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Abstract
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Allopolyploidization, the combination of whole-genome duplication (WGD) and interspecific
hybridization, is a frequent and influential event in plant evolution. Allopolyploidization
potentially affects both adaptation and diversification, yet the understanding of the
consequences of allopolyploidy has been obscured by several issues. First, a broadly
defined phenomenon, “genomic shock”, is assumed to be a general instant outcome of
allopolyploidization, but this assumption has been challenged by recent studies. Second, effects
of WGD and interspecific hybridization are confounded in allopolyploidization, which hinders
the understanding of the specific effects of either component. Third, in natural allopolyploid
species, instant and long-term effects of allopolyploidization are mixed, masking the evolution
trajectory of allopolyploid genomes.

To address these issues, we studied the outcome of allopolyploidization in Capsella bursa-
pastoris, a 100,000-year-old natural allotetraploid species. C. bursa-pastoris is a self-fertilizing
weed with a worldwide distribution that originated through the hybridization between two
diploid Capsella species with distinct mating systems. First, we investigated gene expression
pattern in natural C. bursa-pastoris accessions with DNA- and RNA-sequencing data.
Next, we resynthesized C. bursa-pastoris-like allotetraploids, along with diploid hybrids
and autotetraploids. Phenotype and gene expression patterns were compared among those
synthetic Capsella plants and natural C. bursa-pastoris to (i) distinguish the instant effects of
hybridization from WGD and (ii) tell apart instant effects from long-term ones.

In general, non-additive gene expression was limited in both natural and resynthesized C.
bursa-pastoris. We found the original TE-mediated genomic shock hypothesis did not fit the
consequences of allopolyploidization in Capsella. Instead, homoeolog expression bias and the
limited non-additive gene expression in resynthesized can be better explained by homoeologous
exchanges and the intergenomic interaction of regulatory elements.

The relative gene expression pattern in resynthesized C. bursa-pastoris was mainly
determined by hybridization, not WGD, but WGD still significantly affected phenotypes, likely
through altering cell-size-related physical attributes. Both WGD and hybridization decrease the
quality of pollen and seeds, but the two events were less deleterious when combined. In addition,
the breakdown of self-incompatibility in Capsella could not be induced by pure WGD but was
caused by the dominant interactions between S-alleles in hybrids.

Both gene expression patterns and phenotypes of C. bursa-pastoris were largely reshaped
by long-term evolution. Almost all the transgressive gene expressions were unique to natural
C. bursa-pastoris. Similarly, selfing syndrome and improvement of pollen and seed quality
were likely acquired through long-term evolution. Compared to resynthesized allotetraploids,
natural C. bursa-pastoris had more expression-level dominance toward the self-fertilizing
parent, especially in flowers, mirroring a pronounced selfing syndrome. Nonetheless, the instant
effect of allopolyploidization did contribute to gene expression patterns, as about 40% of
expression level dominance in natural C. bursa-pastoris can already be found in resynthesized
allotetraploids.
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Introduction

Diploidy, possessing two sets of homologous chromosomes, seems to be one
paradigm of eukaryotes. The common ancestor of eukaryotes may have expe-
rienced the fusion or endomitosis of haploid (possessing one set of homolo-
gous chromosomes or plasmids) prokaryotic cells, leading to a significant in-
crease in genome size (Goodenough & Heitman, 2014; Markov &
Kaznacheev, 2016). Now most eukaryotes reproduce sexually with an alter-
nation of diploid and haploid phases (Mable & Otto, 1998). Many groups of
eukaryotes, including animals and vascular plants, spend most of their life cy-
cle in the diploid phase (Otto & Gerstein, 2008), making diploidy the most
familiar cytotype to people. However, the whole-genome duplication (WGD)
that led to diploidy is not the only WGD event. WGD has recurrently occurred
along the evolutionary history of most groups of eukaryotes (Aury et al., 2006;
Albertin & Marullo, 2012; Van De Peer et al., 2017; Schwager et al., 2017,
Simakov et al., 2020), generating organisms with more than two sets of ho-
mologous chromosomes (polyploids). WGD has a series of genetic and eco-
logical consequences and has long been hypothesized to be the basis of the
emergence of complex traits (Crow & Wagner, 2006; Freeling & Thomas,
2006), hence is likely a critical mechanism for the evolution of eukaryotes.

Apart from diploidy, another paradigm of eukaryotes was the “Tree of life”
(Darwin, 1859; Doolittle & Bapteste, 2007; Burki et al., 2020). The evolution-
ary history of eukaryotes has generally been depicted by a bifurcating tree, in
which species split into new species but do not exchange genetic materials
once formed. In other words, under this paradigm, interspecific hybridization
has been overlooked. Nowadays hybridization among split species is known
to be more common than previously thought and may prominently affect the
process of adaptation and diversification (Mallet, 2005; Svardal et al., 2020;
Edelman & Mallet, 2021; Steensels et al., 2021).

WGD and interspecific hybridization, the two seemingly exceptional pro-
cesses often come in pairs, giving rise to a unique process, allopolyploidiza-
tion. Allopolyploidization is not only the sum of WGD and interspecific hy-
bridization but may have its own attributes, and the main aim of the present
thesis is to understand those attributes and how they evolved.
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Allopolyploidization, the combination of interspecific
hybridization and whole-genome duplication

Allopolyploidization is a compound process of interspecific hybridization and
WGD. Genomes that have independently evolved in separate species merge
again, resulting in organisms with doubled and highly heterozygous genomes.
This peculiar process is widespread in eukaryotes. Allopolyploid species have
been found in fungi (Albertin & Marullo, 2012), animals (Betto-Colliard et
al.,2018; Conant, 2020; Simakov et al., 2020; Kuhl et al., 2022), algae (Neiva
et al., 2017; Nomaguchi et al., 2018; Sousa et al., 2019), and land plants
(Karlin et al., 2009; Wu et al., 2016; Sigel, 2016; Barbulescu et al., 2017). In
particular, allopolyploidization is pervasive in vascular plants, among which
about 11% are allopolyploid species (Barker et al., 2016).

Organisms with only WGD but no interspecific hybridization are called au-
topolyploids. Both allopolyploids and autopolyploids are referred to as poly-
ploids. The conceptual distinction between them is interspecific hybridization
(Parisod et al., 2010b; Spoelhof et al., 2017). In practice, allopolyploids are
distinguished from autopolyploids by phylogenetic analysis (e.g., Wang et al.,
2021), disomic inheritance (chromosomes segregate from their homologous
partner but not from the homoeologous partners during the first meiotic divi-
sion, Hurka et al., 1989), fixed heterozygosity between subgenomes (Cornille
et al., 2016), or biased retention of subgenomes (Garsmeur et al., 2014;
Simakov et al., 2020). However, reminiscent of the vast grey zone in delimi-
tating a species (De Queiroz, 2007; Roux et al., 2016), a conceptual grey zone
lies between autopolyploids and allopolyploids. Autopolyploids which arise
from the intraspecific crosses between distant populations could have subge-
nomes with some degree of differentiation, while the parental species of allo-
polyploids could have various levels of molecular divergence. Besides, diso-
mic inheritance may not always be established at once in allopolyploids. As a
result, the segregation and recombination of homoeologous chromosomes
would create “segmental allopolyploids” (Gaut & Doebley, 1997; Mason &
Wendel, 2020) with both autopolyploid and allopolyploid genomic regions.
Backcross with diploid or polyploid parental species is another possible source
of segmental allopolyploids (Winterfeld ez al., 2012). In addition, empirically
distinguishing ancient autopolyploidization and allopolyploidization can be
challenging, especially when the close living relatives of parental species are
not available for sampling. Many criteria (except phylogeny) for identifying
allopolyploids are more about testing the divergence between subgenomes and
do not necessarily match the mode of origin of polyploids (Le Comber et al.,
2010; Glover et al., 2016; Spoelhof et al., 2017). For all the reasons above,
autopolyploidy and allopolyploidy are often regarded as the two ends of a
continuum of different levels of parental divergence, rather than binary cate-
gories (Stebbins, 1971; Buggs et al., 2009b; Tayalé & Parisod, 2013; Doyle
& Sherman-Broyles, 2017).
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Organismal-level WGD most likely arises through unreduced gametes,
given the prevalence of unreduced gametes among plant taxa (Ramsey &
Schemske, 1998; Kreiner et al., 2017). But the most common pathway of al-
lopolyploidization is still unknown. One hypothesis is that allopolyploids arise
from the unreduced gametes of interspecific homoploid hybrids (Ramsey &
Schemske, 1998), which means WGD follows hybridization. This hypothesis
is mainly based on the fact that unreduced gametes are widespread, and that
the rate of unreduced gametes can be greatly enhanced by interspecific hy-
bridization reaching a considerable magnitude (Ramsey & Schemske, 1998;
Sora et al., 2016). On the other hand, the alternative order, in which WGD is
followed by hybridization, is still possible. First, WGD in one or both parental
species may largely reduce the barriers to interspecific hybridization and fa-
cilitate gene flow (Mooring, 2001; Eriksson et al., 2017; Lafon-Placette et al.,
2018; Marburger et al., 2019). Second, intraspecies ploidy level variation is
common in angiosperms (Kim et al., 2012; Zhang et al., 2019a; Ebersbach et
al., 2020) but has been historically underestimated (Soltis et al., 2007,
Spoelhof ef al., 2017). In some cases, the extant allopolyploid species have
both diploid and tetraploid parental populations (Novikova et al., 2017;
Ebersbach et al., 2020), making the “WGD-first” hypothesis a plausible path-
way. The paths of allopolyploid species formation may be diverse, and empir-
ical studies still need to support the common belief in the predominance of the
“hybridization-first” model.

Two key features of allopolyploidy are the reunion of divergent genomes
(hybridization) and the sharply increased genome size (WGD). Both factors
are influential and give unique features to the evolution of allopolyploid spe-
cies. As hybridization and WGD often co-occur, the two elements become
confounding variables to each other. The confounding effects are potentially
the cause of the many long debates on the outcome and evolutionary signifi-
cance of hybridization and WGD (Folk et al., 2018). Another confusion about
allopolyploidization can also arise from the outcomes of allopolyploidization
over different timescales. The immediate effects of genome doubling and hy-
bridization during allopolyploidization can be confused with the results of
long-term evolution. Below, I first summarize the separate effect of hybridi-
zation and WGD at different time scales. Then I discuss several topics that are
prone to the confounding effects of hybridization and WGD. Finally, possible
interactions between hybridization and WGD are introduced.

Effects from interspecific hybridization

Instead of perturbating noises in the bifurcating evolutionary history, interspe-
cific hybridization has been recognized as a critical source of genetic variation
and may facilitate adaptation or diversification (Folk ef al., 2018; Taylor &
Larson, 2019; Svardal et al., 2020; Edelman & Mallet, 2021; Steensels et al.,
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2021). Interspecific hybridization is especially prevalent in plants, both among
extant species and among ancient lineages (Mallet, 2005; Whitney et al., 2010;
Yang et al., 2018).

Despite the prevalence and potential evolutionary significance of interspe-
cific hybridization, on average, newly formed interspecific hybrids have lower
fitness than their parental species (hybrid incompatibility, Maheshwari &
Barbash, 2011). Hybrid incompatibility reflects the divergence between pa-
rental genomes. The molecular divergence between parental genomes is not
only determined by the time after divergence, but also accelerated by adapta-
tion (Bomblies et al., 2007; Chae et al., 2014; McGirr & Martin, 2020), pa-
rental conflict (Vaid & Laitinen, 2019) and the activity of selfish elements,
such as transposable elements (TEs, Hollister ef al., 2011), meiotic drivers
(Fishman & Willis, 2005; Courret et al., 2019), and competing regulatory el-
ements (e.g., "enhancer run-away", Landry et al., 2005; Fyon et al., 2015).

Corresponding to these evolutionary divers of divergence, various interac-
tions between divergent genomes can immediately cause drastic genomic or
transcriptomic changes in hybrids. The majority of the genetic interactions fit
the Bateson—Dobzhansky—Muller model (BDM, Bateson, 1909; Dobzhansky,
1937; Miiller, 1942), in which incompatibilities are caused by the negative
epistatic effects between two or more loci that have independently evolved in
separate species (Fishman & Sweigart, 2018). First, the divergence between
regulatory networks is a common source of transcriptomic changes (McManus
et al., 2010; Maheshwari & Barbash, 2012; Combes et al., 2015). The new
intergenomic interactions of divergent cis- and trans-regulatory elements may
cause diverse gene expression changes in hybrids, in particular, deviation from
the mid-parent gene expression levels, i.e., non-additive gene expression, or
in the extreme, transgressive gene expression (TRE) where the hybrid expres-
sion is larger or lower than in both parental species. Second, when parental
species differ in TE loads and their epigenetic control, the mismatch between
TEs load and TE silencing mechanisms may reactivate TEs in hybrids, in-
creasing TE expression or proliferation (Parisod et al, 2010a; Romero-
Soriano et al., 2017; Mhiri et al., 2019). A large-scale TE re-activation could
further induce chromosomal structural changes (Parisod et al., 2009; Chen et
al., 2020) and gene expression changes (Kashkush et al., 2002; Butelli et al.,
2012). Third, parental conflict results in co-evolved epigenetic regulations on
paternally expressed genes (PEGs) and maternally expressed genes (MEGs)
in endosperms. Species with different mating systems (e.g., outcrossing and
self-fertilization) are expected to have distinct strengths of parental conflicts
and, therefore, to diverge in parental epigenetic control of gene expression
(i.e., imprinting). The mismatch of imprinting control would cause a parental
dosage imbalance in hybrids failing the development of the seed nutritive tis-
sue, the endosperm, which is a common form of hybrid incompatibility in
plants (Wolff et al., 2015; Lafon-Placette et al., 2018; Roth et al., 2019;
Coughlan et al., 2020).
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Apart from genetic incompatibilities and genomic imbalance, general mei-
osis defects can also impair hybrid fitness and further induce genomic
changes. Homoeologous chromosomes with a lower homology may have dif-
ficulties in meiotic synapsis, resulting in unreduced gametes or gametes with
an abnormal number of chromosomes (Ramsey & Schemske, 1998; Zanders
et al., 2014). A distinct chromosome-level phenomenon is the recombination
between homoeologous chromosomes (homoeologous exchange, HE). HE is
a hybridization-specific phenomenon. Until recently, HE was thought to be
rare in allopolyploids, but its prevalence and influence have been highlighted
in different species (Lashermes ef al., 2014; Lloyd et al., 2018; Hurgobin et
al., 2018; Mason & Wendel, 2020). HE generates great genotypic and pheno-
typic variation and is potentially a common target of selection. On the other
hand, the segregation and recombination of homoeologous chromosomes will
expose more recessive epistatic incompatibilities caused by other mechanisms
(Liet al.,2022), hence random segregation and frequent recombination of ho-
moeologous chromosomes in hybrids may reduce fitness if recessive epistatic
incompatibilities are prevalent (Moyle & Graham, 2006; Yamaguchi & Otto,
2020).

Although interspecific hybridization can immediately cause extensive ge-
nomic and transcriptomic changes and lead to genetic incompatibility, from
the perspective of long-term evolution, hybridization also increases heterozy-
gosity and generates genetic and phenotypic variation and novelties (e.g.,
chromosomal structural variation and TRE), hence provides abundant materi-
als for selection and may fuel adaptation or diversification (Svardal et al.,
2020). Besides, hybridization may break evolutionary constraints (Seehausen
et al., 2014; Patton et al., 2022). Through the view of the genotype-fitness
landscape model (Wright, 1932; De Visser & Krug, 2014), adaptation can be
seen as a population “walks” on a genotype-fitness landscape and “climbs” to
positions with higher fitness by mutation and selection. A genotype-fitness
landscape may have multiple fitness peaks, separated by low-fitness valleys,
but not all fitness peaks are accessible by mutational paths due to epistasis.
Hybridization and subsequent segregation and recombination generate various
new combinations of divergent loci, which may enable hybrid populations to
leap over low-fitness valleys and explore the regions that adaptive walks can-
not reach with only point mutations. In addition, large-effect mutations could
be favored when a population is far from the adaptive peak (Orr, 1998; Kopp
& Hermisson, 2009). As an analog to the relationship between large-effect
mutations and sudden environmental changes, a “leap” on the fitness land-
scape caused by hybridization may have a larger chance to be favored under
extreme environmental changes or in novel ecological niches.
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Effects from WGD

WGD is pervasive in the phylogenetic tree of land plants, from numerous deep
branches to the tips of most major extant clades (Van De Peer et al., 2017;
Yang et al., 2018; Ren et al., 2018). Most plants and all angiosperms are pale-
opolyploids (descendants of ancient polyploids; Blanc & Wolfe, 2004; Jiao et
al., 2011; Li et al., 2015), and about 24% of vascular plants are from recent
WGD events (Barker et al., 2016). WGD is not only a common large-effect
mutation but perhaps also a major mechanism in plant evolution. The occur-
rence of WGD (or WGD+hybridization) in phylogenies seems to be associ-
ated with exceptional environmental changes (Fawcett et al., 2009; Estep et
al., 2014; Vanneste et al., 2014; Lohaus & Van de Peer, 2016), and polyploid
species are overrepresented in arctic flora (Brochmann ez al., 2004), invasive
plants (Pandit et al., 2011; Moura et al., 2021) and domesticated plants
(Salman-Minkov ef al., 2016). These observations gave rise to the hypothesis
that polyploid populations may have a larger potential in adapting to excep-
tional environmental changes or reaching new environmental niches (Eric
Schranz et al., 2012; Tank et al., 2015; Baniaga et al., 2020), but the evolu-
tionary significance of WGD is still controversial (Mayrose et al., 2011;
Kellogg, 2016).

