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Adaptation in two species of Phaseolus with
contrasting mating systems

Abstract

For common bean, the loss of photoperiod sensitivity has been a major pre-requisite
for domestication and further adaptation to European climates. Its self-pollinated
mating system also makes it a good model for identifying genes that display
enhanced levels of differentiation in gene expression, together with its closely
related species, open-pollinated runner bean. We first use GWAS and haplotype
structure tests to identify single nucleotide and structural variants strongly associated
to the capacity to flower under neutral and long days. Gene-pool specific selective
sweeps were identified that correspond to the independent domestication events in
the Americas. A strong GWAS signal associated TFL-1 to the loss of photoperiod
sensitivity in both Mesoamerican and Andean gene-pools, indicating its important
function in this biological process. Then we investigated the genetic architecture of
gene expression variation in common bean and runner bean, to determine if and how
mating system has influenced patterns of adaptation and gene expression variation.
We observe large differences in genomic characteristics between the two species.
For the genetic architecture of gene expression, mating system appears to have minor
effects and gene expression is likely under stabilizing selection in both species,
regardless of mating system. We additionally found that in selfing species,
connectivity in gene co-expression network played greater roles in regulating gene
expression. To further investigate gene expression divergence and the underlying
selection forces, we calculated the selection index. It is highly representative of gene
expression divergence between two species. Although selective sweeps at the
genomic level act less effectively on highly diverged genes, we found that
DNA/RNA modification process may play an important role in conducting gene
expression variation.

Keywords: Domestication, adaptation, mating system, gene expression variation,
common bean, runner bean



Abstrakt

For tradgardsbonan (Phaseolus vulgaris) har forlusten av fotoperiodkénslighet varit
en viktig forutséttning for domesticering och ytterligare anpassning till ett europeiskt
klimat. Dess sjalvbefruktande parningssystem gor det till en bra modell for att
identifiera gener som visar 6kad differentiering i genuttryck jamfort med dess nira
slakting rosenbonan (Phaseolus coccineus). 1 den hér avhandlingen har vi oss av
GWAS och haplotypstrukturtester for att identifiera enskilda nukleotid- och
strukturella varianter som starkt dr associerade med formagan att blomma under
neutrala och langa dagar. Genpoolsspecifika signaturer av naturlig selektion
identifierades och som visade sig motsvara tva oberoende domesticeringstillfallen i
syd- respektive mellanamerika. En stark GWAS-signal visade sig koppla TFL-1 till
forlusten av  fotoperiodkénslighet 1 bade den mellanamerikanska och
sydamerikanska genpoolen, vilket indikerar dess viktiga funktion i denna biologiska
process. Sedan undersokte vi den genetiska arkitekturen av genutrycksvariationen i
tradgards- och rosenbdna for att avgora om och hur parningssystemet har paverkat
olika monster av anpassning och genuttrycksvariation. Vi observerar stora skillnader
i genomiska egenskaper mellan de tvd arterna. For den genetiska arkitekturen av
genuttryck tycks parningssystemet ha mindre effekter och genuttryck ar troligen
under stabiliserande selektion i bada arterna, oavsett parningssystem. Vi fann
dessutom att i sjélvbefruktande arter spelar genuttrycksnétverkets konnektivitet
storre roller for regleringen av genuttryck. For att ytterligare undersdka
genuttrycksskillnader och de underliggande selektionskrafterna beréknade vi ett sk.
selektionsindex. Det &r mycket representativt for genuttrycksdifferensen mellan tva
arter. Aven om olika selektionsignaler pd genomisk nivd verkar vara mindre
effektiva inom hogt divergerade gener, fann vi att DNA/RNA-
modifieringsprocessen kan spela en viktig roll for att mediera genuttrycksvariation.

Nyckelord: Domesticering, anpassning, parningssystem, genuttrycksvariation,
tradgardsbona, rosenbona
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1. Introduction

1.1 Natural selection and adaptation

Charles Darwin came up with the idea of natural selection after a five-year
voyage to study plants, animals and fossils in South America and the Pacific
Islands and brought the idea to the attention of the world in his best-selling
book ‘On the Origin of Species’ (1859). Natural selection is one of the basic
mechanisms of evolution and is important to understand the origins of living
things exhibiting their diversity and complexity. Natural selection can act on
any heritable phenotypic trait, and any aspect of the environment can create
selection pressure, including sexual selection and competition with members
of the same or other species (Arnqvist & Rowe, 2005; Emlen & Zimmer,
2019; Miller, 2011).

