). Sequencing of the genus Arabidopsis identifies a complex history of 
nonbifurcating speciation and abundant trans-specific polymorphism. Nature Genetics, 
48(9), 1077–1082. https://doi.org/10.1038/ng.3617

Oleksyk, T. K., Smith, M. W., & O’Brien, S. J. (2010). Genome-wide scans for footprints of 
natural selection. Philosophical Transactions of the Royal Society B: Biological 
Sciences, 365(1537), 185–205. https://doi.org/10.1098/rstb.2009.0219

Ord, T. J., & Summers, T. C. (2015). Repeated evolution and the impact of evolutionary 
history on adaptation. BMC Evolutionary Biology, 15(1), 137. 
https://doi.org/10.1186/s12862-015-0424-z

Oziolor, E. M., Reid, N. M., Yair, S., Lee, K. M., Guberman VerPloeg, S., Bruns, P. C., … 
Matson, C. W. (2019). Adaptive introgression enables evolutionary rescue from 
extreme environmental pollution. Science (New York, N.Y.), 364(6439), 455–457. 
https://doi.org/10.1126/science.aav4155

24



Ralph, P. L., & Coop, G. (2015). The Role of Standing Variation in Geographic Convergent 
Adaptation. The American Naturalist, 186(S1), S5-23. https://doi.org/10.1086/682948

Rellstab, C., Fischer, M. C., Zoller, S., Graf, R., Tedder, A., Shimizu, K. K., … Gugerli, F. 
(2017). Local adaptation (mostly) remains local: Reassessing environmental 
associations of climate-related candidate SNPs in Arabidopsis halleri. Heredity, 118(2), 
193–201. https://doi.org/10.1038/hdy.2016.82

Rellstab, Christian, Zoller, S., Sailer, C., Tedder, A., Gugerli, F., Shimizu, K. K., … Fischer, 
M. C. (2020). Genomic signatures of convergent adaptation to Alpine environments in 
three Brassicaceae species. Molecular Ecology, mec.15648. 
https://doi.org/10.1111/mec.15648

Sobel, J. M., & Streisfeld, M. A. (2013). Flower color as a model system for studies of plant 
evo-devo. Frontiers in Plant Science, 4, 321. https://doi.org/10.3389/fpls.2013.00321

Šrámková-Fuxová, G., Záveská, E., Kolář, F., Lučanová, M., Španiel, S., & Marhold, K. 
(2017). Range-wide genetic structure of Arabidopsis halleri (Brassicaceae): glacial 
persistence in multiple refugia and origin of the Northern Hemisphere disjunction. 
Botanical Journal of the Linnean Society, 185(3), 321–342. 
https://doi.org/10.1093/botlinnean/box064

Stern, D. (2010). Evolution, Development, and the Predictable Genome. Retrieved from 
https://www.nhbs.com/evolution-development-and-the-predictable-genome-book

Stern, D. L. (2000). Evolutionary developmental biology and the problem of variation. 
Evolution. Society for the Study of Evolution. https://doi.org/10.1111/j.0014-
3820.2000.tb00544.x

Stern, David L., & Orgogozo, V. (2009, February 6). Is genetic evolution predictable? 
Science. Cambridge Univ. Press. https://doi.org/10.1126/science.1158997

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J., … 
Von Mering, C. (2015). STRING v10: Protein-protein interaction networks, integrated 
over the tree of life. Nucleic Acids Research, 43(D1), D447–D452. 
https://doi.org/10.1093/nar/gku1003

Takuno, S., Ralph, P., Swarts, K., Elshire, R. J., Glaubitz, J. C., Buckler, E. S., … Ross-
Ibarra, J. (2015). Independent Molecular Basis of Convergent Highland Adaptation in 
Maize. Genetics, 200(4), 1297–1312. https://doi.org/10.1534/genetics.115.178327

Thompson, K. A., Osmond, M. M., & Schluter, D. (2019). Parallel genetic evolution and 
speciation from standing variation. Evolution Letters, 3(2), 129–141. 
https://doi.org/10.1002/evl3.106

Vitti, J. J., Grossman, S. R., & Sabeti, P. C. (2013). Detecting natural selection in genomic 
data. Annual Review of Genetics, 47, 97–120. https://doi.org/10.1146/annurev-genet-
111212-133526

Weigand, H., & Leese, F. (2018). Detecting signatures of positive selection in non-model 
species using genomic data. Zoological Journal of the Linnean Society, 184(2), 528–

25



583. https://doi.org/10.1093/zoolinnean/zly007

Whiting, J. R., Paris, J. R., van der Zee, M. J., Parsons, P. J., Weigel, D., & Fraser, B. A. 
(2021). Drainage-structuring of ancestral variation and a common functional pathway 
shape limited genomic convergence in natural high- and low-predation guppies. PLOS 
Genetics, 17(5), e1009566. https://doi.org/10.1371/journal.pgen.1009566