WGD is a tremendous change in the genome. The sharp increase in DNA
content instantly alters a series of physical parameters. The core change in
autopolyploids is the larger nuclear and cell size (Jovtchev et al., 2006;
Beaulieu et al., 2008; Maciak et al., 2011; Otero et al., 2013), although this
enlarging effect of WGD varies among different cell types (Katagiri et al.,
2016; Wilson et al., 2021). The enlarged nuclear and cell size implies the sim-
ultaneous changes in the cell volume-surface ratio, the ratio of nuclear volume
and cell volume (karyoplasmic ratio), the speed of cellular transport and signal
transduction, and the time of DNA replication (Bennett, 1977; Maciak et al.,
2011; Drake et al., 2013; Doyle & Coate, 2019; Bomblies, 2020). In particu-
lar, the absolute concentration of gene products can be different between
ploidy levels (Mishra et al., 2010; Visger ef al., 2019), which may in turn
affect the expression and function of dosage-sensitive genes. Therefore, theo-
retically, both the absolute gene expression level (e.g., expression level per
cell or per biomass) and the relative gene expression pattern could be changed
by pure WGD, even without the participation of hybridization. These molec-
ular-level changes in autopolyploids are reflected in typical polyploid pheno-
types, such as larger pollen grains and stomata, larger organs, darker leaves,
slower growth rate, and different flowering times (Osborn, 2004; Marhold &
Lihova, 2006; Yao et al., 2011; Miller ef al., 2012; Deng et al., 2012; Dai et
al., 2015; Zhang et al., 2019b; Hu et al., 2021).

Another important instant effect of WGD is on meiotic chromosome syn-
apsis. Autopolyploids contain more than two sets of homologous chromo-
somes with low differentiation. Newly generated autopolyploids often form a
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large number of multivalents and complex DNA crossovers at the metaphase
of meiosis I, and the missegregation of multivalents would result in chromo-
somal damage or aneuploid gametes (Ramsey & Schemske, 2002; Bomblies
et al., 2015; Morgan et al., 2021). Consequently, the fertility of new autopol-
yploids can be largely reduced (Ramsey & Schemske, 2002; Yant et al., 2013).

Apart from the instant organism-level effects, WGD also has far-reaching
influences on the evolution of polyploid populations. First, the newly formed
polyploid is a minority cytotype surrounded by its diploid relatives. As inter-
ploidy crosses usually result in nonviable offspring (“triploid block”; K&hler
et al.,2010), newly formed polyploids suffer from the lack of appropriate mat-
ing partners. This fertility bottleneck of new polyploids is termed “minority
cytotype exclusion” (Levin, 1975) and is a major challenge for the establish-
ment of polyploid populations (Husband, 2000). Second, possessing an extra
copy of the genome masks the effect of recessive mutations and may lead to a
period of relaxed selection. Relaxed purifying selection accelerates the accu-
mulation of deleterious mutations in polyploids (“polysomic masking”,
Douglas et al., 2015; Paape et al., 2018; Baduel et al., 2019), which speeds up
the degeneration of duplicated gene copies, but may also allow gene copies to
partition the original function (subfunctionalization) or gain new functions
(neofunctionalization; Conant & Wolfe, 2008; Flagel & Wendel, 2009).
Therefore, the WGD-caused genomic redundancy is often thought to be an
important mechanism of the evolution of genomic complexity, such as gene
families with diversified functions and complex gene networks (Crow &
Wagner, 2006; Freeling & Thomas, 2006; Glasauer & Neuhauss, 2014).
Third, the long-term evolution of polyploid genomes may be driven by the
adaptation to the short-term effects of WGD (Hollister, 2015; Bomblies,
2020). The cell-size-related WGD effects change the requirement and alloca-
tion of nutrition and energy (Smarda et al., 2013; EliaSova & Miinzbergova,
2017; Anneberg & Segraves, 2020), and affect the efficiency of physiological
processes (Maciak et al., 2011; Roddy et al., 2020; Bomblies, 2020), hence
may push newly formed polyploids away from the original fitness optima.
Meiotic problems are another serious challenge posed by WGD. In this shifted
“genomic environment”, variants that restore a new stochiometric balance of
gene products or improve chromosome behaviors in meiotic synapsis are ex-
pected to be under positive selection. The long-term evolution of polyploid
species may be confused with the instant mechanical effect of WGD (Baduel
et al.,2019), but can be distinguished by comparing natural and resynthesized
polyploids (Yant ef al., 2013; Van Drunen & Husband, 2018; Dominguez-
Delgado et al., 2021).

As the joint result of random chromosome rearrangements, relaxed purify-
ing selection, and selection on WGD-adapted alleles, polyploid species will
gradually lose their polyploid status, although this process can be slowed
down by purifying selection on the stoichiometric balance of dosage-sensitive
genes (Bekaert et al., 2011; Birchler & Veitia, 2012; Teufel et al., 2016).
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Eventually, paleopolyploids become more similar to diploids in terms of ge-
nome size, the number of functional homoeologous genes, and the mode of
inheritance (“diploidization”, (Dodsworth et al., 2016; Qiao et al., 2019; Shi
et al.,2020). But the experience of once being a polyploid is not in vain. Many
gene families are long-lived traces of WGD and are still supporting complex
traits in paleopolyploids (Meng et al., 2019; Hong ef al., 2021). And the re-
current WGD and re-diploidization processes in plants can aptly be described
as “wondrous cycles of polyploidy” (Wendel, 2015).

The confounded effects of hybridization and WGD

The myth of “genomic shock”

A commonly tested hypothesis is that newly formed allopolyploids would un-
dergo a “genomic shock” as a result of hybridization or WGD (Edger et al.,
2017; Baduel et al., 2019; Burns et al., 2021). Initially, the idea of genomic
shock (genome shock) was introduced by Barbara McClintock (1984) to de-
scribe an instant stress-induced global reactivation of TEs, which further
causes stochastic genomic restructuring. Hybridization was suggested to be
one form of genomic stress that may trigger genomic shock. Over the past
decades, the concept of genomic shock has been largely extended regarding
its cause, mechanisms, and consequences. As the genomic shock hypothesis
was often tested in allopolyploids, in which the effects of hybridization and
WGD were mixed, sometimes WGD was assumed to be a cause of genomic
shock (Baduel ef al., 2018). Other forms of genomic changes are also consid-
ered the manifestation of genomic shock, such as changes in methylation lev-
els (Wang et al., 2014; Edger et al., 2017), gene expression changes (Hegarty
et al.,2006; Ha et al., 2009; Buggs et al., 2011; Dion-Coté et al., 2014; Xu et
al.,2014; Wu et al., 2018), and homoeologous gene loss (Wang et al., 2014),
although the changes may not necessarily result from a stress-induced global
reactivation of TEs.

If we keep the narrow definition of the original “genomic shock” (genomic
shock s.5.), which emphasized that genomic shock results from an instant
stress-induced global reactivation of TEs, it is still not clear whether hybridi-
zation or WGD would trigger a genomic shock s.s. in newly formed allopoly-
ploids. Studies on TE activity showed mixed results. Some studies revealed
elevated TE activities in hybrids, autopolyploids, or allopolyploids (Ungerer
et al., 2006; Romero-Soriano et al., 2017; Mhiri et al., 2019), although the
elevation of TE transcription or proliferation is usually moderate or restricted
to several TE families. In contrast, many other studies found no evidence of
TE reactivation after hybridization or WGD (Agren et al., 2016; Gobel et al.,
2018; Burns et al., 2021). In general, genomic shock s.s. does not seem to be

18



a general outcome of allopolyploidization, and the magnitude of the shock is
often limited.

On the other hand, if we adopt the broader and casual concept of “genomic
shock” (genomic shock s./.) and include all the instant genomic/transcriptomic
changes that deviate from the expectation of in silico “hybrids” (simulated
parental mixtures with no intergenomic interaction), regardless of the mecha-
nisms, the remaining questions are: 1) For allopolyploids, is hybridization or
WGD the main contributor of each form of the rapid genomic/transcriptomic
changes? 2) To what extent would the initial “shock” reshape the genome and
phenotypes of allopolyploids, compared to later long-term evolution? Is it a
reshuftling of the genome, as indicated by its name, or mainly minor changes?
Studies that compared allopolyploids with corresponding diploid hybrids or
autopolyploids have provided insights for the first question. Hybridization,
rather than WGD, seems to be responsible for several forms of instant changes
in allopolyploids. In Spartina (Parisod et al., 2009; Salmon et al., 2005) and
Gossypium (Song et al., 2017), the majority of the methylation changes in the
resynthesized allopolyploids can already be found in diploid hybrids. Regard-
ing gene expression changes, hybridization usually causes more non-additive
gene expression than WGD (Wang et al., 2006; Chaudhary et al., 2009; Riddle
et al., 2010). The second question is still open. Studies that compared natural
and resynthesized allopolyploids revealed the significant influence of both in-
stant effects and long-term evolution (Chaudhary et al., 2009; Buggs et al.,
2009a; Flagel & Wendel, 2010; Zhang ef al., 2016b).

Mating system transition

The transition from outcrossing to self-fertilization is often assumed to be one
outcome of WGD (Barringer, 2007; Robertson ef al., 2011), although the as-
sociation between SI and polyploidy is not overwhelming (Mable, 2004).
However, the causal relationships among WGD, hybridization, and the shift-
ing of mating system may be hidden by the co-occurrence of hybridization
and polyploidization. When allopolyploids and autopolyploids were not dis-
tinguished, polyploidy seemed to be associated with self-fertilization
(Barringer, 2007). But some studies suggested that only allopolyploids are
predominantly self-fertilizing, while autopolyploid species usually have an
outcrossing or mixed mating system (Galloway et al., 2003; Husband et al.,
2008). This distinction suggests that hybridization also plays a part in the as-
sociation between WGD and self-fertilization in some cases. Several non-ex-
clusive possible causal relationships are summarized below to explain the as-
sociation between allopolyploidization and the shift to self-fertilization (Fig-
ure 1).
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Figure 1. Plausible causal paths explaining the association between allopolyploidy
and self-fertilization.

First, WGD or hybridization may directly cause the breakdown of self-incom-
patibility (SI) in some plants (Figure 1, paths D->S and H -> S). The transition
to self-compatibility (SC) can be a byproduct of WGD or hybridization, with-
out any fitness benefit. For plants with a gametophytic SI system, SI depends
on the recognition between gene products of parental plant and haploid male
gametocytes, therefore, WGD may instantly break the SI system by generating
heterozygous diploid gametes (Zenil-Ferguson et al., 2019). On the other
hand, for plants with a sporophytic SI system, pollen rejection depends on the
recognition between pollen coat protein and receptors on stigma, both of
which were encoded by the self-incompatibility (S)-locus of the parental plant
(2n). For these plants, WGD is not expected to cause an instant change to SC,
but the hybridization between SC and SI parental species (population) often
gave rise to SC allopolyploid species (Novikova ef al., 2017; Bachmann et al.,
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2021; Kolesnikova et al., 2022). When allopolyploid Capsella plants were re-
synthesized with the extant SC and SI parental species, all the resynthesized
allopolyploids are SC, possibly due to the dominance relationship of alleles at
the S-locus (Bachmann et al., 2021). Hybridization could directly increase the
prevalence of self-fertilization among allopolyploid species, if the hybridiza-
tion between SC and SI species gives rise to more than 50% of SC offspring.
Alternatively, hybridization may indirectly facilitate the change to self-fertili-
zation by introducing variation of SC into polyploid populations and provid-
ing essential substrates for selection on mating system.

Second, the most widely accepted hypothesis is that self-fertilization is un-
der positive selection among newly formed polyploids as one way to bypass
the minority cytotype exclusion (Levin, 1975; Figure 1, paths D->M->F and
S->M->F). Minority cytotype exclusion is a major challenge for new poly-
ploid populations. The probability of the establishment of polyploid popula-
tions can be largely increased by adopting self-fertilization (Ramsey &
Schemske, 1998; Rausch & Morgan, 2005; Fowler & Levin, 2016).

Finally, while self-fertilization helps polyploids to overcome minority cy-
totype exclusion, it comes with a cost, inbreeding depression. Inbreeding de-
pression is the decrease in fitness due to higher homozygosity associated with
inbreeding, possibly caused by exposing recessive deleterious alleles in ho-
mozygotes or reducing beneficial heterozygous loci (Charlesworth & Willis,
2009). The effect of WGD on inbreeding depression is still controversial and
may depend on the genetic basis of inbreeding depression (Spoelhof et al.,
2017). Both higher and lower inbreeding depression has been observed in pol-
yploids (Galloway et al., 2003; Husband et al., 2008; Barringer & Geber,
2008; Siopa et al., 2020; Yao et al., 2020). But at least inbreeding depression
still exists in polyploid species and may increase over time (Husband et al.,
2008; Ozimec & Husband, 2011). Apart from that, highly homozygous chro-
mosomes may aggravate the meiotic synapsis problems in autopolyploids,
hence recurrent self-fertilization may be particularly harmful to autopoly-
ploids. Hybridization may rescue autopolyploids from these self-fertilizing-
related problems. In allopolyploids, the difficulties associated with self-ferti-
lization are likely less severe due to their fixed heterozygosity, allowing the
triple association among WGD, hybridization, and self-fertilization (Figure
1, paths S->I->F and H->I->F).

The transition from outcrossing to self-fertilization is generally accompa-
nied by a series of morphological and physiological changes that together
make a selfing syndrome (Sicard & Lenhard, 2011). These changes include a
decrease in flower size, pollen-to-ovule ratio, scent and nectar production.
They are believed to evolve in response to the relieve of the requirement of
pollinators for reproduction, leading to the reallocation of the resources in-
vested in building large and showy flowers to other fitness functions. While
this syndrome has been well documented after the transition to selfing in dip-
loid species, it remains unclear whether resource limitations similarly drive
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flower evolution in outcrosser x selfer allopolyploids. For instance, if the in-
cipient allopolyploidy is self-compatible, a dominance of the selfer alleles
could be sufficient to readily generate a flower phenotype best suited for a
selfing strategy. If, however, outcrosser alleles have some level of dominance,
resource limitations may trigger the evolution of selfing syndrome traits. A
question in the later scenario would then be whether the preferred evolutionary
path could be to “repress” dominant outcrosser alleles at loci underlying the
selfing syndrome in the selfer parent. Comparing genome expression and
flower phenotypes of newly synthesized and established allopoplyploids may
answer these questions.

Do hybridization and WGD interact?

A naive yet complicated question is: why are allopolyploid species dispropor-
tionately common? If there is no association between interspecific hybridiza-
tion and WGD, we may expect the ratio of autopolyploids and allopolyploids
to be similar to the ratio of non-hybrid diploids and hybrid diploids. While the
allopolyploid plant species are as common as autopolyploid species (Barker
et al., 2016), diploid hybrids do not seem to be as common as non-hybrid dip-
loid species. The disproportional prevalence of allopolyploids could be an ob-
servation bias, as the raw rate of interspecific hybridization (Taylor & Larson,

2019; Suvorov et al., 2020) or WGD (Soltis et al., 2007) may be largely un-

derestimated. In other words, allopolyploids may be common simply because

WGD is a common mutation, and hybridization is a pervasive process. How-

ever, the alternative hypothesis that hybridization and WGD have beneficial

interactions is also plausible. The interaction between hybridization and WGD
can happen at several stages: the incidence of the two processes, individual
fitness, and the possibility of speciation.

First, the incidence of WGD may be increased by interspecific hybridiza-
tion. As mentioned earlier in this introduction, meiotic missegregation in in-
terspecific hybrids can lead to unreduced gametes, which is hypothesized to
be a major mechanism of WGD (Mason & Pires, 2015). In some cases, the
rate of unreduced gametes was increased 50 times by hybridization (Ramsey
& Schemske, 1998).

Second, once an allopolyploid organism is formed, the second possibility is
that the combination of hybridization and WGD confer allopolyploids larger
fitness than the corresponding homoploid hybrids and autopolyploids. Organ-
ismal-level beneficial interactions occur by at least two mechanisms:

1) Hybridization and WGD may improve meiotic stability for each other.
Meiotic synapsis in homoploid hybrids is impeded by the low homol-
ogy between homoeologous chromosomes, while in autopolyploids
meiotic synapsis is disrupted by the existence of multiple homologous
chromosomes with low differentiation. The latter problem is expected
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to be particularly challenging when WGD occurs in the species with
a self-fertilizing history and extremely high homozygosity. In both
cases, meiotic abnormality can largely decrease the viability of gam-
etes (Kamstra ef al., 1999; Yant ef al., 2013). By combining hybridi-
zation and WGD, allopolyploids have both homologous chromo-
somes as proper synapsis partners and differentiation between homoe-
ologous chromosomes, which is one perquisition of regular preferen-
tial synapsis. Theoretically, the combination of hybridization and
WGD can mitigate meiotic problems in both directions, but the
strength of this interaction is unclear, as newly formed allopolyploids
usually still have meiotic problems to some level (Szadkowski ef al.,
2010; Henry et al., 2014).

Fixed heterozygosity is a unique feature of allopolyploids. Once diso-
mic inheritance has been established in allopolyploids, the divergent
subgenomes would be maintained in the genome for a long time.
Fixed heterozygosity would enable polyploids to benefit from the re-
productive assurance of self-fertilization without the cost of inbreed-
ing depression. For hybrids, fixed heterozygosity may also be benefi-
cial. The recessive epistasis (interactions between homozygous loci)
and dominant-recessive epistasis (interactions between a heterozy-
gous and a homozygous locus) seem to be more influential forms of
hybrid incompatibility, compared to the dominant epistasis (interac-
tions between heterozygous loci, Turelli & Orr, 2000). A straightfor-
ward phenomenon that relates to this hypothesis is “hybrid break-
down”, that hybrid fitness largely decreases in F2 or backcrosses com-
pared to F1 (Oka et al., 2004). Without WGD, the segregation and
recombination of homoeologous chromosomes in diploid hybrids
would quickly expose a large amount of recessive deleterious epista-
sis within a few generations. The effect of genetic incompatibility
may be too strong and devastating for the establishment of hybrid
populations. In comparison, a WGD right after hybridization would
hide the most severe type of genetic incompatibility, the interactions
between homozygous loci or between a heterozygous and a homozy-
gous locus.

Finally, after the establishment of an allopolyploid population, the combina-
tion of hybridization and WGD may give allopolyploids a larger advantage in

speciation. WGD provided the “triploid block” (K6hler et al., 2010) as instant

reproductive isolation, largely reducing the backcross with parental species,
while interspecific hybridization may result in transgressive phenotypes

(Rieseberg et al., 1999) and facilitate niche differentiation between hybrids
and parental species (Arrigo et al., 2016). The double effects of isolation may
give allopolyploid population a higher chance of speciation.
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Although the above mechanisms are listed side by side, their contributions to
the prevalence of allopolyploid species may vary widely. Interpreting the evo-
lutionary significance of allopolyploidization still requires assessing the mag-
nitude of each level of potential interactions.