Adaptation is the dynamic evolutionary process of natural selection that
allows organisms to thrive in their local environments, thereby enhancing
their evolutionary fitness. It can also be considered a phenotypic trait that has
a functional role in every organism, maintained and evolved through natural
selection. The rediscovery of Mendel's work in 1900 showed that heritable
variation was controlled by discrete genes. Loci, genes and even individual
mutations responsible for phenotypic variations are considered to be the
potential targets of natural selection (Bomblies & Peichel, 2022). Therefore,
understanding the genetic basis of adaptive traits has become a vital
requirement for understanding various hypotheses regarding the genetics of
adaptation (Phillips, 2005). The genes behind many ecologically relevant
traits have been identified, such as skeletal traits associated with predation
and foraging in sticklebacks (Cleves et al., 2014; Colosimo et al., 2005;
Erickson, Baek, Hart, Cleves, & Miller, 2018; Shapiro et al., 2004), beak
shape and size of Darwin's finches (Lamichhaney et al., 2015; Lamichhaney
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et al., 2016), and flowering time in Arabidopsis and its relatives (Gaudinier
& Blackman, 2020).

Many aspects of plant growth and development show fine-tuned local
adaptation, and this is particularly true for the transition from vegetative
growth to flowering. Daylight is a highly predictable external cue that allows
organisms to predict seasonal changes and regulate their biological functions
accordingly. The length of the light cycle within a 24-hour time frame, also
known as photoperiod, regulates many aspects of plant growth (Osnato, Cota,
Nebhnani, Cereijo, & Pelaz, 2022; Roux, Touzet, Cuguen, & Le Corre, 2006).
One of the important plant features affected by the duration of the day is
flowering time. In many plant species, flowering requires exposure to
specific photoperiods and/or temperatures and flowering may be delayed or
prevented when these requirements are not met. As plants encounter
environments that subject them to novel conditions, genetic adaptations that
modify, relax or eliminate existing constraints on flowering can enable
expansion across environmental gradients and/or climatic regimes. Although
flowering time can be seen from one perspective as a relatively simple trait,
the transition from vegetative to reproductive stages is accompanied by
significant changes to a wide range of other developmental traits, including
stem elongation, apical dominance, lateral branching, and resource allocation.
Thus, a large number of genes that contribute to the control of flowering time
have been identified in Arabidopsis and other model plant species (Huang et
al., 2017; Huang & Nusinow, 2016), and it has been observed that genetic
networks regulating flowering and the transitions between vegetative and
reproductive stages are largely conserved across Angiosperms (Pin &
Nilsson, 2012).

1.1.1 Directionality of selection

Selection can be classified in several different aspects, such as by its impact
on traits, genetic diversity, the stage of the life cycle where it acts, by the
unit of selection, or by the resource of competition. When a component of a
trait is heritable, selection alters allele frequencies, or variants of the gene
responsible for trait variations. Based on its impact on allele frequencies,
selection can be categorized into three types: directional, stabilizing and
diversifying selection (Rice, 2004). Directional selection is a type of natural
selection, where a single phenotype is favored, leading to a continuous shift
in the allele frequency to one specific direction. It happens when the
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environment changes and species phenotypes move to one end of the
existing variation spectrum (General Biology, 2021). At the genomic level,
directional selection makes the allele frequency in population tends to
change towards a certain direction. This process may persist until the allele
becomes fixed, resulting in the entire population sharing the fitter
phenotype (Rieseberg, Widmer, Arntz, & Burke, 2002). Stabilizing
selection is more prevalent; it favors intermediate variants by
discriminating against individuals with extreme traits, resulting in the
majority of the population being well adapted to their local environment.
Stabilizing selection also preserves functional genetic elements, such as
protein-coding genes or regulatory sequences, over time by selectively
discouraging deleterious variants (Charlesworth, Lande, & Slatkin, 1982).
Diversifying selection occurs when extreme trait values are favored over
intermediate trait values, resulting in the increased phenotypic variation and
further divergence, which may ultimately result in speciation.