Wos, G., Bohutínská, M., Nosková, J., Mandáková, T., & Kolář, F. (2021). Parallelism in 
gene expression between foothill and alpine ecotypes in Arabidopsis arenosa. The 
Plant Journal, tpj.15105. https://doi.org/10.1111/tpj.15105

Yeaman, S., Gerstein, A. C., Hodgins, K. A., & Whitlock, M. C. (2018). Quantifying how 
constraints limit the diversity of viable routes to adaptation. PLoS Genetics, 14(10), 
e1007717. https://doi.org/10.1371/journal.pgen.1007717

Zhang, J., Tian, Y., Yan, L., Zhang, G., Wang, X., Zeng, Y., … Sheng, J. (2016). Genome of 
Plant Maca (Lepidium meyenii) Illuminates Genomic Basis for High-Altitude Adaptation 
in the Central Andes. Molecular Plant, 9(7), 1066–1077. 
https://doi.org/10.1016/j.molp.2016.04.016

Zhang, T., Qiao, Q., Novikova, P. Y., Wang, Q., Yue, J., Guan, Y., … Qiong, L. (2019). 
Genome of Crucihimalaya himalaica, a close relative of Arabidopsis, shows ecological 
adaptation to high altitude. Proceedings of the National Academy of Sciences, 116(14), 
7137–7146. https://doi.org/10.1073/PNAS.1817580116

Zou, Z., & Zhang, J. (2015). No Genome-Wide Protein Sequence Convergence for 
Echolocation. Molecular Biology and Evolution, 32(5), 1237–1241. 
https://doi.org/10.1093/molbev/msv014

Zozomová-Lihová, J., Malánová-Krásná, I., Vít, P., Urfus, T., Senko, D., Svitok, M., … 
Marhold, K. (2015). Cytotype distribution patterns, ecological differentiation, and 
genetic structure in a diploid-tetraploid contact zone of Cardamine amara. American 
Journal of Botany, 102(8), 1380–1395. https://doi.org/10.3732/ajb.1500052

 

26



Part B – Case studies

• Case  study  1:  Bohutínská,  M.,  Vlček,  J.,  Yair,  S.,  Leanen,  B.,  Konečná,  V., 
Fracassetti, M., Slotte, T., & Kolář, F. (2021). Genomic basis of parallel adaptation 
varies with divergence in Arabidopsis and its relatives. Proceedings of the National 
Academy  of  Sciences  of  the  United  States  of  America. 
doi.org/10.1073/pnas.2022713118

• Case study 2: Wos, G., Bohutínská, M., Nosková, J., Mandáková, T.,  & Kolář,  F. 
(2021).  Parallelism  in  gene  expression  between  foothill  and  alpine  ecotypes  in 
Arabidopsis arenosa. The Plant Journal, tpj.15105. https://doi.org/10.1111/tpj.15105

• Case study 3: Marburger, S., Monnahan, P., Seear, P. J., Martin, S. H., Koch, J., 
Paajanen,  P.,  Bohutínská,  M.,  Higgins,  J.,  Schmickl,  R.,  &  Yant,  L.  (2019). 
Interspecific introgression mediates adaptation to whole genome duplication. Nature 
Communications, 10(1). doi.org/10.1038/s41467-019-13159-5 

• Case  study  4:  Bohutínská,  M.,  Handrick,  V.,  Yant,  L.,  Schmickl,  R.,  Kolář,  F., 
Bomblies,  K.,  &  Paajanen,  P.  (2021).  De-novo  mutation  and  rapid  protein 
(co-)evolution during meiotic adaptation in  Arabidopsis arenosa. Molecular Biology 
and Evolution. doi.org/10.1093/molbev/msab001 

• Case study 5: Bohutínská, M., Alston, M., Monnahan, P., Mandáková, T., Bray, S., 
Paajanen, P., Kolář, F., & Yant, L. (2021). Novelty and convergence in adaptation to 
whole  genome  duplication.  Molecular  Biology  and  Evolution. 
doi.org/10.1093/molbev/msab096

• Case study 6:  Bray,  S.  M.,  Wolf,  E.  M.,  Zhou,  M.,  Busoms,  S.,  Bohutínská,  M., 
Paajanen,  P.,  Monnahan,  P.,  Koch,  J.,  Fisher,  S.,  Koch,  M.,  &  Yant,  L.  (2020). 
Convergence  and  novelty  in  adaptation  to  whole  genome  duplication  in  three 
independent polyploids. BioRxiv. doi.org/10.1101/2020.03.31.017939 (manuscript)

27



Case study 1.

Genomic basis of parallel adaptation varies with divergence in 
Arabidopsis and its relatives
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Case study 2.

Parallelism in gene expression between foothill and alpine ecotypes 
in Arabidopsis arenosa
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Case study 3.

Interspecific introgression mediates adaptation to whole genome 
duplication
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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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Case study 5.

Novelty and convergence in adaptation to whole genome duplication.
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Case study 6.

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