The genus Capsella as a model system of studying
allopolyploidization

The genus Capsella is an excellent model system for studying allopolyploidi-
zation. It is a small genus in Brassicaceae, currently having four well accepted
species (Hurka et al., 2012): three diploid species, Capsella orientalis Klokov,
Capsella rubella Reuter, and Capsella grandiflora (Fauché & Chaub.) Boiss,
and one allotetraploid species, Capsella bursa-pastoris (L.) Medik. C. bursa-
pastoris originated from the hybridization of the ancestral population of
C. orientalis and the (C. grandiflora + C. rubella) lineage around 100,000
years ago (Figure 2, modified from Douglas et al., 2015), in which C. gran-
diflora served as the pollen donor (Hurka et al., 2012). Whereas C. orientalis
split from the (C. grandifiora + C. rubella) lineage around 900,000 years ago
(Douglas et al., 2015). The four species strongly differ in their distribution
range (POWO, 2022). C. orientalis grows in the steppes between Easten Eu-
rope and Central Asia, while C. grandiflora and C. rubella are restricted to
Mediterranean region. In contrast to these diploid species, the allotetraploid C.
bursa-pastoris currently has a worldwide distribution. Nowadays there are re-
productive barriers among the three diploid species, mainly caused by the dos-
age imbalance of imprinted genes in endosperm (Lafon-Placette et al., 2018),
but signals of gene flow from C. orientalis and C. grandiflora are found in
different populations of C. bursa-pastoris (Han et al., 2015; Kryvokhyzha et
al.,2019).
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Figure 2. The Capsella genus. Plant material from Capsella grandiflora, Capsella
rubella, Capsella bursa-pastoris were used in the present thesis. The published refer-
ence genome of Capsella rubella (Slotte et al., 2013) was also used in analyses. The
phylogenetic relationship and the time of divergence and allopolyploidization are
from Douglas et al. (2015).

Among the four Capsella species, C. grandiflora is an outcrossing species,
and the other three are self-fertilizing species. C. grandiflora has a sporophytic
self-incompatibility system, in which pollen rejection is determined by self-
recognition. The self-recognition is based on the interaction between a pollen
coat ligand protein (encoded by the SCR gene) and a transmembrane receptor
kinase on the surface of stigma (encoded by the SRK gene, Shiba et al., 2001;
Takayama et al., 2001; Bachmann et al., 2019). The two genes are tightly
linked and are located in a small genomic region called S-locus. The transition
to self-fertilization occurred at least twice in the Capsella genus. In C. orien-
talis, the transition from outcrossing to self-fertilization most likely achieved
before the formation of C. bursa-pastoris, as C. orientalis and C. bursa-pas-
toris share the same frameshift deletion in the nonfunctional SCR allele
(Bachmann et al., 2019). In accordance with their mating systems, the three
self-fertilizing species show typical selfing syndromes. Compared to the out-
crossing C. grandiflora, the self-fertilizing Capsella species have smaller
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flower size, a lower pollen-to-ovule ratio, and reduced emission of floral scent
(Sicard et al., 2011; Neuffer & Paetsch, 2013; Jantzen et al., 2019; Wozniak
etal.,2020). Some of these changes in C. orientalis and C. rubella were shown
to be due to convergent evolution (Wozniak et al., 2020) and to encompass a
broad array of traits even if changes tend to be stronger in reproductive traits
(Zhang et al., 2022). Self-fertilizing history also shapes the pattern of genetic
variation. The self-fertilizing C. orientalis has extremely low nucleotide di-
versity and a larger proportion of deleterious mutations, compared to the out-
crossing C. grandiflora (Kryvokhyzha et al., 2019). Finally, different mating
systems may affect the activity of selfish elements. Self-fertilizing species are
expected to have a lower level of parental conflict and lower TE activity
(Brandvain & Haig, 2005; Wright et al., 2008). In congruent with these ex-
pectations, the genome of C. grandiflora contains more imprinted genes with
higher expression levels, and a larger copy number of TEs than that of C. ori-
entalis (Agren et al., 2014; Lafon-Placette et al., 2018). The mating-system
related divergence is expected to intensify genomic incompatibilities in the
hybridization between self-fertilizing and outcrossing Capsella species.

Early allozymic studies on several loci suggested that natural C. bursa-pas-
toris have disomic inheritance (Hurka et al., 1989), and a more recent simula-
tion with an approximate Bayesian computation (ABC) method and high-
throughput sequencing data confirmed that disomic inheritance is the most
likely model for C. bursa-pastoris (Roux & Pannell, 2015). Compared to some
newly formed allopolyploids with dramatic genomic changes (Szadkowski ef
al.,2010; Chester et al., 2012; Zhang et al., 2016a; Lloyd et al., 2018) or older
paleopolyploids with severe genomic fractionation (Woodhouse et al., 2010,
2014; Tang et al., 2012; Renny-Byfield et al., 2015), genomic changes in the
allotetraploid C. bursa-pastoris seem surprisingly limited, deviating from the
expectations of an initial “genomic shock”. In the genome of C. bursa-pastoris,
there is no large-scale homoeologous gene loss, and no sign of large-scale
chromosomal deletion or homoeologous exchanges (Douglas et al., 2015). On
average there is no large expression bias between the two subgenomes either
(Kryvokhyzha et al., 2019). Nonetheless purifying selection has been less ef-
ficient in C. bursa-pastoris, as a result of polysomic masking, demographic
bottleneck and the change of mating system (Douglas et al., 2015).

Today, the well-studied phylogenetic relationship (Douglas et al., 2015),
demographic history (Han et al., 2015; Cornille et al., 2016; Kryvokhyzha et
al., 2019), mechanisms of reproductive isolation (Lafon-Placette et al., 2018)
and self-incompatibility system (Bachmann et al., 2019, 2021), together with
the availability of a good reference genome (Slotte et al., 2013) make the
Capsella genus an excellent model to study the evolution of allopolyploidy.
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Aims of the thesis

This thesis aims to investigate the outcomes of allopolyploidization in the ge-
nus Capsella. In particular, I asked:

1.

What is the effect of allopolyploidization on gene expression in the nat-
ural C. bursa-pastoris? (Paper 1)

Is there likely a genomic shock upon the formation of C. bursa-pastoris?
If so, how severe is it? (Paper I, and II)

What are the separate instant effects of WGD and hybridization in allo-
polyploids, on gene expression and phenotypes? Which of these phenom-
ena plays a larger role? Do the two processes interact? (Paper II)

How much of the gene expression pattern and other phenotypic changes
in C. bursa-pastoris can be attributed to the instant effects of allopoly-
ploidization and long-term evolution, respectively? (Paper I1I)

Does WGD or hybridization directly cause the breakdown of self-incom-

patibility in Capsella allopolyploids? If so, what is the underlying molec-
ular mechanism? (Paper II and I'V)
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The present thesis

The four articles in the present thesis are part of a series of studies to under-
stand the evolution of the shepherd's purse, Capsella bursa-pastoris, an al-
lotetraploid species with a worldwide distribution. In the present thesis, Paper
I, as previous studies, was based on natural accessions. In Paper I, we focused
on changes in genomic and gene expression in three tissues, flowers, leaves,
and roots. The three following papers mark a departure from Paper I and pre-
vious studies as they are all based on the newly created series of resynthesized
hybrids and polyploids. In Paper II, we used the resynthesized polyploids to
ask which of WGD and hybridization cause the strongest perturbations in rel-
ative gene expression patterns and phenotypes. In Paper 111, we went one step
further and asked to which extent the changes observed between the natural
C. bursa-pastoris and its parental species could reflect the instant effect of
allopolyploidization or long-term evolution. Finally, Paper IV builds on our
series of resynthesized hybrids and polyploids but also on the knowledge ac-
cumulated over the last decades on the Brassicaceae self-incompatibility sys-
tem. It demonstrates that the dominance relationship among S-alleles inherited
from the self-compatible and self-incompatible parental species could cause
the breakdown of self-compatibility in Capsella allotetraploids.

Paper I: Detailed gene expression pattern and the
distribution of deleterious mutations in natural C. bursa-
pastoris

Paper [ was conceived as an extension of an earlier article on the genomics
and transcriptomics of Capsella bursa-pastoris (Kryvokhyzha et al., 2019).
Both studies were our first attempt to leverage whole genome and tran-
scriptomic data to assess the relative importance of parental legacy (Gottlieb,
2003) and genomic and regulatory changes in shaping a new allotetraploid
species.

Natural C. bursa-pastoris is still at the onset of diploidization, but compared
to some younger allopolyploid species with dramatic genomic and tran-
scriptomic changes (Szadkowski et al., 2010; Chester et al., 2012; Zhang et
al., 2016a; Lloyd et al., 2018), it seems to be exempt or have recovered from
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the presumed “genomic shock” as there is no sign of massive genomic rear-
rangements or large scale gene loss (Douglas et al., 2015; Kryvokhyzha et al.,
2019). How are homoeologous genes expressed in natural C. bursa-pastoris?
Are their expression levels still largely determined by the inherited cis-regu-
latory variants (parental legacy) or reshaped by the presumed “genomic shock”
and the 100,000-year evolution? Besides, the two diploid parental species of
C. bursa-pastoris have different mating systems, which give rise to their dis-
tinct genetic features. Compared to the outcrossing species C. grandiflora, the
self-fertilizing species C. orientalis has much lower genetic diversity and a
higher proportion of deleterious mutations (Kryvokhyzha et al., 2019). How
did the divergent homoeologs evolve in natural C. bursa-pastoris? Did inher-
ited deleterious mutations lead to further degeneration of homoeologs and af-
fect gene expression? Finally, both C. orientalis and C. bursa-pastoris are
self-fertilizing species with typical selfing syndromes such as flower size
(Neuffer & Paetsch, 2013; Wozniak et al., 2020). Would this similarity be
reflected by expression patterns in C. bursa-pastoris? One possibility is that
the global expression pattern of the C. grandiflora-derived subgenome has
gradually converged towards the global pattern of expression of the C. orien-
talis-derived subgenome in flower tissues, but probably not in leaves and roots.
To measure this relative change in gene expression in the different tissues we
defined new convergence indices.

To characterize the transcriptomes and genome of the natural C. bursa-pas-
toris, we investigated detailed gene expression patterns and the distribution of
deleterious mutations in this young allotetraploid species. Short-read (Illu-
mina) whole-genome sequencing and RNA-sequencing of three tissues (flow-
ers, leaves and roots) were conducted simultaneously on 16 accessions of nat-
ural C. bursa-pastoris, along with 4 accessions each of C. grandiflora and C.
orientalis. The 16 accessions of C. bursa-pastoris were from three well-char-
acterized major phylogenetic clusters (ASI, EUR, ME; Kryvokhyzha et al.,
2019) and a less studied unknown population (CASI), representing the natural
variation of C. bursa-pastoris (Figure 3). The two subgenomes of C. bursa-
pastoris and their expression levels were phased by the fixed variation be-
tween the C. grandiflora and C. orientalis. Putative deleterious mutations
were identified from both subgenomes of C. bursa-pastoris and the parental
species, based on the degree of conservation of protein sequences.

In general, the gene expression pattern in C. bursa-pastoris was conserved
without drastic changes. The expression level of most genes in C. bursa-pas-
toris was still similar to one or both of the parental species, or has an interme-
diate value between parental species. Transgressive gene expression was rare.
Meanwhile, the expression ratio of homoeologous genes can be well predicted
by the expression ratio of the same gene in the two diploid parental species,
showing a strong parental legacy.
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Figure 3. Sampling locations of the three Capsella species used in Paper 1. CO, CG,
ASI, EUR, ME, CASI correspond to C. orientalis, C. grandiflora, and four popula-
tions of C. bursa-pastoris, Cbp, (Asia, Europe, Middle East, and Central Asia), re-
spectively. We shifted slightly population geographical coordinates when those over-
lapped to make all of them visible on the map.

Figure 4 summarizes one of the main findings of Paper I, namely that as ex-
pected, in flower tissues the global pattern of expression of the C. grandiflora
subgenome shifted towards the global pattern of expression of the C. orien-
talis subgenome whereas in leaves and roots, the opposite, i.e. a shift of the C.
orientalis pattern of expression towards that of C. grandiflora, is observed.
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Figure 4. Similarity and convergence indices for differentially expressed genes be-
tween subgenomes of C. bursa-pastoris. A. For each tissue and each subgenome, the
median of similarity indices for each subgenome (SCo and SCg) are presented as well
as the difference between the two indices (AS) that indicates the dominance of one
parental genetic background. Grey dotted lines (S = 0) indicate level of no bias. B.
The proportion of transcripts showing convergence (Ci > 0) is reported for the whole
genome (green plus signs) or each subgenome (CbpCo, CbpCg). The significance of
difference between the subgenome convergence indices is also depicted (binomial
test,*** p <0.001). The number of differentially expressed genes considered for each
tissue are indicated with N.
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Paper I contains two other main findings on the evolution of an allopolyploid
species. First, Paper I demonstrated the emergence of convergent homoeolog
expression across the two subgenomes in C. bursa-pastoris. And secondly,
the C. orientalis subgenome accumulated more deleterious mutations than the
C. grandiflora genome, and this difference in the accumulation of deleterious
mutations on the two subgenomes was associated with the level of gene ex-
pression.

Altogether, together with other recent genomewide studies of allopolyploid
species (e.g., Griffiths et al., 2019; Gordon et al., 2020; Burns et al., 2021)
Paper I contributed to the ongoing re-evaluation of the evolution of allopoly-
ploid species in the light of genomewide genomics and transcriptomics data,
challenging a previous view that allopolyploidization would routinely lead to
a drastic genomic shock. Paper 1 was still based on established allopolyploid
species. In Papers II-IV we turn to resynthesized hybrids and polyploids to
assess the importance of instant changes associated with the creation of a new
allopolyploid species.

Paper II: Dissecting the instant effects of hybridization
and WGD 1n allopolyploidization

To further dissect the different factors in allopolyploidization, we created a
series of synthetic hybrids and polyploids with the diploid C. orientalis and
C. grandiflora (Figure 5). These synthetic Capsella plants were later used in
Paper II, IIl and IV.

In Paper II we focused on distinguishing and comparing the effects of in-
terspecific hybridization and WGD in allopolyploidization. Both hybridiza-
tion and WGD are often assumed to cause an instant genomic shock s.s., dra-
matic genomic and transcriptomic changes induced by a global reactivation of
transposable elements (McClintock, 1984; Bardil et al., 2015; Fasano et al.,
2016; Baduel et al., 2018). The relative contribution of hybridization and
WGD to the initial gene expression patterns of allopolyploid organisms is un-
known. Hybridization and WGD are also known for causing meiotic problems
and decreasing the fertility of hybrids and autopolyploids (Szadkowski ef al.,
2010; Mason ef al., 2011; Yant et al., 2013; Bomblies et al., 2016). It is not
clear whether the two components have instant interactions on fitness. Theo-
retically the meiotic problems may be less severe in allopolyploids than that
in diploid hybrids and autopolyploids.
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Figure 5. The seven groups of synthetic or natural Capsella plants used in this thesis.
Synthetic diploid hybrids, autotetraploids and allotetraploids were generated with the
diploid Capsella orientalis and Capsella grandiflora. Whole-genome duplication
(WGD) was induced by colchicine treatments. C. orientalis served as maternal plant
in all interspecific crosses, mimicking the formation of the natural C. bursa-pastoris
(Hurka et al., 2012). Group abbreviations are highlighted in bold. In paper Il and IV,
“Allo-h” and “Allo-d” were renamed as “Sh” and “Sd”, respectively.

We tackled these questions by comparing the RNA-sequencing data and other
phenotypes among the seven groups of Capsella plants, i.e., two natural dip-
loid species, diploid hybrids, two types of allotetraploids with different orders
of hybridization and WGD, and two types of autotetraploids (Figure 5). The
seven groups of Capsella plants were grown in a growth chamber under the
same conditions. RNA from young inflorescence (flowers) and leaves was se-
quenced, and each of the seven groups was represented by six individuals. The
relative expression of genes and TEs was quantified and compared among
groups. For phenotypes, we recorded stem length, flowering time, pollen via-
bility, the proportion of normal seeds, and the ability to produce seeds with
only autonomous selfing, and each of the seven groups was represented by
around 36 individuals.

Strikingly, we found WGD had almost no immediate effect on the relative
gene expression pattern (Figure 6). The initial gene expression pattern of al-
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lopolyploids was mainly determined by hybridization. Meanwhile, both hy-
bridization and WGD had obvious effects on the phenotype (Figure 7). WGD
may instantly affect phenotypes by altering the cell-size-related physical at-
tributes without significantly distorting the relative gene expression pattern.
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Figure 6. Transcriptome-wide expression pattern visualized by multidimensional
scaling (MDS) plots. The plots were made with (a) all samples, (b) only the flower
samples, or (¢) only the leaf samples. Genes with transcripts per million (TPM) > 2 in
at least three samples were used for the analysis, and the expression levels were nor-
malized with the trimmed mean of M-values (TMM) method.
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Figure 7. Phenotypes of the seven plant groups. (a) Stem length (b) Flowering time
(c) Estimated pollen grain number per flower, averaged between the two flowers of
each individual. (d) The proportion of viable pollen grains, calculated by examining
> 300 pollen grains per flower, and averaged between two flowers. (¢) The number of
normal and abnormal seeds in ten fruits. Error bars show the group mean =+ standard
error. (f) The proportion of normal seeds (normal seeds/total seeds). Individuals with
less than ten fruits were excluded from the analysis. For boxplots and violin plots,
sample size (number of examined individuals) was shown above the groups. When
one-way ANOVA and Tukey’s HSD test were applied (plots a, b and ¢ and number
of normal seeds in plot e), group differences at a significance level of a < 0.05 were
indicated by letters. Groups with the same letter are not significantly different. The
seven groups are defined in Figure 5.
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Overall, neither WGD nor hybridization seemed to trigger a genomic shock
s.s. in the synthetic Capsella plants. The relative total expression level of TEs
was not elevated by WGD or hybridization. Regarding WGD, there is almost
no gene significantly differentially expressed (DEGs) between diploids and
the corresponding tetraploids. As for hybridization, most DEGs between hy-
brids and one parental species were also DEGs between the two parental spe-
cies and were largely shared among the three hybrid groups. These results
suggest that gene expression changes in hybrids are highly deterministic and
possibly caused by the regulatory divergence between the parental species,
rather than a global TE reactivation.