1.1.2 Domestication and domestication syndrome

Domestication is a multi-generational reciprocal relationship that developed
between humans and other organisms, where humans can take over control
and care for a species in return for a steady supply of resources, including
food. The domestication of plants began about 13,000 to 11,000 years ago
with the emergence of grains such as wheat and barley, as well as crops such
as lentils, peas, chickpeas and flax in the Middle East (Abbo et al., 2003; Q.
Chen, Li, Tan, & Tian, 2021; Fuller, 2008; Weiss & Zohary, 2011).
Domesticated food crops are derived from a phylogenetically diverse
assemblage of wild ancestors through artificial selection for different traits
(Meyer, DuVal, & Jensen, 2012). In plants, domestication has affected
morphological genes, such as increasing seed size and preventing seed head
shattering. Understanding the adaptive mechanisms under domestication is
of critical importance to modern societies, and domestication of plants
provides an ideal framework to study evolutionary responses to selection.
During plant domestication, some traits are common to domesticated
plants, such as larger grain or fruit size, shorter height, changes in
shattering and increasing yield. These shared traits are known as
domestication syndrome. It can be subjected to many types of selection,
ranging from strong directional selection for traits such as seed or fruit size
to diversifying selection for traits like color or flavor (Wedger, Schumann,
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& Gross, 2021). Some authors argue there is little evidence for parallelism at
the genetic level and that similar traits underlying the domestication syndrome
in different species are usually controlled by loci that are not homologous
(Glémin & Bataillon, 2009; Martinez-Ainsworth & Tenaillon, 2016).
However, there are also inter-species convergence reported. In soybean, a
stay-green locus where the G gene (GmG), encoding a CAAX amino-terminal
protease was identified, involving in controlling the pigmentation of the seed
coat and is strongly associated with loss of seed dormancy (M. Wang et al.,
2018). It is still inconclusive that associations among traits may suggest a
common mechanism, or these correlations could result from sequential,
rather than simultaneous, changes in traits during the process of
domestication (Hansen Wheat, Fitzpatrick, Rogell, & Temrin, 2019).

1.2 Plant mating system divergence and selfing
adaptation

Flowering plants exhibit unparalleled reproductive diversity, reflected in
different pollination mechanisms and mating systems. One theme that has
been consistently explored is the transition in mating systems from
outcrossing to selfing, since this shift can significantly influence the genetic
structure and adaptive capabilities of populations (Gutiérrez-Valencia, 2022;
Karron et al., 2012). Most flowering plants are hermaphroditic, but the
proportion of seeds fertilized by self-insemination and outcrossing pollen
varies widely between species, ranging from primary self-fertilization to
exclusive outcrossing (Whitehead, Lanfear, Mitchell, & Karron, 2018).
Plants exhibit plenty of adaptations that promote cross-pollination and
reduce the occurrence of self-fertilization, and understanding the
mechanisms behind these phenomena is a key goal of evolutionary biology
(Barrett & Harder, 1996). Early work on outcrossing rates was mainly based
on imprecise estimates in morphological polymorphisms of single gene
(Harding & Barnes, 1977; Schemske & Lande, 1985). Today the availability
of molecular markers coupled with maximum likelihood multi-locus
measures outcrossing rates more accurately, and facilitated a detailed,
population-level view of distribution of outcrossing rate variation (Ritland,
2002).