In addition, we found WGD and hybridization have instant beneficial inter-
actions on pollen viability and the proportion of normal seeds. Both hybridi-
zation and WGD alone decreased pollen viability, but WGD was less delete-
rious for hybrids, and a similar interaction was also observed for the propor-
tion of normal seeds.

In summary, while the initial relative gene expression pattern in neo-allotet-
raploids was almost entirely determined by hybridization, WGD only had triv-
ial effects on relative expression patterns. Neither hybridization nor WGD was
likely to cause a genomic shock even upon the formation of Capsella allopol-
yploids. The two processes interacted, and each had a strong impact on phe-
notypes.

Paper III: Assessing the short- and long-term outcomes
of allopolyploidization

In Paper III we moved toward distinguishing the short- and long-term out-
comes of allopolyploidization. Allopolyploidization can instantly alter gene
expression patterns. Apart from “averaging” the gene expression levels of the
parental species, genetic incompatibilities between the divergent subgenomes
and a potential genomic shock s.s. could instantly cause non-additive gene
expression and variation of homoeolog expression bias in allopolyploids. Al-
ternatively, non-additive expression and homoeolog expression bias in allo-
polyploids could be established later during gradual evolution, as a neutral
process or shaped by several forms of selection. From the phenotypic point of
view, the initial phenotypic effects of allopolyploidization could be enhanced
or counteracted by later evolution, and original phenotypes may also arise in
long-term evolution as an indirect result of allopolyploidy (Bomblies, 2020).
Regarding gene expression patterns and phenotypes in natural C. bursa-pas-
toris, how much of them can be attributed to the instant effect of allopolyploi-
dization, and how much of them resulted from long-term evolution?
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To answer this question, we compared gene expression patterns and pheno-
types of resynthesized and natural allotetraploids with the diploid parental spe-
cies. Again, we use the resynthesized allotetraploids from Paper 1, but we
added data from six lines of natural C. bursa-pastoris (Figure 8). The natural
C. bursa-pastoris plants were grown together with the other seven plant
groups and were sampled and recorded simultaneously with the same strate-
gies as in Paper I. To pay special attention to the selfing syndrome, measure-
ments on floral morphological traits were also added.

We found that most phenotypic differences between resynthesized and nat-
ural C. bursa-pastoris reflected the establishment of a strong selfing syndrome
(Figure 9). The floral morphology of resynthesize allotetraploids was more
similar to that of the outcrossing parental species C. grandiflora, while the
traits of natural allotetraploids were much more similar to that of the self-fer-
tilizing C. orientalis. This result suggests that the selfing syndrome of
C. bursa-pastoris was established progressively during long-term evolution.

Another aspect of the phenotypic difference between resynthesized and nat-
ural allotetraploids is the pollen and seed quality. Pollen and seed quality were
largely improved in natural C. bursa-pastoris (Figure 9). As pollen viability
is a good indicator of meiotic behavior, the result suggests that meiotic stabil-
ity in natural C. bursa-pastoris has been improved during long-term evolution.

The instant effect of allopolyploidization contributed to the gene expression
pattern of natural C. bursa-pastoris, as about 40% of ELDs in natural C.
bursa-pastoris can already be found in resynthesized allotetraploids (Figure
10). However, the initial gene expression pattern of allotetraploids was largely
reshaped by long-term evolution. Most transgressive gene expression (TRE)
and down-regulated expression-level dominance (ELD) can only be found in
natural C. bursa-pastoris but not in resynthesized allotetraploids. The major
direction of ELDs was also preserved. Compared to resynthesized allotetra-
ploids, natural C. bursa-pastoris had much more ELDs toward the selfing
C. orientalis, especially in flowers. This pattern mirrored the phenotypic dif-
ference between resynthesized and natural allotetraploids.

In addition, we found abundant traces of the segregation and recombination
of homoeologous chromosomes (homoeologous exchange, HE) in resynthe-
sized allotetraploids (Figure 11), suggesting that disomic inheritance was not
an instant outcome of this allopolyploidization event. HE was a major source
of homoeolog expression bias or homoeolog-specific expression loss in the
resynthesized allotetraploids. We were unable to assess the effect of HE in
natural allotetraploids with only RNA-sequencing data. The evolutionary sig-
nificance of HE variation in natural populations of C. bursa-pastoris remains
to be assessed.
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Figure 8. Plant material used in Paper III. (a) Five groups of Capsella plants. Diploid
species (Co2 and Cg2 groups) and the second generation of resynthesized allotetra-
ploids (Sd and Sh groups) are from Duan et al. (2022). Samples of natural allotetra-
ploids, C. bursa-pastoris, were added to the present study. (b) Phylogenetic relation-
ship of the three natural species, modified from Douglas ef al., (2015); kya: thousand
years ago. (c) Geographic origin of the Capsella samples.
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Figure 9. The establishment of the selfing syndrome in C. bursa-pastoris. Phenotypic
traits of the five Capsella groups. Co2: diploid C. orientalis; Cg2: diploid C. grandi-
flora; Sd: WGD-first resynthesized allotetraploids; Sh: hybridization-first resynthe-
sized allotetraploids; Cbp: natural allotetraploid C. bursa-pastoris. The measured
traits were (a) petal length, (b) sepal length, (c) pistil length, (d) stamen length, (e)
petal width, (f) sepal length, (g) pistil width, (h) length of the longest stem, (i) number
of pollen grains per flower, (j) number of seeds in ten fruits, (k) number of days from
germination to the opening of the first flower, (1) proportion of viable pollen grains
and (m) proportion of normal seeds in ten fruits.
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Figure 10. Additive and non-additive expression in allotetraploid groups. a) Number
of genes that showed additive expression (ADD, including partial expression level
dominance), complete expression level dominance (ELD), and transgressive expres-
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three allotetraploid groups in flowers, separated by directions of ELD.
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Figure 11. Variation of homoeolog expression bias (HEB) of the three allotetraploid
groups in flowers. Gene HEB was calculated as the expression level of cg-homoeolog
divided by the total expression level of both cg- and co- homoeologs (HEB =
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HEB was also plotted along chro-
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by (a) individuals and (b) chromosomes. (¢) Gene

taking individual Sd-6-4 as an example.

Paper IV: The molecular basis of the breakdown of self-

incompatibility in allopolyploids

WGD has long been hypothesized to be associated with a transition to self-
fertilization (Barringer, 2007; Robertson et al., 2011), yet the association is
controversial and may depend on the molecular basis of self-incompatibility
been involved (Mable, 2004;

(SI) system and whether hybridization has
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Husband et al., 2008). Our synthetic Capsella series provided an excellent
system to dissect the direct effect of WGD and hybridization on mating system,
and test if WGD or hybridization instantly causes the breakdown of SI in C.
bursa-pastoris. In Paper 1l we observed that pure WGD could not directly
cause the breakdown of SI in C. grandiflora, but hybridization between C.
orientalis and C. grandiflora gave rise to both self-compatible (SC) and self-
incompatible diploid hybrids or allotetraploids. This observation led to the
main question of paper IV: What is the molecular basis of the variation of SI
in Capsella hybrids?

SI in Brassicaceae is mainly determined by the interactions between the
products of two genes: the SRK gene in stigma, and the SCR gene in anther
(Shiba et al., 2001; Takayama et al., 2001). The two genes are tightly linked
and located in a genomic region called S-locus. The S-locus has great poly-
morphisms in outcrossing species and S-alleles have a complex dominance
hierarchy in anthers (Tarutani et al., 2010; Durand et al., 2014). The SCR
gene on the relatively recessive S-allele can be transcriptionally silenced by
small non-coding RNA (sRNA) generated by dominant S-haplotypes. One
hypothesis is that the loss of SI in C. bursa-pastoris is immediately achieved
by the dominance interaction of S-alleles in anthers (Bachmann et al., 2021),
but direct observation of the dominance relationship among SCR alleles is
still lacking.

In paper IV we utilized the RNA-sequencing data from the synthetic
Capsella hybrids (Paper II) and a newly developed bioinformatic pipeline,
NGSgenotyp (Genete et al., 2020), to formally test this hypothesis. First, we
build a reference S-allele database of Capsella, using publicly available rese-
quenced genomes of a large population of C. grandiflora (Josephs et al., 2015).
Second, we tested whether RNA-sequencing data can be used to identify S-
alleles in Capsella, by applying the pipeline to the DNA- and RNA-sequenc-
ing data from Paper I. By comparing the SRK alleles identified with DNA and
RNA data, we concluded that the co-dominant SRK expression in flowers can
be reliably used for identifying S-alleles. Finally, we tested our core question:
Can the dominance relationship of S-alleles explain the variation of self-com-
patibility in synthetic Capsella hybrids? We identify and quantify the expres-
sion of SRK and SCR alleles in the synthetic diploid or tetraploid Capsella
hybrids, and compared the relative expression level of the non-functional S-
allele (H4004) inherited from C. orientalis with seed production from auton-
omous self-fertilization.

We found that the predicted and observed dominance relationship of the
functional and non-functional S-alleles could well explain the seed production
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in both diploid and tetraploid hybrids (Figure 12). Our results, for the first
time, formally verified the hypothesis of the role of dominance interaction of
S-alleles in SI phenotype by linking the relative expression level of SCR al-
leles to the seed production in Capsella hybrids. The results suggest that the
breakdown of SI in natural C. bursa-pastoris could be an instant result of the
hybridization involving an SC parental species. Nonetheless, the fixation of
self-compatibility in the allopolyploid species may also be facilitated by
WGD-related selection, i.e., self-compatibility may be favored by selection
due to the polyploid-specific challenge: meiotic cytotype exclusion. In the lat-
ter case, hybridization still plays a critical role as it introduces variation of
self-compatibility to polyploid populations and enables WGD-related selec-
tion to promote self-compatibility.
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Figure 12. Relationships of the SRK-predicted dominance of the H4004n SCR allele,
the observed relative expression level of the H4004n SCR allele and seed production
in the diploid and tetraploid C. grandiflora x C. orientalis.
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Conclusions and future perspectives

Instant genomic and transcriptomic changes may come
with allopolyploidization in Capsella, but do not
constitute a genomic shock

TE activities were often thought to play a central role in the genome evolution
of allopolyploid species (Parisod et al., 2009; Woodhouse et al., 2014; Pont
& Salse, 2017). A very common hypothesis is the TE-mediated genomic
shock (McClintock, 1984; Baduel et al., 2018), in which WGD or hybridiza-
tion serves as genomic stress for globally reactivating previously silenced TEs,
and further causes rapid genomic and transcriptomic changes. However, in the
case of C. bursa-pastoris, we did not find any evidence for the genomic shock
s.s. scenario. The expression level of TEs was not elevated in the resynthe-
sized C. bursa-pastoris-like allotetraploids (paper II). Regarding the possible
consequences of genomic shock s.s., we found that non-additive gene expres-
sions and homoeolog-specific expression loss were rare in both resynthesized
and natural C. bursa-pastoris (Paper I, II and III). In addition, non-additive
gene expression in resynthesized allotetraploids are highly deterministic, and
expression level dominance was mainly caused by the expression change of
the expression-level-recessive homoeolog (paper II and III). All these obser-
vations contradict the expectation of genomic shock s.s..

On the other hand, about 40% of the expression level dominance in the nat-
ural C. bursa-pastoris can already be observed in resynthesized allotetraploids,
and striking variation of homoeologous expression bias was found in the re-
synthesized allotetraploids (paper III). In this sense, instant genomic and tran-
scriptomic changes did come with the allopolyploidization event. But neither
the magnitude nor the mechanism of these changes fits the concept of “ge-
nomic shock” anymore. These instant changes can be well explained by basic
genetic mechanisms: the interaction, segregation and recombination of the di-
vergent subgenomes (i.e., genomic incompatibility and homoeologous ex-
changes).

Similar to our results, recently the prevalence and influence of homoeolo-
gous exchanges have been recognized in more and more allopolyploid species
(Lashermes et al., 2016; Hurgobin et al., 2018; Bertioli et al., 2019; Li et al.,
2019; Zhang et al., 2020). In nascent allopolyploids, homoeologous ex-
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changes seem to be a paradigm rather than an exception. The effect of homoe-
ologous exchange may be confused with chromosomal rearrangements, si-
lencing of homoeologous genes, or gene flow from parental species. Despite
being such a common and influential form of genetic variation, the evolution-
ary significance of homoeologous exchanges has not been fully studied in nat-
ural allopolyploid species.

WGD and hybridization played distinct roles in
allopolyploidization

WGD and hybridization are often confounding factors for each other, due to
the high prevalence of allopolyploid species. We used a full-factorial design
to dissect the instant effects of WGD and hybridization in allopolyploidization.

The relative gene expression pattern in resynthesized allotetraploids was
mainly shaped by hybridization, and WGD had almost no effect on relative
gene expression pattern. Meanwhile, both hybridization and WGD instantly
affected phenotypes. WGD may affect phenotypes through changing the cell-
size-related physical attributes, rather than distorting the relative gene expres-
sion pattern. We found neither WGD nor hybridization significantly increased
TE expression in the synthetic polyploids and hybrids, hence neither of them
was likely a cause of genomic shock s.s. in Capsella. (paper 1)

Regarding the change of mating system, we found WGD alone did not
cause a breakdown of self-incompatibility in Capsella, but hybridizing involv-
ing the self-compatible C. orientalis enabled the majority of diploid hybrids
and allotetraploids to produce seeds with autonomous self-fertilization (paper
IT). We further investigated the molecular basis of the self-incompatibility in
Capsella. The seed set of the synthetic hybrids can be well explained by the
expected dominance relationship of S-alleles and the observed relative expres-
sion level of the non-functional SCR allele in hybrids. The result showed that
the dominance interaction of S-alleles may instantly create a variation of self-
compatibility in allopolyploid offspring and enable selection to promote self-
compatibility.

The role of interspecific hybridization and WGD in evolution reminds me
of many features of the Parallel Metropolis coupled Markov chain Monte
Carlo algorithm ((MC)®, Altekar et al., 2004). The adaptive walk of a popula-
tion on an n-dimensional genotype-fitness landscape (De Visser & Krug,
2014) is very similar to the Markov chain Monte Carlo (MCMC) algorithm in
which a Markov chain walks on an n-dimensional posterior probability distri-
bution, aiming to explore all peaks in a probability landscape. In this context,
the function of hybridization is a bit similar to the replicate exchange process
in (MC)?. Species (multiple Markov chains in (MC)?*) independently evolved
for a short while and then exchange their current alleles (states or heats in
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(MC)?®) with interspecific hybridization. The beneficial alleles from the other
species may be retained in the follow-up non-random diploidization, just like
the swapping of states would be accepted only if the foreign state is on a higher
probability peak. The replicate exchange process releases the Markov chains
that are trapped in local optima and greatly reduces the time for crossing low-
probability valleys, while interspecific hybridization may release species from
evolutionary constraints (Patton et al., 2022) by enabling the trapped geno-
types to access areas that cannot be reached by adaptive mutational paths and
reduce the time of independent adaption. Meanwhile, one attribute of WGD is
similar to the idea of “heated chain” in (MC)’. With an extra copy of the ge-
nome, the temporarily relaxed purifying selection allows some alleles to more
freely walk on the fitness landscape, similar to the heated chain that walks on
a flattened version of the probability landscape in (MC)’. The “wonderous
cycle” (Wendel, 2015) of WGD-diploidization is like the joint use of cold
chains (diploids and paleopolyploids) and heated chains (young polyploids)
in (MC)?, except that the cold and heated chains are not parallel but alternate
in time. Even the general benefits seem similar: (MC)? allows Markov chains
to reach multiple peaks within a reasonable time, while hybridization and
WGD may facilitate lineages quickly reaching more empty niches.

These metaphors do not cover all the important attributes of hybridization
or WGD. For example, different from the time cost of adding additional pa-
rameters in (MC)?, hybridization and WGD have their unique penalties, such
as hybrid incompatibility, meiotic abnormalities, and minority cytotype exclu-
sion. Metaphors are always wrong in details and are not very useful until being
developed into formal models. Nonetheless, the accumulating evidence has
suggested that both hybridization and WGD are critical parameters for the
populations that are wandering in the changeable fitness landscape and con-
tinually chasing fitness optima. This thesis focuses more on the outcome of
allopolyploidization rather than its role in evolution. Understanding the direct
outcome of allopolyploidization and disentangling the confounding factors
would provide solid prior information for better modeling and elucidating the
evolutionary significance of hybridization and WGD.
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Svensk sammanfattning

De flesta viaxtarter &r eller har varit polyploider, vilket betyder att varje enskild
cell innehaller fler 4n tva uppséttningar av kromosomer. Organismer ~’po-
lyploidiseras” genom en duplikation av hela genomet (WGD, “whole genome
duplication”). Duplikation av hela genomet &r ofta, men inte alltid, forknippad
med en hybridisering mellan arter. Beroende pa hur det 4r med den saken ka-
tegoriseras polyploider som autopolyploider (endast duplikation av genomet),
och allopolyploider (duplikation av genomet och hybridisering). Det ar fort-
farande lite ként i vilken ordning duplikation av genomet och hybridisering
sker, och vilket som &r det vanligaste vigen till allopolyploidisering, men
icke-reducerade gameter, gameter vars DNA innehdll inte reducerats under
meiosen ar sannolikt inblandade i de flesta fall. Det har lange funnits ett stort
intresse for allopolyploidisering eftersom den utgdr en fundamental och bety-
delsefull evolutiondr 6vergang hos vixter, men ocksa for att allopolyploidise-
ring ansetts oka potentialen for anpassning och diversifiering, och ddrmed
identifierats som ett viktigt verktyg i vaxtforadling.

I min avhandling har jag fokuserat pa de genomiska och fenotypiska for-
andringar som sker vid allopolyploidisering. Mer specifikt, har jag undersokt
om evolutionen av polyploidi inbegriper en forsta chockartad fordndring av
genomfunktion foljt av en stabilisering, eller om den snarare innebar en mer
gradvis fordndring. Ett andra mal har varit att separera effekter av ge-
nomduplikation och hybridisering, for att forstd hur var och en av de tva pro-
cesserna bidrar till allopolyploiders egenskaper.

Som studiesystem har jag valt lomme (Capsella bursa-pastoris), en av varl-
dens vanligaste vaxter. Lomme &r ett oansenligt ogrds med sma vita blommor.
Frukterna liknar en penningpung och har givit upphov till artens engelska
namn “’shepherd’s purse”. Lomme &r en ruderatvixt som aterfinns i manskligt
paverkade miljoer. Overallt dir det finns minniskor kan man hitta lomme,
forutom vid polerna och néra ekvatorn. Lomme ir en tdmligen ung allopo-
lyploid som uppstod for cirka 100 000 ar sedan som ett resultat av hybridise-
ring mellan foregéngare till de tva diploida arterna C. grandiflora och C.
orientalis. Den forra arten ar korsbefruktande med stora blommor och har en
begrinsad utbredning. Idag aterfinns den bara i bergstrakter i nordvéastra Gre-
kland och Albanien. Den sjdlvbefruktande C. orientalis forekommer ddremot
vitt spridd dver de omfattande stdppomrddena i Centralasien. Precis som
lomme, dr C. orientalis en ruderatvixt med mycket sma blommor. Det finns
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en fjarde art i sldktet: C. rubella, som ocksa ar sjilvbefruktande och har
mycket smé blommor. Den éterfinns runt Medelhavet och har indirekt spelat
en viktig roll for mina studier: dess genom &r sekvenserat och annoterat och
den informationen har varit viktig.

Det finns atminstone tva olika sétt att soka forstd evolutionen av allopo-
lyploida arter. For det forsta, kan man provta och studera individer i naturliga
populationer av allopolyploiden och dess fordldrararter. Man kan karaktéri-
sera deras genom, genuttrycksmonster och fenotyp och fran dessa data foresla
och testa olika hypoteser rérande deras evolution. Alternativt, kan man an-
vinda sig av en mer experimentell ansats och dterskapa allopolyploider genom
korsningar, vilket gor det mojligt att undersoka olika aspekter av polyploidi-
seringsprocessen i en kontrollerad miljo. Genom att jaimfora aterskapade
allopolyploider med artificiella diploida hybrider och autopolyploider, kan
man sirskilja effekter av genomduplikation och hybridisering. Genom att jim-
fora aterskapade allopolyploider med den existerande lommen blir det mojligt
att sirskilja polyploidiseringens omedelbara effekter pd genom och fenotyp
frén de fordndringar som skett under allopolyploidens vidare evolution. I min
avhandling har jag och mina kolleger anvént oss av bada dessa angreppssiitt.

Vi borjade med att undersdka genom och genuttryck i naturliga accessioner
av lomme och dess fordldrararter, den korsbefruktande C. grandiflora och den
sjalvbefruktande C. orientalis. Genuttryck undersoktes i tre vdvnadstyper:
blommor, blad och rotter. Tidigare studier har funnit viktiga genomiska och
transkriptomiska (genuttrycks-) fordndringar i allopolyploider, medan andra
déremot hittat tydliga spar av foréldrararternas egenskaper och bara mindre
forandringar. Hur skulle det se ut hos den allopolyploida lommen? Kom ge-
netisk variation i de delgenom som &rvts fran de tva foréldrararterna att ut-
vecklas pé liknande vis, och borjade genuttryck att regleras gemensamt? Hos
lomme visade sig den relativa styrkan i genuttryck for de flesta homeologer
(genkopior som stammar fran olika arter) att likna den hos foréldrararterna,
vilket indikerade en stark effekt av ursprung. Men det fanns flera undantag.
Manga gener visade tecken pad gemensam reglering: homeologer som var ut-
tryckta 1 olika grad i fordldrararterna hade likartat genuttryck i lomme. An-
markningsvéart var att dominansforhallanden skiljde mellan olika vdvnader:
genuttryck i blommor var mer likt det i den sjdlvbefruktande fordldern C.
orientalis, medan genuttryck i rotter och blad var mer likt det i den korsbe-
fruktande fordldern C. grandiflora. Att genuttryck i blommor hos lomme var
mer likt det hos C. orientalis speglar det faktum att de tva arterna bada ar
sjdlvbefruktande och har likartade blommor. Sammanfattningsvis, var forénd-
ringar i genuttryck tdmligen modesta och forutsdgbara vilket inte dr i enlighet
med vad som skulle forvintas om allopolyploidisering leder till chockartade
forandringar 1 genomfunktion. Kan vi ha missat tecken pa genomisk chock pé
grund av att vi hir undersoker slutresultatet av 100 000 ar av evolution? For
att kunna sérskilja effekter av hybridisering och genomduplikation, och av
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omedelbara interaktioner i genomet respektive langsiktiga evolutionéra for-
andringar, skapade vi med korsningar en serie av aterskapade Capsellalinjer.

I ett forsta steg inriktade vi oss pa att sirskilja de omedelbara effekterna av
genomduplikation och hybridisering. Vér serie av dterskapade Capsellalinjer
inkluderade diploida hybrider, autotetraploider av de tva fordldrararterna, och
tvé typer av allotetraploider dir genomduplikation foregétt hybridisering eller
tvartom. Hybridisering spelade stor roll for uppkomsten av relativt genuttryck
i neo-allopolyploiderna, medan genomduplikation inte hade ndgon omedelbar
effekt pa relativt genuttryck men péverkade dndé fenotyper. We observerade
inte ndgot tecken pa genomisk chock orsakad av transposoner i vare sig neo-
hybrider eller neo-polyploider. For att sammanfatta: relativt genuttryck i neo-
allotetraploider kunde néstan helt forklaras av hybridisering och péverkades
endast marginellt av genomduplikation. Samtidigt var det sa att fenotyper pa-
verkades av bada processerna och deras interaktion.

For att undersoka hur lommens egenskaper utvecklats jaimforde vi lommen
med de aterskapade allotetraploiderna. Den jimforelsen visade otvetydigt att
egenskaper associerade med anpassning for sjdlvbefruktning (”sjalvbefrukt-
ningssyndromet”), sdésom sma blommor, men ocksa egenskaper som hog pol-
len- och frokvalitet i naturliga allotetraploider ar resultatet av evolution dver
lang tid. Pa liknande sétt aterfanns en del monster i genuttryck bara i naturlig
lomme. En del monster i genuttryck i den naturliga allotetraploiden liknade
mer dem hos den sjilvbefruktande fordldrararten dn hos nyskapade allo-
tetraploider, vilket kan kopplas till att lomme ocksé é&r sjélvbefruktande. Till
sist fanns ocksa tecken pa att omedelbara fordndringar kan vara av betydelse;
en del monster i genuttryck hos lomme observerades ocksa i de nyskapade
allotetraploiderna. Sammantaget visar resultaten att mekanismer som verkar
over kort sdvil som lang tid har bidragit till fordndringar i genuttryck och fe-
notyp i naturliga allotetraploider. De initiala fordndringarna i genuttryck har
dock starkt modifierats under efterfoljande evolution vilket lett fram till mer
markanta morfologiska fordndringar. Inga tecken pé “chockartade” forénd-
ringar kunde observeras, vilket visar att evolutionen av allopolyploider kan
vara jamn och gradvis.

Till sist, hur kom lommens parningssystem till? Lommen har tva foraldrar-
arter, den korsbefruktande C. grandiflora och den sjélvbefruktande C.
orientalis. Det dr darfor inte sjalvklart att lommen skulle vara sjélvbefruk-
tande, dven om formaga till sjdlvbefruktning kan ge en nybildad art en fordel
(det racker med en individ for att en population ska kunna etableras). Hur och
nér blev lommen sjdlvbefruktande? Var det resultatet av hybridiseringen eller
genomduplikationen? For att besvara dessa fragor anvéande vi pa nytt vara neo-
polyploider. Véxter som tillhor familjen Brassicaceae har sporofytiskt sjdlvin-
kompatibilitet som styrs av tva kopplade loci, SCR och SRK, beldgna i en liten
genomisk region kallad S-locuset. Hos sjélvinkompatibla arter, segregerar
som regel ett stort antal S-alleler. Efter att ha karaktariserat S-alleler i en stor
population av C. grandiflora kunde vi genotypa bade SRK och SCR gener och
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kvantifiera deras expressionsnivaer pa basis av RNA-sekvensdata. Vi fann att
en del av de aterskapade diploida hybriderna och allopolyploiderna var sjalv-
kompatibla, medan genomduplikation inte hade nagon direkt effekt pa sjalv-
kompatibilitet. De dterskapade allopolyploidernas sjilvkompatibilitet kunde
enkelt forklaras utifrdn teoretiska och observerade dominansforhallanden
bland SCR alleler. Resultaten tyder pa att lommen blev sjdlvkompatibel framst
for att den drvde en tdmligen dominant icke-funktionell S-allel fran sin sjilv-
kompatibla fordlder, medan selektion kopplad till genomduplikationen kan ha
hjalpt till att fixera denna egenskap hos arten.

Sammanfattningsvis har vara studier av allopolyploidi hos lomme visat att
allopolyploidi kan uppkomma till f61jd av en gradvis och forutsdgbar evolut-
iondr process, i vilken genomduplikation och hybridisering har sina unika rol-
ler. Aven om genomduplikation och hybridisering innebér en formidabel ut-
maning, behover allopolyploidisering inte innebédra en dramatisk genomisk
chock eller ndgot som kraver en omfattande omkoppling av det genomiska
maskineriet. Tvirtom, tycks det som ett nytt normaltillstind uppnaddes efter
en tdmligen stillsam revolution i det hér fallet!

Kindly translated by Jon Agren

49



Acknowledgements

First, I would like to thank my main supervisor Martin Lascoux, and my co-
supervisors Adrien Sicard and Sylvain Glémin, for your direct contributions
to this thesis. But more importantly, I have enjoyed the time working with you.
I am inspired by your passion and devotion to your fields and impressed by
your working efficiency. I enjoyed our discussions and the ideas exchanged
through emails and comments. It is satisfying to witness a small piece of the-
oretical knowledge really works in the lab or to develop a superficial idea into
rigorous scientific analyses. Meanwhile, you are such patient and supportive
supervisors, continuously encouraging me and giving me constructive sugges-
tions. You are always there when things did not work, or I felt lost in the anal-
yses. I sincerely feel lucky to have you as my supervisors.

I am grateful to the Sven och Lilly Lawskis fond. Your financial support
has made my Ph.D. study possible.

I wish to thank Vincent Vincent Castric and Xavier Vekemans for their
contribution to paper IV. I would not be able to delve into the mechanism of
self-incompatibility without your help. During the cooperation, I was also im-
pressed by your scientific rigor and broad knowledge in this field. I appreciate
the chance of working with you.

I would like to thank Dmytro Kryvokhyzha for helping me to learn Python
and sharing your scripts with me. Your scripts and pipelines helped me a lot.
I also remember the most important advice you have given: “Ask google first.”,
which has been proven to be surprisingly useful. I want to thank Maria
Guerrina for teaching me how to grow Capsella plants. Without you, I may
have difficulty keeping Capsella plants alive. “I know that after cutting all
those Capsella samples you may be eager to try Capsella pesto, but try not to
eat our Capsella plants while I am not here.” said Maria with a smile. I want
to thank Pascal Milesi and Marion Orsucci for your work on Paper I and your
suggestions on my work. Your comments and suggestions are always to the
point. Recently I had a random nightmare in which Pascal told me one of my
manuscripts was totally wrong. It has not happened yet, but if my manuscript
were indeed seriously wrong, I believe that you would be one of the persons
who first spot it. I like to work with all these (former) Capsella people. Thank
you all for leading me into the world of Capsella (or scientific work in general).
I miss the time that all of you were here and wish you good luck with your life
and career.

50



I want to thank Yvonne Meyer-Lucht for helping me to prepare all the ma-
terials for experiments and doing the test runs with me. I feel secure when
working in the lab with you, and I love to chat with you. I would like to thank
Luis Leal for teaching me to use many instruments in the lab (Qubit fluorom-
eter, Bioanalyzer, and so on). You have been such a great teacher, even for
colleagues. And thank you for taking good care of my Capsella so that I can
leave for vacation. | want to thank Zebin Zhang. Thank you for sharing your
script, datasets, and homemade food with me. I wish to thank Mattias Vass for
helping me collect seeds during the COVID pandemic. And thank you for
maintaining the function of the growth rooms. I would like to thank Elsa
Sundkvist for counting Capsella seeds. Your careful work has contributed to
this thesis. [ wish to thank Jenny Lundh, Emelie Tollin, and Annette Berger.
You always happily helped me with the administration work even if some-
times I misunderstood the procedure. I also want to thank Jon Agren. Thank
you very much for kindly translating the summary of the thesis into Swedish!

I want to thank Lili Li. I miss the time of being your officemate. You are
always extremely kind and considerate and have saved me from trouble sev-
eral times. You have provided tons of advice on life as a Ph.D. student and on
life in general. Your braveness and ability to quickly learn new things also
inspired me. And thank you for texting me whenever there is stunning sunset,
which makes me feel we are still close, staring at the same piece of sky. I give
my special thanks to Anja Billhardt. You often volunteered to help me while
I hesitated to ask. You showed me how to use the autoclave upstairs, offered
me information about courses, and told me which form I should fill in or which
person I can contact. All these small things made my life much easier. Now
when I feel a junior Ph.D. student might need some help, I always think about
you. I wish I could pass on the kindness that you have given to me. I want to
thank Sophie Karrenberg for being my teaching role model. Apart from the
practical teaching strategies, I was also impressed by your devotion to teach-
ing, incredible patience, and frequent self-reflection. I have learned a lot from
working with you as a teaching assistant.

I would like to thank all other people who are or have been working in the
Department of Plant Ecology and Evolution. Thank you for creating this
friendly, supportive, and inclusive atmosphere, which is essential for my work.
You treat people equally, no matter whether they are the head of the depart-
ment or Master students. You respect a work-life balance. Thank you for your
smile and “He;j”, for asking me when I did not look ok, for the seminars, but
also for all the fika talks.

I wish to thank Sparrow, Plain, and Little Tree. You were the reason that I
decided to continue my study. I would never forget this. [ wish you all enjoy
exploring this boundless and intriguing world.

Finally, I want to thank my mother and my father. Thank you for loving me
so much.

51



References

Agren JA, Huang HR, Wright SI. 2016. Transposable element evolution in the
allotetraploid Capsella bursa-pastoris. American Journal of Botany 103: 1197—
1202.

Agren JA, Wang W, Koenig D, Neuffer B, Weigel D, Wright SI. 2014. Mating
system shifts and transposable element evolution in the plant genus Capsella.

BMC Genomics 15: 1-9.

Albertin W, Marullo P. 2012. Polyploidy in fungi: evolution after whole-genome
duplication. Proceedings of the Royal Society B: Biological Sciences 279:
2497-25009.

Altekar G, Dwarkadas S, Huelsenbeck JP, Ronquist F. 2004. Parallel Metropolis
coupled Markov chain Monte Carlo for Bayesian phylogenetic inference.
Bioinformatics 20: 407-415.

Anneberg TJ, Segraves KA. 2020. Nutrient enrichment and neopolyploidy interact
to increase lifetime fitness of Arabidopsis thaliana. Plant and Soil 456: 439—
453.

Arrigo N, De La Harpe M, Litsios G, Zozomova-Lihova J, Spaniel S, Marhold
K, Barker MS, Alvarez N. 2016. Is hybridization driving the evolution of
climatic niche in Alyssum montanum. American Journal of Botany 103: 1348—
1357.

Aury JM, Jaillon O, Duret L, Noel B, Jubin C, Porcel BM, Ségurens B, Daubin
V, Anthouard V, Aiach N, et al. 2006. Global trends of whole-genome
duplications revealed by the ciliate Paramecium tetraurelia. Nature 2006
444:7116 444: 171-178.

Bachmann JA, Tedder A, Fracassetti M, Steige KA, Lafon-Placette C, Kohler
C, Slotte T. 2021. On the origin of the widespread self-compatible
allotetraploid Capsella bursa-pastoris (Brassicaceae). Heredity 2021 127:1 127:
124-134.

Bachmann JA, Tedder A, Laenen B, Fracassetti M, Désamoré A, Lafon-
Placette C, Steige KA, Callot C, Marande W, Neuffer B, ef al. 2019. Genetic
basis and timing of a major mating system shift in Capsella. New Phytologist
224: 505-517.

Baduel P, Bray S, Vallejo-Marin M, Kolar F, Yant L. 2018. The ‘Polyploid
Hop’: Shifting challenges and opportunities over the evolutionary lifespan of
genome duplications. Frontiers in Ecology and Evolution 6: 117.

Baduel P, Quadrana L, Hunter B, Bomblies K, Colot V. 2019. Relaxed purifying
selection in autopolyploids drives transposable element over-accumulation
which provides variants for local adaptation. Nature Communications 2019
10:110: 1-10.

52



Baniaga AE, Marx HE, Arrigo N, Barker MS. 2020. Polyploid plants have faster
rates of multivariate niche differentiation than their diploid relatives. Ecology
Letters 23: 68-78.

Barbulescu EVI, Patzak SDF, Feldberg K, Schéfer-Verwimp A, Rycroft DS,
Renner MAM, Heinrichs J. 2017. Allopolyploid origin of the leafy liverwort
Plagiochila britannica (Plagiochilaceae). Botanical Journal of the Linnean
Society 183: 250-259.

Bardil A, Tayalé A, Parisod C. 2015. Evolutionary dynamics of retrotransposons
following autopolyploidy in the Buckler Mustard species complex. Plant
Journal 82: 621-631.

Barker MS, Arrigo N, Baniaga AE, Li Z, Levin DA. 2016. On the relative
abundance of autopolyploids and allopolyploids. New Phytologist 210: 391—
398.

Barringer BC. 2007. Polyploidy and self-fertilization in flowering plants. American
Journal of Botany 94: 1527-1533.

Barringer BC, Geber MA. 2008. MATING SYSTEM AND PLOIDY
INFLUENCE LEVELS OF INBREEDING DEPRESSION IN CLARKIA
(ONAGRACEAE). Evolution 62: 1040-1051.

Bateson W. 1909. Heredity and variation in modern lights. Cambridge University
Press.