At the genetic level, the reduction in effective population size induced by
selfing shapes patterns of genetic diversity, reduce haploid gene flow and
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effective rates of recombination. These processes interact to reduce genetic
variation in selfing species, often to levels substantially below outcrossing
relatives (Ingvarsson, 2002; Laenen et al., 2018). However, mating system
also alters the rate and dynamics of adaptation since selfing favors fixation
of recessive mutations (and disfavours dominant mutations) compared to
outcrossing species and also alters the expected fixation times (Hartfield &
Glémin, 2014, 2016; Morran, Parmenter, & Phillips, 2009). ‘Haldane’s sieve’
states that dominant beneficial alleles are more likely to fix than recessive
ones, because they are more exposed to selection. Selfing organisms are
more likely to fix recessive types than outcrossers and not subject to
Haldane’s sieve, because selfing rapidly creates homozygotes, increasing all
selection acting on mutations. However, longer homozygous tracts in selfers
also decrease the ability of recombination of creating new genotypes
(Hartfield & Glémin, 2016). Furthermore, interference between different
mutations under selection can further reduce the efficacy of selection in low-
recombining genetic regions and high selfing rates amplifies the effects of
background selection (Hartfield & Glémin, 2016).

Under polygenic adaptation, selfing can also qualitatively change the
dynamics of adaptation compared to outcrossing. Below a given selfing
threshold, a population attains an ‘outcrossing-like’ equilibrium. Here,
highly inbred individuals are quickly removed, allowing only lineages with
minimal or no recent history of selfing to endure. Above the threshold,
genetic associations cannot be ignored, and the population achieves a 'purged
equilibrium'. In this state, the genome predominantly consolidates with
intense linkage disequilibrium, and the selection of a few superior haplotypes
leads to a substantial reduction in genetic variation (Hartfield, Bataillon, &
Glémin, 2017). There is another hypothesis that introducing a self-breeding
mechanism to a population at outcross equilibrium is expected to initially
transform the dominant and epistatic variance into additive genetic variances,
consequently increasing the response to selection (Cockerham, 1984). Once
the population reaches a purged equilibrium, the long-term responses to
selection may be impaired due to the lack of available genetic variation
(Hartfield et al., 2017; Lande & Porcher, 2015). These dynamics have
recently been characterized in freshwater snails by experimentally
manipulating outcrossing rates, with the surprising result that genetic
variation can be lost within a few generations under the selfing regime
(Burgarella et al., 2015). Considering the major impact of the transitioning
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from outcrossing to selfing on genetic diversity, population ecology and
dynamics, it is reasonable to anticipate that the change in mating system
would also change basic genomic processes, such as gene expression (Cutter,
2019; Thomas et al., 2012). In the Capsella genus, mating system change
affected gene expression in three tissues. The impact of a transition in mating
systems extends beyond reproductive tissues and encompasses both
adaptation to selfing and a reduction in selection pressure on traits that were
previously constrained (Z. Zhang et al., 2022). A study in Eichhornia species
proved that regulatory changes in gene expression may contribute to the
transition from outcrossing to selfing. The shift from outcrossing to high
levels of self-fertilization may potentially influence the cis-regulatory
genomic landscape of angiosperm species (Arunkumar, Maddison, Barrett,
& Wright, 2016).

1.3 Methods to identify loci underlying adaptation

Phenotypic traits of agronomical, ecological and economical interest are
often polygenic, with many elements outlining natural variation between
individuals (Cubillos, Coustham, & Loudet, 2012). One central goal
in classical genetics is to find how the distinct allelic variants can shape
phenotypic diversity through multiple environmental and genetic
interactions (Mackay, Stone, & Ayroles, 2009). Much of our understanding
of the processes driving domestication comes from a subset of well-studied
crops, particularly crops of major economic importance and model crops, i.e.
crops that have had their genomes analysed and are transformable. These
crops have been critical for developing our fundamental understanding of
domestication as a continuum of ongoing processes. Understanding the
ecological distribution, population structure, genetic diversity, origins and
evolution of a species is of vital importance to germplasm collections
conservation and management strategies, especially a crop wild relative
(Ford-Lloyd et al., 2011). Most research begin with a phenotype of interest,
and then identify underlying genomic regions via genetic analyses, such as
quantitative trait locus (QTL) and association mapping (Ross-Ibarra, Morrell,
& Gaut, 2007). By using these top-down genetic methods, we can identify
potential genes and mutations behind the putatively adaptive phenotypic
differences between populations and closely related species. Another
approach is to start with the concept of adaptation, using population genetic
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methods to search for signals of adaptation in whole genome region, and
along with traditional molecular methods to move from gene to phenotype
(Figure 1).