Beaulieu JM, Leitch 1J, Patel S, Pendharkar A, Knight CA. 2008. Genome size
is a strong predictor of cell size and stomatal density in angiosperms. New
Phytologist 179: 975-986.

Bekaert M, Edger PP, Chris Pires J, Conant GC. 2011. Two-Phase Resolution of
Polyploidy in the Arabidopsis Metabolic Network Gives Rise to Relative and
Absolute Dosage Constraints. The Plant Cell 23: 1719—-1728.

Bennett MD. 1977. The time and duration of meiosis. Philosophical Transactions
of the Royal Society of London. B, Biological Sciences 277: 201-226.

Bertioli DJ, Jenkins J, Clevenger J, Dudchenko O, Gao D, Seijo G, Leal-
Bertioli SCM, Ren L, Farmer AD, Pandey MK, et al. 2019. The genome
sequence of segmental allotetraploid peanut Arachis hypogaea. Nature
Genetics 2019 51:5 51: 877-884.

Betto-Colliard C, Hofmann S, Sermier R, Perrin N, Stock M. 2018. Profound
genetic divergence and asymmetric parental genome contributions as hallmarks
of hybrid speciation in polyploid toads. Proceedings of the Royal Society B:
Biological Sciences 285.

Birchler JA, Veitia RA. 2012. Gene balance hypothesis: Connecting issues of
dosage sensitivity across biological disciplines. Proceedings of the National
Academy of Sciences of the United States of America 109: 14746-14753.

Blanc G, Wolfe KH. 2004. Widespread Paleopolyploidy in Model Plant Species
Inferred from Age Distributions of Duplicate Genes. The Plant Cell 16: 1667—

1678.

Bomblies K. 2020. When everything changes at once: finding a new normal after
genome duplication. Proceedings of the Royal Society B 287:
20202154.

Bomblies K, Higgins JD, Yant L. 2015. Meiosis evolves: adaptation to external
and internal environments. New Phytologist 208: 306-323.

53



Bomblies K, Jones G, Franklin C, Zickler D, Kleckner N. 2016. The challenge of
evolving stable polyploidy: could an increase in “crossover interference
distance” play a central role? Chromosoma 125: 287.

Bomblies K, Lempe J, Epple P, Warthmann N, Lanz C, Dangl JL, Weigel D.
2007. Autoimmune Response as a Mechanism for a Dobzhansky-Muller-Type
Incompatibility Syndrome in Plants. PLOS Biology 5: €236.

Brandvain Y, Haig D. 2005. Divergent Mating Systems and Parental Conflict as a
Barrier to Hybridization in Flowering Plants. Attps://doi.org/10.1086/432036
166: 330-338.

Brochmann C, Brysting AK, Alsos IG, Borgen L, Grundt HH, Scheen AC,
Elven R. 2004. Polyploidy in arctic plants. Biological Journal of the Linnean
Society 82: 521-536.

Buggs RJA, Doust AN, Tate JA, Koh J, Soltis K, Feltus FA, Paterson AH, Soltis
PS, Soltis DE. 2009a. Gene loss and silencing in Tragopogon miscellus
(Asteraceae): comparison of natural and synthetic allotetraploids. Heredity
2009 103:1103: 73-81.

Buggs RJA, Soltis PS, Soltis DE. 2009b. Does hybridization between divergent
progenitors drive whole-genome duplication? Molecular Ecology 18: 3334—
3339.

Buggs RJA, Zhang L, Miles N, Tate JA, Gao L, Wei W, Schnable PS, Barbazuk
WB, Soltis PS, Soltis DE. 2011. Transcriptomic shock generates evolutionary
novelty in a newly formed, natural allopolyploid plant. Current Biology 21:
551-556.

Burki F, Roger AJ, Brown MW, Simpson AGB. 2020. The New Tree of
Eukaryotes. Trends in Ecology & Evolution 35: 43-55.

Burns R, Mandakova T, Gunis J, Soto-Jiménez LM, Liu C, Lysak MA,
Novikova PY, Nordborg M. 2021. Gradual evolution of allopolyploidy in
Arabidopsis suecica. Nature Ecology & Evolution 2021 5:10 5: 1367—-1381.

Butelli E, Licciardello C, Zhang Y, Liu J, Mackay S, Bailey P, Reforgiato-
Recupero G, Martin C. 2012. Retrotransposons Control Fruit-Specific, Cold-
Dependent Accumulation of Anthocyanins in Blood Oranges. The Plant Cell
24: 1242-1255.

Chae E, Bomblies K, Kim ST, Karelina D, Zaidem M, Ossowski S, Martin-
Pizarro C, Laitinen RAE, Rowan BA, Tenenboim H, ef al. 2014. Species-
wide Genetic Incompatibility Analysis Identifies Immune Genes as Hot Spots
of Deleterious Epistasis. Cell 159: 1341-1351.

Charlesworth D, Willis JH. 2009. The genetics of inbreeding depression. Nature
Reviews Genetics 2009 10:11 10: 783-796.

Chaudhary B, Flagel L, Stupar RM, Udall JA, Verma N, Springer NM, Wendel
JF. 2009. Reciprocal silencing, transcriptional bias and functional divergence
of homeologs in polyploid cotton (Gossypium). Genetics 182: 503-517.

Chen J, Lu L, Robb SMC, Collin M, Okumoto Y, Stajich JE, Wessler SR. 2020.
Genomic diversity generated by a transposable element burst in a rice
recombinant inbred population. Proceedings of the National Academy of
Sciences of the United States of America 117: 26288-26297.

Chester M, Gallagher JP, Symonds VV, Da Silva AVC, Mavrodiev E V., Leitch
AR, Soltis PS, Soltis DE. 2012. Extensive chromosomal variation in a recently

54



formed natural allopolyploid species, Tragopogon miscellus (Asteraceae).
Proceedings of the National Academy of Sciences of the United States of
America 109: 1176-1181.

Le Comber SC, Ainouche ML, Kovarik A, Leitch AR. 2010. Making a functional
diploid: from polysomic to disomic inheritance. New Phytologist 186: 113—122.

Combes MC, Hueber Y, Dereeper A, Rialle S, Herrera JC, Lashermes P. 2015.
Regulatory Divergence between Parental Alleles Determines Gene Expression
Patterns in Hybrids. Genome Biology and Evolution 7: 1110-1121.

Conant GC. 2020. The lasting after-effects of an ancient polyploidy on the genomes
of teleosts. PLOS ONE 15: ¢0231356.

Conant GC, Wolfe KH. 2008. Turning a hobby into a job: How duplicated genes
find new functions. Nature Reviews Genetics 2008 9:12 9: 938-950.

Cornille A, Salcedo A, Kryvokhyzha D, Glémin S, Holm K, Wright SI, Lascoux
M. 2016. Genomic signature of successful colonization of Eurasia by the
allopolyploid shepherd’s purse (Capsella bursa-pastoris). Molecular Ecology
25: 616-629.

Coughlan JM, Wilson Brown M, Willis JH. 2020. Patterns of Hybrid Seed
Inviability in the Mimulus guttatus sp. Complex Reveal a Potential Role of
Parental Conflict in Reproductive Isolation. Current Biology 30: 83-93.e5.

Courret C, Chang CH, Wei KHC, Montchamp-Moreau C, Larracuente AM.
2019. Meiotic drive mechanisms: lessons from Drosophila. Proceedings of the
Royal Society B 286.

Crow KD, Wagner GP. 2006. What Is the Role of Genome Duplication in the
Evolution of Complexity and Diversity? Molecular Biology and Evolution 23:
887-892.

Dai F, Wang Z, Luo G, Tang C. 2015. Phenotypic and Transcriptomic Analyses of
Autotetraploid and Diploid Mulberry (Morus alba L.). International Journal of
Molecular Sciences 16: 22938.

Darwin C. 1859. On the Origin of Species. London: John Murray.

Deng B, Du W, Liu C, Sun W, Tian S, Dong H. 2012. Antioxidant response to
drought, cold and nutrient stress in two ploidy levels of tobacco plants: Low
resource requirement confers polytolerance in polyploids? Plant Growth
Regulation 66: 37-47.

Dion-Coté AM, Renaut S, Normandeau E, Bernatchez L. 2014. RNA-seq
Reveals Transcriptomic Shock Involving Transposable Elements Reactivation
in Hybrids of Young Lake Whitefish Species. Molecular Biology and Evolution
31: 1188-1199.

Dobzhansky TG. 1937. Genetics and the origin of species.

Dodsworth S, Chase MW, Leitch AR. 2016. Is post-polyploidization
diploidization the key to the evolutionary success of angiosperms? Botanical
Journal of the Linnean Society 180: 1-5.

Dominguez-Delgado JJ, Lépez-Jurado J, Mateos-Naranjo E, Balao F. 2021.
Phenotypic diploidization in plant functional traits uncovered by synthetic
neopolyploids in Dianthus broteri. Journal of Experimental Botany 72: 5522—
5533.

55



Doolittle WF, Bapteste E. 2007. Pattern pluralism and the Tree of Life hypothesis.
Proceedings of the National Academy of Sciences of the United States of
America 104: 2043-2049.

Douglas GM, Gos G, Steige KA, Salcedo A, Holm K, Josephs EB, Arunkumar
R, Agren JA, Hazzouri KM, Wang W, et al. 2015. Hybrid origins and the
earliest stages of diploidization in the highly successful recent polyploid
Capsella bursa-pastoris. Proceedings of the National Academy of Sciences of
the United States of America 112: 2806-2811.

Doyle JJ, Coate JE. 2019. Polyploidy, the nucleotype, and novelty: The impact of
genome doubling on the biology of the cell. International Journal of Plant
Sciences 180: 1-52.

Doyle JJ, Sherman-Broyles S. 2017. Double trouble: taxonomy and definitions of
polyploidy. New Phytologist 213: 487—-493.

Drake PL, Froend RH, Franks PJ. 2013. Smaller, faster stomata: scaling of
stomatal size, rate of response, and stomatal conductance. Journal of
Experimental Botany 64: 495-505.

Van Drunen WE, Husband BC. 2018. Immediate vs. evolutionary consequences
of polyploidy on clonal reproduction in an autopolyploid plant. Annals of
Botany 122: 195-205.

Durand E, Méheust R, Soucaze M, Goubet PM, Gallina S, Poux C, Fobis-Loisy
I, Guillon E, Gaude T, Sarazin A, et al. 2014. Dominance hierarchy arising
from the evolution of a complex small RNA regulatory network. Science 346:
1200-1205.

Ebersbach J, Tkach N, Roser M, Favre A. 2020. The role of hybridisation in the
making of the species-rich arctic-alpine genus Saxifraga (Saxifragaceae).
Diversity 12: 1-18.

Edelman NB, Mallet J. 2021. Prevalence and Adaptive Impact of Introgression.

Edger PP, Smith R, McKain MR, Cooley AM, Vallejo-Marin M, Yuan Y,
Bewick AJ, Ji L, Platts AE, Bowman MJ, et al. 2017. Subgenome dominance
in an interspecific hybrid, synthetic allopolyploid, and a 140-year-old naturally
established neo-allopolyploid monkeyflower. Plant Cell 29: 2150-2167.

Eliasova A, Miinzbergova Z. 2017. Factors influencing distribution and local
coexistence of diploids and tetraploids of Vicia cracca: inferences from a
common garden experiment. Journal of Plant Research 130: 677-687.

Eric Schranz M, Mohammadin S, Edger PP. 2012. Ancient whole genome
duplications, novelty and diversification: the WGD Radiation Lag-Time Model.
Current Opinion in Plant Biology 15: 147—-153.

Eriksson JS, Blanco-Pastor JL, Sousa F, Bertrand YJK, Pfeil BE. 2017. A
cryptic species produced by autopolyploidy and subsequent introgression
involving Medicago prostrata (Fabaceae). Molecular Phylogenetics and
Evolution 107: 367-381.

Estep MC, McKain MR, Diaz DV, Zhong J, Hodge JG, Hodkinson TR, Layton
DJ, Malcomber ST, Pasquet R, Kellogg EA. 2014. Allopolyploidy,
diversification, and the Miocene grassland expansion. Proceedings of the
National Academy of Sciences of the United States of America 111: 15149—
15154.

56



Fasano C, Diretto G, Aversano R, D’Agostino N, Di Matteo A, Frusciante L,
Giuliano G, Carputo D. 2016. Transcriptome and metabolome of synthetic
Solanum autotetraploids reveal key genomic stress events following
polyploidization. New Phytologist 210: 1382—1394.

Fawcett JA, Maere S, Van De Peer Y. 2009. Plants with double genomes might
have had a better chance to survive the Cretaceous-Tertiary extinction event.
Proceedings of the National Academy of Sciences of the United States of
America 106: 5737-5742.

Fishman L, Sweigart AL. 2018. When Two Rights Make a Wrong: The
Evolutionary Genetics of Plant Hybrid Incompatibilities.
https://doi.org/10.1146/annurev-arplant-042817-040113 69: 707-731.

Fishman L, Willis JH. 2005. A Novel Meiotic Drive Locus Almost Completely
Distorts Segregation in Mimulus (Monkeyflower) Hybrids. Genetics 169: 347—
353.

Flagel LE, Wendel JF. 2009. Gene duplication and evolutionary novelty in plants.
New Phytologist 183: 557-564.

Flagel LE, Wendel JF. 2010. Evolutionary rate variation, genomic dominance and
duplicate gene expression evolution during allotetraploid cotton speciation.
New Phytologist 186: 184—193.

Folk RA, Soltis PS, Soltis DE, Guralnick R. 2018. New prospects in the detection
and comparative analysis of hybridization in the tree of life. American Journal
of Botany 105: 364-375.

Fowler NL, Levin DA. 2016. Critical factors in the establishment of allopolyploids.
American Journal of Botany 103: 1236—-1251.

Freeling M, Thomas BC. 2006. Gene-balanced duplications, like tetraploidy,
provide predictable drive to increase morphological complexity. Genome
Research 16: 805-814.

Fyon F, Cailleau A, Lenormand T. 2015. Enhancer Runaway and the Evolution of
Diploid Gene Expression. PLOS Genetics 11: e1005665.

Galloway LF, Etterson JR, Hamrick JL. 2003. Outcrossing rate and inbreeding
depression in the herbaceous autotetraploid, Campanula americana. Heredity
2003 90:4 90: 308-315.

Garsmeur O, Schnable JC, Almeida A, Jourda C, D’Hont A, Freeling M. 2014.
Two Evolutionarily Distinct Classes of Paleopolyploidy. Molecular Biology
and Evolution 31: 448-454.

Gaut BS, Doebley JF. 1997. DNA sequence evidence for the segmental
allotetraploid origin of maize. Proceedings of the National Academy of
Sciences of the United States of America 94: 6809—14.

Genete M, Castric V, Vekemans X. 2020. Genotyping and De Novo Discovery of
Allelic Variants at the Brassicaceae Self-Incompatibility Locus from Short-
Read Sequencing Data. Molecular Biology and Evolution 37: 1193—-1201.

Glasauer SMK, Neuhauss SCF. 2014. Whole-genome duplication in teleost fishes
and its evolutionary consequences. Molecular Genetics and Genomics 289:
1045-1060.

Glover NM, Redestig H, Dessimoz C. 2016. Homoeologs: What Are They and
How Do We Infer Them? Trends in Plant Science 21: 609-621.

57



Gobel U, Arce AL, He F, Rico A, Schmitz G, De Meaux J. 2018. Robustness of
Transposable Element Regulation but No Genomic Shock Observed in
Interspecific Arabidopsis Hybrids. Genome Biology and Evolution 10: 1403—
1415.

Goodenough U, Heitman J. 2014. Origins of Eukaryotic Sexual Reproduction.
Cold Spring Harbor Perspectives in Biology 6.

Gordon SP, Contreras-Moreira B, Levy JJ, Djamei A, Czedik-Eysenberg A,
Tartaglio VS, Session A, Martin J, Cartwright A, Katz A, et al. 2020.
Gradual polyploid genome evolution revealed by pan-genomic analysis of
Brachypodium hybridum and its diploid progenitors. Nature Communications
2020 11:111: 1-16.

Gottlieb LD. 2003. Plant polyploidy: Gene expression and genetic redundancy.
Heredity 91: 91-92.

Griffiths AG, Moraga R, Tausen M, Gupta V, Bilton TP, Campbell MA, Ashby
R, Nagy I, Khan A, Larking A, ef al. 2019. Breaking free: The genomics of
allopolyploidy-facilitated niche expansion in white clover. Plant Cell 31: 1466—
1487.

Ha M, Lu J, Tian L, Ramachandran V, Kasschau KD, Chapman EJ,
Carrington JC, Chen X, Wang XJ, Chen ZJ. 2009. Small RNAs serve as a
genetic buffer against genomic shock in Arabidopsis interspecific hybrids and
allopolyploids. Proceedings of the National Academy of Sciences of the United
States of America 106: 17835—-17840.

Han TS, Wu Q, Hou XH, Li ZW, Zou YP, Ge S, Guo YL. 2015. Frequent
introgressions from diploid species contribute to the adaptation of the tetraploid
shepherd’s purse (Capsella bursa-pastoris). Molecular Plant 8: 427-438.

Hegarty MJ, Barker GL, Wilson ID, Abbott RJ, Edwards KJ, Hiscock SJ.
2006. Transcriptome Shock after Interspecific Hybridization in Senecio Is
Ameliorated by Genome Duplication. Current Biology 16: 1652—1659.

Henry IM, Dilkes BP, Tyagi A, Gao J, Christensen B, Comaia L. 2014. The
BOY NAMED SUE Quantitative Trait Locus Confers Increased Meiotic
Stability to an Adapted Natural Allopolyploid of Arabidopsis. The Plant Cell
26: 181-194.

Hollister JD. 2015. Polyploidy: adaptation to the genomic environment. New
Phytologist 205: 1034-1039.

Hollister JD, Smith LM, Guo YL, Ott F, Weigel D, Gaut BS. 2011. Transposable
elements and small RNAs contribute to gene expression divergence between
Arabidopsis thaliana and Arabidopsis lyrata. Proceedings of the National
Academy of Sciences of the United States of America 108: 2322-2327.

Hong S, Lim YP, Kwon SY, Shin AY, Kim YM. 2021. Genome-Wide
Comparative Analysis of Flowering-Time Genes; Insights on the Gene Family
Expansion and Evolutionary Perspective. Frontiers in Plant Science 12: 1367.

Hu Y, Sun D, Hu H, Zuo X, Xia T, Xie J. 2021. A comparative study on
morphological and fruit quality traits of diploid and polyploid carambola
(Averrhoa carambola L.) genotypes. Scientia Horticulturae 277: 109843.

Hurgobin B, Golicz AA, Bayer PE, Chan CKK, Tirnaz S, Dolatabadian A,
Schiessl S V., Samans B, Montenegro JD, Parkin IAP, ez al. 2018.
Homoeologous exchange is a major cause of gene presence/absence variation

58



in the amphidiploid Brassica napus. Plant Biotechnology Journal 16: 1265—
1274.

Hurka H, Freundner S, Brown AHD, Plantholt U. 1989. Aspartate
aminotransferase isozymes in the genus Capsella (Brassicaceae): Subcellular
location, gene duplication, and polymorphism. Biochemical Genetics 27: 77—
90.

Hurka H, Friesen N, German DA, Franzke A, Neuffer B. 2012. ‘Missing link’
species Capsella orientalis and Capsella thracica elucidate evolution of model
plant genus Capsella (Brassicaceae). Molecular Ecology 21: 1223—-1238.

Husband BC. 2000. Constraints on polyploid evolution: a test of the minority
cytotype exclusion principle. Proceedings of the Royal Society B: Biological
Sciences 267: 217.

Husband BC, Ozimec B, Martin SL, Pollock L. 2008. Mating consequences of
polyploid evolution in flowering plants: Current trends and insights from
synthetic polyploids. International Journal of Plant Sciences 169: 195-206.

Jantzen F, Lynch JH, Kappel C, Hofflin J, Skaliter O, Wozniak N, Sicard A,
Sas C, Adebesin F, Ravid J, ef al. 2019. Retracing the molecular basis and
evolutionary history of the loss of benzaldehyde emission in the genus
Capsella. New Phytologist 224: 1349—-1360.

Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L, Ralph
PE, Tomsho LP, Hu Y, Liang H, Soltis PS, ef al. 2011. Ancestral polyploidy
in seed plants and angiosperms. Nature 2011 473:7345 473: 97-100.

Josephs EB, Lee YW, Stinchcombe JR, Wright SI. 2015. Association mapping
reveals the role of purifying selection in the maintenance of genomic variation
in gene expression. Proceedings of the National Academy of Sciences of the
United States of America 112: 15390-15395.

Jovtchev G, Schubert V, Meister A, Barow M, Schubert I. 2006. Nuclear DNA
content and nuclear and cell volume are positively correlated in angiosperms.
Cytogenetic and Genome Research 114: 77-82.

Kamstra SA, Ramanna MS, De Jeu MJ, Kuipers AGJ, Jacobsen E. 1999.
Homoeologous chromosome pairing in the distant hybrid Alstroemeria aurea x
A. inodora and the genome composition of its backcross derivatives determined
by fluorescence in situ hybridization with species-specific probes. Heredity 82:
69-78.

Karlin EF, Boles SB, Ricca M, Temsch EM, Greilhuber J, Shaw AJ. 2009.
Three-genome mosses: complex double allopolyploid origins for triploid
gametophytes in Sphagnum. Molecular Ecology 18: 1439-1454.

Kashkush K, Feldman M, Levy AA. 2002. Transcriptional activation of
retrotransposons alters the expression of adjacent genes in wheat. Nature
Genetics 2002 33:1 33: 102—-106.

Katagiri Y, Hasegawa J, Fujikura U, Hoshino R, Matsunaga S, Tsukaya H.
2016. The coordination of ploidy and cell size differs between cell layers in
leaves. Development (Cambridge) 143: 1120-1125.

Kellogg EA. 2016. Has the connection between polyploidy and diversification
actually been tested? Current Opinion in Plant Biology 30: 25-32.

59



Kim S, Rayburn AL, Boe A, Lee DK. 2012. Neopolyploidy in Spartina pectinata
Link: 1. Morphological analysis of tetraploid and hexaploid plants in a mixed
natural population. Plant Systematics and Evolution 298: 1073—1083.

Kohler C, Mittelsten Scheid O, Erilova A. 2010. The impact of the triploid block
on the origin and evolution of polyploid plants. Trends in Genetics 26: 142—
148.

Kolesnikova UK, Scott AD, Velde JD Van de, Burns R, Tikhomirov NP, Pfordt
U, Clarke AC, Yant L, Vekemans X, Laurent S, et al. 2022. Genome of
selfing Siberian Arabidopsis lyrata explains establishment of allopolyploid
Arabidopsis kamchatica. bioRxiv: 2022.06.24.497443.

Kopp M, Hermisson J. 2009. The Genetic Basis of Phenotypic Adaptation I:
Fixation of Beneficial Mutations in the Moving Optimum Model. Genetics 182:
233.

Kreiner JM, Kron P, Husband BC. 2017. Evolutionary Dynamics of Unreduced
Gametes. Trends in Genetics 33: 583-593.

Kryvokhyzha D, Salcedo A, Eriksson MC, Duan T, Tawari N, Chen J,
Guerrina M, Kreiner JM, Kent T V., Lagercrantz U, et al. 2019. Parental
legacy, demography, and admixture influenced the evolution of the two
subgenomes of the tetraploid Capsella bursa-pastoris (Brassicaceae). PLoS
Genetics 15: €e1007949.

Kuhl H, Du K, Schartl M, Kalous L, Stock M, Lamatsch DK. 2022. Equilibrated
evolution of the mixed auto-/allopolyploid haplotype-resolved genome of the
invasive hexaploid Prussian carp. Nature Communications 2022 13:1 13: 1-11.

Lafon-Placette C, Hatorangan MR, Steige KA, Cornille A, Lascoux M, Slotte T,
Kaohler C. 2018. Paternally expressed imprinted genes associate with
hybridization barriers in Capsella. Nature Plants 4: 352-357.

Landry CR, Wittkopp PJ, Taubes CH, Ranz JM, Clark AG, Hartl DL. 2005.
Compensatory cis-trans evolution and the dysregulation of gene expression in
interspecific hybrids of Drosophila. Genetics 171: 1813-1822.

Lashermes P, Combes MC, Hueber Y, Severac D, Dereeper A. 2014. Genome
rearrangements derived from homoeologous recombination following
allopolyploidy speciation in coffee. The Plant Journal 78: 674—685.

Lashermes P, Hueber Y, Combes M-C, Severac D, Dereeper A. 2016. Inter-
genomic DNA Exchanges and Homeologous Gene Silencing Shaped the
Nascent Allopolyploid Coffee Genome (Coffea arabica L.).

Levin DA. 1975. MINORITY CYTOTYPE EXCLUSION IN LOCAL PLANT
POPULATIONS. TAXON 24: 35-43.

Li Z, Baniaga AE, Sessa EB, Scascitelli M, Graham SW, Rieseberg LH, Barker
MS. 2015. Early genome duplications in conifers and other seed plants. Science
Advances 1.

Li J, Schumer M, Bank C. 2022. Imbalanced segregation of recombinant
haplotypes in hybrid populations reveals inter- and intrachromosomal
Dobzhansky-Muller incompatibilities. PLOS Genetics 18: €1010120.

Li N, Xu C, Zhang A, Lv R, Meng X, Lin X, Gong L, Wendel JF, Liu B. 2019.
DNA methylation repatterning accompanying hybridization, whole genome
doubling and homoeolog exchange in nascent segmental rice allotetraploids.
New Phytologist 223: 979-992.

60



Lloyd A, Blary A, Charif D, Charpentier C, Tran J, Balzergue S, Delannoy E,
Rigaill G, Jenczewski E. 2018. Homoeologous exchanges cause extensive
dosage-dependent gene expression changes in an allopolyploid crop. New
Phytologist 217: 367-3717.

Lohaus R, Van de Peer Y. 2016. Of dups and dinos: evolution at the K/Pg
boundary. Current Opinion in Plant Biology 30: 62—69.

Mable BK. 2004. Polyploidy and selfl Icompatibility: is there an association? New
Phytologist 162: 803—-811.

Mable BK, Otto SP. 1998. The evolution of life cycles with haploid and diploid
phases. BioEssays 20: 453—462.

Maciak S, Janko K, Kotusz J, Choleva L, Boron A, Juchno D, Kujawa R,
Kozlowski J, Konarzewski M. 2011. Standard Metabolic Rate (SMR) is
inversely related to erythrocyte and genome size in allopolyploid fish of the
Cobitis taenia hybrid complex. Functional Ecology 25: 1072—1078.

Maheshwari S, Barbash DA. 2011. The Genetics of Hybrid Incompatibilities.

Maheshwari S, Barbash DA. 2012. Cis-by-Trans Regulatory Divergence Causes
the Asymmetric Lethal Effects of an Ancestral Hybrid Incompatibility Gene.
PLOS Genetics 8: €1002597.

Mallet J. 2005. Hybridization as an invasion of the genome. Trends in Ecology &
Evolution 20: 229-237.

Marburger S, Monnahan P, Seear PJ, Martin SH, Koch J, Paajanen P,
Bohutinska M, Higgins JD, Schmickl R, Yant L. 2019. Interspecific
introgression mediates adaptation to whole genome duplication. Nature
Communications 2019 10:1 10: 1-11.

Marhold K, Lihova J. 2006. Polyploidy, hybridization and reticulate evolution:
Lessons from the Brassicaceae. In: Plant Systematics and Evolution. 143—174.

Markov A V., Kaznacheev IS. 2016. Evolutionary consequences of polyploidy in
prokaryotes and the origin of mitosis and meiosis. Biology Direct 11: 1-22.

Mason AS, Nelson MN, Yan G, Cowling WA. 2011. Production of viable male
unreduced gametes in Brassica interspecific hybrids is genotype specific and
stimulated by cold temperatures. BMC Plant Biology 2011 11:1 11: 1-13.

Mason AS, Pires JC. 2015. Unreduced gametes: meiotic mishap or evolutionary
mechanism? Trends in Genetics 31: 5-10.

Mason AS, Wendel JF. 2020. Homoeologous Exchanges, Segmental
Allopolyploidy, and Polyploid Genome Evolution. Frontiers in Genetics 11:
1014.

Mayrose I, Zhan SH, Rothfels CJ, Magnuson-Ford K, Barker MS, Rieseberg
LH, Otto SP. 2011. Recently formed polyploid plants diversify at lower rates.
Science 333: 1257.

McClintock B. 1984. The significance of responses of the genome to challenge.
Science 226: 792-801.

McGirr JA, Martin CH. 2020. Ecological divergence in sympatry causes gene
misexpression in hybrids. Molecular Ecology 29: 2707-2721.

McManus CJ, Coolon JD, Duff MO, Eipper-Mains J, Graveley BR, Wittkopp
PJ. 2010. Regulatory divergence in Drosophila revealed by mRNA-seq.
Genome Research 20: 816—825.

61



Meng D, Cao Y, Chen T, Abdullah M, Jin Q, Fan H, Lin Y, Cai Y. 2019.
Evolution and functional divergence of MADS-box genes in Pyrus. Scientific
Reports 2019 9:19: 1-13.

Mhiri C, Parisod C, Daniel J, Petit M, Lim KY, Dorlhac de Borne F, Kovarik
A, Leitch AR, Grandbastien MA. 2019. Parental transposable element loads
influence their dynamics in young Nicotiana hybrids and allotetraploids. New
Phytologist 221: 1619-1633.

Miller M, Zhang C, Chen ZJ. 2012. Ploidy and hybridity effects on growth vigor
and gene expression in arabidopsis thaliana hybrids and their parents. G3:
Genes, Genomes, Genetics 2: 505-513.

Mishra BK, Pathak S, Sharma A, Trivedi PK, Shukla S. 2010. Modulated gene
expression in newly synthesized auto-tetraploid of Papaver somniferum L.
South African Journal of Botany 76: 447-452.

Mooring JS. 2001. Barriers to interbreeding in the Eriophyllum lanatum
(Asteraceae, Helenieae) species complex. American Journal of Botany 88:
285-312.

Morgan C, White MA, Franklin FCH, Zickler D, Kleckner N, Bomblies K.
2021. Evolution of crossover interference enables stable autopolyploidy by
ensuring pairwise partner connections in Arabidopsis arenosa. Current Biology
31: 4713-4726.¢4.

Moura RF, Queiroga D, Vilela E, Moraes AP. 2021. Polyploidy and high
environmental tolerance increase the invasive success of plants. Journal of
Plant Research 134: 105-114.

Moyle LC, Graham EB. 2006. Genome-Wide Associations Between Hybrid
Sterility QTL and Marker Transmission Ratio Distortion. Molecular Biology
and Evolution 23: 973-980.

Miiller H. 1942. Isolating mechanisms, evolution, and temperature. In: Biology
Symposium. 6 : 71 — 125.

Neiva J, Serriao EA, Anderson L, Raimondi PT, Martins N, Gouveia L, Paulino
C, Coelho NC, Miller KA, Reed DC, et al. 2017. Cryptic diversity,
geographical endemism and allopolyploidy in NE Pacific seaweeds. BMC
Evolutionary Biology 17: 1-12.

Neuffer B, Paetsch M. 2013. Flower morphology and pollen germination in the
genus Capsella (Brassicaceae). Flora - Morphology, Distribution, Functional
Ecology of Plants 208: 626—640.

Nomaguchi T, Maeda Y, Yoshino T, Asahi T, Tirichine L, Bowler C, Tanaka T.
2018. Homoeolog expression bias in allopolyploid oleaginous marine diatom
Fistulifera solaris. BMC Genomics 19: 1-17.

Novikova PY, Tsuchimatsu T, Simon S, Nizhynska V, Voronin V, Burns R,
Fedorenko OM, Holm S, Séll T, Prat E, et al. 2017. Genome Sequencing
Reveals the Origin of the Allotetraploid Arabidopsis suecica. Molecular
Biology and Evolution 34: 957.

Oka A, Mita A, Sakurai-Yamatani N, Yamamoto H, Takagi N, Takano-
Shimizu T, Toshimori K, Moriwaki K, Shiroishi T. 2004. Hybrid breakdown
caused by substitution of the X chromosome between two mouse subspecies.
Genetics 166: 913-924.

62



Orr HA. 1998. The population genetics of adaptation: The distribution of factors
fixed during adaptive evolution. Evolution 52: 935-949.

Osborn TC. 2004. The contribution of polyploidy to variation in Brassica species.
Physiologia Plantarum 121: 531-536.

Otero MA, Grenat PR, Valetti JA, Salas NE, Martino AL. 2013. Erythrocyte
nuclear size as a better diagnostic character than cell size in the identification of
live cryptic polyploid species. Zootaxa 3694: 262-270.

Otto SP, Gerstein AC. 2008. The evolution of haploidy and diploidy. Current
Biology 18: R1121-R1124.

Ozimec B, Husband BC. 2011. Effect of recurrent selfing on inbreeding depression
and mating system evolution in an autopolyploid plant. Evolution 65: 2038—
2049.

Paape T, Briskine R V., Halstead-Nussloch G, Lischer HEL, Shimizu-Inatsugi
R, Hatakeyama M, Tanaka K, Nishiyama T, Sabirov R, Sese J, ef al. 2018.
Patterns of polymorphism and selection in the subgenomes of the allopolyploid
Arabidopsis kamchatica. Nature Communications 9: 3909.

Pandit MK, Pocock MJO, Kunin WE. 2011. Ploidy influences rarity and
invasiveness in plants. Journal of Ecology 99: 1108—1115.

Parisod C, Alix K, Just J, Petit M, Sarilar V, Mhiri C, Ainouche M, Chalhoub
B, Grandbastien M-A. 2010a. Impact of transposable elements on the
organization and function of allopolyploid genomes. New Phytologist 186: 37—
45.

Parisod C, Holderegger R, Brochmann C. 2010b. Evolutionary consequences of
autopolyploidy. New Phytologist 186: 5-17.

Parisod C, Salmon A, Zerjal T, Tenaillon M, Grandbastien MA, Ainouche M.
2009. Rapid structural and epigenetic reorganization near transposable
elements in hybrid and allopolyploid genomes in Spartina. New Phytologist
184: 1003-1015.

Patton AH, Richards EJ, Gould KJ, Buie LK, Martin CH. 2022. Hybridization
alters the shape of the genotypic fitness landscape, increasing access to novel
fitness peaks during adaptive radiation. eLife 11.

Van De Peer Y, Mizrachi E, Marchal K. 2017. The evolutionary significance of
polyploidy. Nature Reviews Genetics 2017 18:7 18: 411-424.

Pont C, Salse J. 2017. Wheat paleohistory created asymmetrical genomic evolution.
Current Opinion in Plant Biology 36: 29-37.

POWO. 2022. Plants of the World Online. Facilitated by the Royal Botanic
Gardens, Kew. Published on the Internet;
http://www.plantsoftheworldonline.org/ Retrieved 21 October 2022.

Qiao X, Li Q, Yin H, Qi K, Li L, Wang R, Zhang S, Paterson AH. 2019. Gene
duplication and evolution in recurring polyploidization—diploidization cycles in
plants. Genome Biology 2019 20:1 20: 1-23.

De Queiroz K. 2007. Species Concepts and Species Delimitation. Systematic
Biology 56: 879-886.

Ramsey J, Schemske DW. 1998. Pathways, mechanisms, and rates of polyploid
formation in flowering plants. Annual Review of Ecology and Systematics 29:
467-501.

63



Ramsey J, Schemske DW. 2002. Neopolyploidy in flowering plants. Annual
Review of Ecology and Systematics 33: 589—639.

Rausch JH, Morgan MT. 2005. THE EFFECT OF SELF-FERTILIZATION,
INBREEDING DEPRESSION, AND POPULATION SIZE ON
AUTOPOLYPLOID ESTABLISHMENT. Evolution 59: 1867.

Ren R, Wang H, Guo C, Zhang N, Zeng L, Chen Y, Ma H, Qi J. 2018.
Widespread Whole Genome Duplications Contribute to Genome Complexity
and Species Diversity in Angiosperms. Molecular Plant 11: 414-428.

Renny-Byfield S, Gong L, Gallagher JP, Wendel JF. 2015. Persistence of
Subgenomes in Paleopolyploid Cotton after 60 My of Evolution. Molecular
Biology and Evolution 32: 1063—-1071.