Top-down Bottom-up
Phenotype Phenotype
Association mapping Gene manipulation
QTL analysis Functional analysis
Candidate genes/mutants Candidate genes/mutants
l Population genetics I Population genetics
Signature of adaptation Signature of adaptation

Figure 1. Phenotype—genotype hierarchy represented by top-down and bottom-up
approaches (Modified from (Ross-Ibarra et al., 2007)).

1.3.1 Association mapping

Instead of focusing on two parental lines that are strongly differentiated in a
phenotype, population-based association mapping searches for linkage
between phenotype and genotype in unrelated individuals from natural
populations (McCarthy et al., 2008). Theory predicts that evolution occurs
primarily through polygenic quantitative traits (Barton & Keightley, 2002).
Adaptation is therefore expected to involve rather subtle allele frequency
changes at many small effect loci (Le Corre & Kremer, 2003; Pritchard,
Pickrell, & Coop, 2010; Rockman, 2012). Classic association studies as well
as recent whole genome-wide association studies (GWAS) have confirmed
that variation at quantitative traits is due to a large number of loci and few
high-effect loci (Mackay et al., 2009; Turner, Stewart, Fields, Rice, & Tarone,
2011; Yang et al., 2010). The development of new genotyping technologies
has improved the mapping of quantitative trait loci (QTLs), which are
controlled by multiple gene locus (Atwell et al., 2010). The underlying QTLs
can be mapped by linkage to polymorphic marker loci with clear Mendelian
segregation such as molecular polymorphisms (Cubillos et al., 2012). QTLs
can be mapped in unrelated individuals from the same population
(association mapping) or in families or segregating progeny of crosses
between genetically divergent strains (linkage mapping). In both cases, a
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large number of individuals are required to detect and localize QTLs. The
number of individuals and genotypes per individual needed increases as the
precision of localization increases and the QTL effect size decreases
(Mackay et al., 2009). GWAS and linkage mapping strategies have identified
innumerable numbers of QTLs in plant species. However, only a small
amount of essentially large-effect loci originally detected as QTLs have been
characterized molecularly (Alonso-Blanco et al., 2009; Trontin, Tisné, Bach,
& Loudet, 2011). Furthermore, many resolved QTLs correspond to changes
that dramatically change the encoded protein sequence, possibly because
transcriptional regulation differences are harder to identify, target and
complement. The short of direct methods to relate gene expression variation
to phenotypic variation has therefore left its actual contribution to natural
variation unappreciated (Cubillos et al., 2012).

To date, we have seen the development of analysis of genome function,
especially in genome variation. One prominent direction has been the studies
on expression quantitative trait loci (eQTLs), which is the discovery of
genetic variants that can explain variation in gene expression levels. eQTLs
located close to their eGene (associated gene) are called local or cis-eQTLs,
those eQTLs farther away from eGenes (usually located on different
chromosomes) are called distant or trans-eQTLs (Figure 2). Such studies
have offered promise not only for the characterization of functional sequence
variation but for the understanding of gene regulation and interpretation on
GWAS (Nica & Dermitzakis, 2013). Most eQTL mapping studies are aimed
to find co-expression network of genes to identify candidate genetic elements
contribute to complex phenotypes (Hammond et al., 2011; J. Wang et al.,
2010). However, only a handful of studies were intended to find signatures
of selection (Bullard, Mostovoy, Dudoit, & Brem, 2010; Fraser et al., 2011)
and to understand the evolutionary forces acting on heritable expression
traits (Rockman, Skrovanek, & Kruglyak, 2010), makes it an interesting
question to explore.
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Figure 2. Schematic of cis-/trans- eQTL regulation.

1.3.2 Population genetics

Depending on the phenotypic-genotype association, many phenotypic
changes are considered adaptive, especially in domesticated organisms
where selection is strong, and the direction of selection can be inferred.
However, many divergences between domesticated species and their
progenitors may not be adaptive. For example, QTLs decreasing protein
content in wheat are unlikely to have been directly selected during
domestication (Ross-Ibarra et al., 2007; Uauy, Distelfeld, Fahima, Blechl, &
Dubcovsky, 20006). Thus, it is important to test adaptive hypotheses by using
population genetic methods.