Riddle NC, Jiang H, An L, Doerge RW, Birchler JA. 2010. Gene expression
analysis at the intersection of ploidy and hybridity in maize. TAG. Theoretical
and applied genetics. Theoretische und angewandte Genetik 120: 341-353.

Rieseberg LH, Archer MA, Wayne RK. 1999. Transgressive segregation,
adaptation and speciation. Heredity 1999 83:4 83: 363-372.

Robertson K, Goldberg EE, Igi¢ B. 2011. Comparative evidence for the correlated
evolution of polyploidy and self-compatibility in Solanaceae. Evolution;
international journal of organic evolution 65: 139—155.

Roddy AB, Théroux-Rancourt G, Abbo T, Benedetti JW, Brodersen CR,
Castro M, Castro S, Gilbride AB, Jensen B, Jiang GF, et al. 2020. The
scaling of genome size and cell size limits maximum rates of photosynthesis
with implications for ecological strategies. International Journal of Plant
Sciences 181: 75-87.

Romero-Soriano V, Modolo L, Lopez-Maestre H, Mugat B, Pessia E,
Chambeyron S, Vieira C, Garcia Guerreiro MP. 2017. Transposable
Element Misregulation Is Linked to the Divergence between Parental piRNA
Pathways in Drosophila Hybrids. Genome Biology and Evolution 9: 1450—
1470.

Roth M, Florez-Rueda AM, Stidler T. 2019. Differences in Effective Ploidy
Drive Genome-Wide Endosperm Expression Polarization and Seed Failure in
Wild Tomato Hybrids. Genetics 212: 141-152.

Roux C, Fraisse C, Romiguier J, Anciaux Y, Galtier N, Bierne N. 2016.
Shedding Light on the Grey Zone of Speciation along a Continuum of Genomic
Divergence. PLOS Biology 14: €2000234.

Roux C, Pannell JR. 2015. Inferring the mode of origin of polyploid species from
next-generation sequence data. Molecular Ecology 24: 1047—1059.

Salman-Minkov A, Sabath N, Mayrose I. 2016. Whole-genome duplication as a
key factor in crop domestication. Nature Plants 2016 2:8 2: 1-4.

Schwager EE, Sharma PP, Clarke T, Leite DJ, Wierschin T, Pechmann M,
Akiyama-Oda Y, Esposito L, Bechsgaard J, Bilde T, ef al. 2017. The house
spider genome reveals an ancient whole-genome duplication during arachnid
evolution. BMC Biology 2017 15:1 15: 1-27.

Seehausen O, Butlin RK, Keller I, Wagner CE, Boughman JW, Hohenlohe PA,
Peichel CL, Saetre GP, Bank C, Brinnstrom A, et al. 2014. Genomics and
the origin of species. Nature Reviews Genetics 2014 15:3 15: 176—192.

64



Shi T, Rahmani RS, Gugger PF, Wang M, Li H, Zhang Y, Li Z, Wang Q, Van
De Peer Y, Marchal K, et al. 2020. Distinct Expression and Methylation
Patterns for Genes with Different Fates following a Single Whole-Genome
Duplication in Flowering Plants. Molecular Biology and Evolution 37: 2394~
2413.

Shiba H, Takayama S, Iwano M, Shimosato H, Funato M, Nakagawa T, Che
FS, Suzuki G, Watanabe M, Hinata K, ez al. 2001. A Pollen Coat Protein,
SP11/SCR, Determines the PollenS-Specificity in the Self-Incompatibility
ofBrassica Species. Plant Physiology 125: 2095-2103.

Sicard A, Lenhard M. 2011. The selfing syndrome: a model for studying the
genetic and evolutionary basis of morphological adaptation in plants. Annals of
Botany 107: 1433.

Sicard A, Stacey N, Hermann K, Dessoly J, Neuffer B, Biurle I, Lenhard M.
2011. Genetics, Evolution, and Adaptive Significance of the Selfing Syndrome
in the Genus Capsella. The Plant Cell 23: 3156-3171.

Sigel EM. 2016. Genetic and genomic aspects of hybridization in ferns. Journal of
Systematics and Evolution 54: 638—655.

Simakov O, Marlétaz F, Yue JX, O’Connell B, Jenkins J, Brandt A, Calef R,
Tung CH, Huang TK, Schmutz J, et al. 2020. Deeply conserved synteny
resolves early events in vertebrate evolution. Nature Ecology & Evolution 2020
4:6 4: 820-830.

Siopa C, Dias MC, Castro M, Loureiro J, Castro S. 2020. Is selfing a
reproductive assurance promoting polyploid establishment? Reduced fitness,
leaky self-incompatibility and lower inbreeding depression in neotetraploids.
American Journal of Botany 107: 526-538.

Slotte T, Hazzouri KM, Agren JA, Koenig D, Maumus F, Guo YL, Steige K,
Platts AE, Escobar JS, Newman LK, ef al. 2013. The Capsella rubella
genome and the genomic consequences of rapid mating system evolution.
Nature Genetics 45: 831-835.

Smarda P, Hejcman M, Bi'ezinova A, Horova L, Steigerova H, Zedek F, Bure§
P, Hejemanova P, Schellberg J. 2013. Effect of phosphorus availability on the
selection of species with different ploidy levels and genome sizes in a long-
term grassland fertilization experiment. New Phytologist 200: 911-921.

Soltis DE, Soltis PS, Schemske DW, Hancock JF, Thompson JN, Husband BC,
Judd WS. 2007. Autopolyploidy in angiosperms: have we grossly
underestimated the number of species? TAXON 56: 13-30.

Sora D, Kron P, Husband BC. 2016. Genetic and environmental determinants of
unreduced gamete production in Brassica napus, Sinapis arvensis and their
hybrids. Heredity 117: 440-448.

Sousa F, Neiva J, Martins N, Jacinto R, Anderson L, Raimondi PT, Serrao EA,
Pearson GA. 2019. Increased evolutionary rates and conserved transcriptional
response following allopolyploidization in brown algae. Evolution 73: 59-72.

Spoelhof JP, Soltis PS, Soltis DE. 2017. Pure polyploidy: Closing the gaps in
autopolyploid research. Journal of Systematics and Evolution 55: 340-352.

Stebbins GL. 1971. Chromosomal evolution in higher plants. Edward Arnold Ltd.,
London.

65



Steensels J, Gallone B, Verstrepen KJ. 2021. Interspecific hybridization as a
driver of fungal evolution and adaptation. Nature Reviews Microbiology 2021
19:8 19: 485-500.

Suvorov A, Kim BY, Wang J, Armstrong EE, Peede D, D’Agostino ERR, Price
DK, Wadell P, Lang M, Courtier-Orgogozo V, et al. 2020. Widespread
introgression across a phylogeny of 155 Drosophila genomes. bioRxiv:
2020.12.14.422758.

Svardal H, Quah FX, Malinsky M, Ngatunga BP, Miska EA, Salzburger W,
Genner MJ, Turner GF, Durbin R. 2020. Ancestral Hybridization Facilitated
Species Diversification in the Lake Malawi Cichlid Fish Adaptive Radiation.
Molecular Biology and Evolution 37: 1100—-1113.

Szadkowski E, Eber F, Huteau V, Lodé M, Huneau C, Belcram H, Coriton O,
Manzanares-Dauleux MJ, Delourme R, King GJ, ef al. 2010. The first
meiosis of resynthesized Brassica napus, a genome blender. New Phytologist
186: 102-112.

Takayama S, Shimosato H, Shiba H, Funato M, Che FS, Watanabe M, Iwano
M, Isogai A. 2001. Direct ligand—receptor complex interaction controls
Brassica self-incompatibility. Nature 2001 413:6855 413: 534-538.

Tang H, Woodhouse MR, Cheng F, Schnable JC, Pedersen BS, Conant G,
Wang X, Freeling M, Pires JC. 2012. Altered Patterns of Fractionation and
Exon Deletions in Brassica rapa Support a Two-Step Model of
Paleohexaploidy. Genetics 190: 1563.

Tank DC, Eastman JM, Pennell MW, Soltis PS, Soltis DE, Hinchliff CE, Brown
JW, Sessa EB, Harmon LJ. 2015. Nested radiations and the pulse of
angiosperm diversification: increased diversification rates often follow whole
genome duplications. The New phytologist 207: 454-467.

Tarutani Y, Shiba H, Iwano M, Kakizaki T, Suzuki G, Watanabe M, Isogai A,
Takayama S. 2010. Trans-acting small RNA determines dominance
relationships in Brassica self-incompatibility. Nature 2010 466:7309 466: 983—
986.

Tayalé A, Parisod C. 2013. Natural Pathways to Polyploidy in Plants and
Consequences for Genome Reorganization. Cytogenetic and Genome Research
140: 79-96.

Taylor SA, Larson EL. 2019. Insights from genomes into the evolutionary
importance and prevalence of hybridization in nature. Nature Ecology and
Evolution 3: 170-177.

Teufel Al Liu L, Liberles DA. 2016. Models for gene duplication when dosage
balance works as a transition state to subsequent neo-or sub-functionalization.
BMC Evolutionary Biology 16: 45.

Turelli M, Orr HA. 2000. Dominance, Epistasis and the Genetics of Postzygotic
Isolation. Genetics 154: 1663—-1679.

Ungerer MC, Strakosh SC, Zhen Y. 2006. Genome expansion in three hybrid
sunflower species is associated with retrotransposon proliferation. Current
Biology 16: R872-R873.

Vaid N, Laitinen RAE. 2019. Diverse paths to hybrid incompatibility in
Arabidopsis. The Plant Journal 97: 199-213.

66



Vanneste K, Baele G, Maere S, Van De Peer Y. 2014. Analysis of 41 plant
genomes supports a wave of successful genome duplications in association with
the Cretaceous-Paleogene boundary. Genome Research 24: 1334—1347.

Visger CJ, Wong GK-S, Zhang Y, Soltis PS, Soltis DE. 2019. Divergent gene
expression levels between diploid and autotetraploid Tolmiea relative to the
total transcriptome, the cell, and biomass. American Journal of Botany 106:
280-291.

De Visser JAGM, Krug J. 2014. Empirical fitness landscapes and the predictability
of evolution. Nature Reviews Genetics 2014 15:7 15: 480—490.

Wang H, Jiang J, Chen S, Qi X, Fang W, Guan Z, Teng N, Liao Y, Chen F.
2014. Rapid Genetic and Epigenetic Alterations under Intergeneric Genomic
Shock in Newly Synthesized Chrysanthemum morifolium X Leucanthemum
paludosum Hybrids (Asteraceae). Genome Biology and Evolution 6: 247-259.

Wang N, Kelly LJ, McAllister HA, Zohren J, Buggs RJA. 2021. Resolving
phylogeny and polyploid parentage using genus-wide genome-wide sequence
data from birch trees. Molecular Phylogenetics and Evolution 160: 107126.

Wang J, Tian L, Lee HS, Wei NE, Jiang H, Watson B, Madlung A, Osborn TC,
Doerge RW, Comai L, et al. 2006. Genomewide nonadditive gene regulation
in arabidopsis allotetraploids. Genetics 172: 507-517.

Wendel JF. 2015. The wondrous cycles of polyploidy in plants. American Journal
of Botany 102: 1753—-1756.

Whitney KD, Ahern JR, Campbell LG, Albert LP, King MS. 2010. Patterns of
hybridization in plants. Perspectives in Plant Ecology, Evolution and
Systematics 12: 175-182.

Wilson MJ, Fradera-Soler M, Summers R, Sturrock CJ, Fleming AJ. 2021.
Ploidy influences wheat mesophyll cell geometry, packing and leaf function.
Plant Direct 5: ¢00314.

Winterfeld G, Schneider J, Perner K, Roser M. 2012. Origin of highly polyploid
species: Different pathways of auto- and allopolyploidy in 12-18X species of
avenula (Poaceae). International Journal of Plant Sciences 173: 399-411.

Wolff P, Jiang H, Wang G, Santos-Gonzalez J, Kohler C. 2015. Paternally
expressed imprinted genes establish postzygotic hybridization barriers in
Arabidopsis thaliana. eLife 4.

Woodhouse MR, Cheng F, Pires JC, Lisch D, Freeling M, Wang X. 2014.
Origin, inheritance, and gene regulatory consequences of genome dominance in
polyploids. Proceedings of the National Academy of Sciences of the United
States of America 111: 5283-5288.

Woodhouse MR, Schnable JC, Pedersen BS, Lyons E, Lisch D, Subramaniam
S, Freeling M. 2010. Following Tetraploidy in Maize, a Short Deletion
Mechanism Removed Genes Preferentially from One of the Two Homeologs.
PLOS Biology 8: €1000409.

Wozniak NJ, Kappel C, Marona C, Altschmied L, Neuffer B, Sicard A. 2020. A
Similar Genetic Architecture Underlies the Convergent Evolution of the Selfing
Syndrome in Capsella. The Plant Cell 32: 935-949.

Wright S. 1932. The roles of mutation, inbreeding, crossbreeding, and selection in
evolution.

67



Wright SI, Ness RW, Foxe JP, Barretty SCH. 2008. Genomic consequences of
outcrossing and selfing in plants. International Journal of Plant Sciences 169:
105-118.

Wu J, Lin L, Xu M, Chen P, Liu D, Sun Q, Ran L, Wang Y. 2018. Homoeolog
expression bias and expression level dominance in resynthesized allopolyploid
Brassica napus. BMC Genomics 19: 586.

Wu H, Ma Z, Wang MM, Qin AL, Ran JH, Wang XQ. 2016. A high frequency
of allopolyploid speciation in the gymnospermous genus Ephedra and its
possible association with some biological and ecological features. Molecular
Ecology 25: 1192-1210.

Xu C, Bai Y, Lin X, Zhao N, Hu L, Gong Z, Wendel JF, Liu B. 2014. Genome-
Wide Disruption of Gene Expression in Allopolyploids but Not Hybrids of
Rice Subspecies. Molecular Biology and Evolution 31: 1066—-1076.

Yamaguchi R, Otto SP. 2020. Insights from Fisher’s geometric model on the
likelihood of speciation under different histories of environmental change.
Evolution 74: 1603—-1619.

Yang Y, Moore MJ, Brockington SF, Mikenas J, Olivieri J, Walker JF, Smith
SA. 2018. Improved transcriptome sampling pinpoints 26 ancient and more
recent polyploidy events in Caryophyllales, including two allopolyploidy
events. New Phytologist 217: 855-870.

Yant L, Hollister JD, Wright KM, Arnold BJ, Higgins JD, Franklin FCH,
Bomblies K. 2013. Meiotic Adaptation to Genome Duplication in Arabidopsis
arenosa. Current Biology 23: 2151-2156.

Yao H, Kato A, Mooney B, Birchler JA. 2011. Phenotypic and gene expression
analyses of a ploidy series of maize inbred Oh43. Plant molecular biology 75:
237-251.

Yao H, Srivastava S, Swyers N, Han F, Doerge RW, Birchler JA. 2020.
Inbreeding Depression in Genotypically Matched Diploid and Tetraploid
Maize. Frontiers in Genetics 11: 1380.

Zanders SE, Eickbush MT, Yu JS, Kang JW, Fowler KR, Smith GR, Malik HS.
2014. Genome rearrangements and pervasive meiotic drive cause hybrid
infertility in fission yeast. eLife 2014: 2630.

Zenil-Ferguson R, Burleigh JG, Freyman WA, Igi¢ B, Mayrose I, Goldberg EE.
2019. Interaction among ploidy, breeding system and lineage diversification.
New Phytologist 224: 1252—-1265.

Zhang H, Gou X, Zhang A, Wang X, Zhao N, Dong Y, Li L, Liu B. 2016a.
Transcriptome shock invokes disruption of parental expression-conserved
genes in tetraploid wheat. Scientific Reports 2016 6:1 6: 1-11.

Zhang Z, Kryvokhyzha D, Orsucci M, Glémin S, Milesi P, Lascoux M. 2022.
How broad is the selfing syndrome? Insights from convergent evolution of
gene expression across species and tissues in the Capsella genus. New
Phytologist.

Zhang D, Pan Q, Tan C, Zhu B, Ge X, Shao Y, Li Z. 2016b. Genome-Wide Gene
Expressions Respond Differently to A-subgenome Origins in Brassica napus
Synthetic Hybrids and Natural Allotetraploid. Frontiers in plant science 7.

68



Zhang J, Wang M, Guo Z, Guan Y, Guo Y, Yan X. 2019a. Variation in ploidy
level and genome size of Cynodon dactylon (L.) Pers. along a latitudinal
gradient. Folia Geobotanica 54: 267-278.

Zhang Z, Zhang Z, Gou X, Gou X, Xun H, Xun H, Bian Y, Bian Y, Ma X, Li J,
et al. 2020. Homoeologous exchanges occur through intragenic recombination
generating novel transcripts and proteins in wheat and other polyploids.
Proceedings of the National Academy of Sciences of the United States of
America 117: 14561-14571.

Zhang H, Zheng R, Wang Y, Zhang Y, Hong P, Fang Y, Li G, Fang Y. 2019b.
The effects of Arabidopsis genome duplication on the chromatin organization
and transcriptional regulation. Nucleic Acids Research 47: 7857-7869.

69



Acta Universitatis Upsaliensis

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2214

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through

the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-487260

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2022



	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Allopolyploidization, the combination of interspecific hybridization and whole-genome duplication
	Effects from interspecific hybridization
	Effects from WGD
	The confounded effects of hybridization and WGD
	The myth of “genomic shock”
	Mating system transition

	Do hybridization and WGD interact?
	The genus Capsella as a model system of studying allopolyploidization

	Aims of the thesis
	The present thesis
	Paper I: Detailed gene expression pattern and the distribution of deleterious mutations in natural C. bursa-pastoris
	Paper II: Dissecting the instant effects of hybridization and WGD in allopolyploidization
	Paper III: Assessing the short- and long-term outcomes of allopolyploidization
	Paper IV: The molecular basis of the breakdown of self-incompatibility in allopolyploids

	Conclusions and future perspectives
	Instant genomic and transcriptomic changes may come with allopolyploidization in Capsella, but do not constitute a genomic shock
	WGD and hybridization played distinct roles in allopolyploidization

	Svensk sammanfattning
	Acknowledgements
	References