In a selective sweep, a new, beneficial mutation increases in frequency
and eventually becomes fixed in the population, resulting in the reduction or
elimination of genetic variation among nucleotide sequencies that are linked
to the mutation. Selective sweeps are expected to generate a deviation in the
allele frequency distribution from neutral expectations (Braverman, Hudson,
Kaplan, Langley, & Stephan, 1995; Fay & Wu, 2000) and an increase of
linkage disequilibrium (LD)(Kim & Nielsen, 2004; Przeworski, 2002;
Thomson, 1977). Positive selection causes the new mutation to reach fixation
so quickly that linked alleles can ‘hitchhike’ and also become fixed. Almost
every plant or animal species has many partially isolated populations, and
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the genetic divergence between populations is always the result of divergent
natural selection or genetic drift (Holsinger & Weir, 2009). The population
genetics model of domestication predicts a decrease in diversity and an
increased divergence between wild and domesticated populations, because
of demographic factors that affect the whole genome, and selection at target
loci (Bellucci et al., 2014). Selective sweeps can increase genetic divergence
among populations and cause allele frequency spectrum to split from the
expectation under neutrality, so it is important to identify regions of the
genome that have been the target of selection. Many cross-population
approaches also relies on allele frequency spectrum, e.g. the cross-population
composite likelihood ratio method (XP-CLR)(H. Chen, Patterson, & Reich,
2010) or LD, e.g. the cross-population extended haplotype heterozygosity
test (XP-EHH)(Sabeti et al., 2007; Tang, Thornton, & Stoneking, 2007).
Since genomic patterns of natural selection include diverse types of selective
sweeps, and existing methods often detect a specific type of sweep, it is
reasonable to use multi-methods to detect diverse sweeps.

A critical aspect for the planning of association and population genomics
studies is the population used for such an analysis and the level of LD that
characterizes the species. The level of LD in natural and domesticated
populations is mainly related to population size, effective recombination rate
and mating system. A candidate gene approach is usually preferred when LD
is low because too many markers will otherwise be needed to perform a
whole-genome scan to cover the variation in the entire genomes. When LD
is moderate or high, a whole-genome scan can be more appropriate (Rossi et
al., 2009). As whole-genome sequencing becomes easier, identifying plenty
of genetic markers is not a problem. However, it is still an issue to consider
variable LD levels of different populations in these analyses.

1.3.3 Gene co-expression network and connectivity

Genes and their protein products perform cellular processes, such as signal
transmission, in the context of functional modules and are interrelated
through a complex network of interactions (Hartwell, Hopfield, Leibler, &
Murray, 1999). Understanding the network properties of individual genes or
proteins in such networks are proved to be as important as understanding
their isolated functions (Barabasi & Oltvai, 2004). Gene connectivity in co-
expression network is also proved to play an important role in buffering the
effect of natural selection. Variation in gene expression has been linked to
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variation fitness and organismal function (Fraser, Hirsh, Giaever, Kumm, &
Eisen, 2004; Z. Wang & Zhang, 2011). Transcriptional variance is consistent
across tissues, and low variance genes have higher gene to gene connectivity
(Scott, Diogo, Kristina, Luisa, & Julien, 2022). These results have been
proved in many species (Cortijo, Bhattarai, Locke, & Ahnert, 2020; Scott et
al., 2022). A previous study in Populus tremula, an outcrossing species, has
also found a weak negative relationship between network connectivity and
gene expression variance (Méhler et al., 2017).

1.4 Beans (Phaseolus spp.)

Legumes are important in agriculture as they form connections with bacteria
that fix nitrogen from the air. This internal fertilization is the main reason
that legumes are richer in proteins than other plants (Broughton et al., 2003).
In many parts of the world, such as Latin America and parts of Africa, beans
are the primary source of protein in human diets. Phaseolus is one of the
most economically important legume genera containing around 70 plant
species, from annual and perennial, herbaceous to woody vines. Species from
the genus Phaseolus play key roles in mitigating the adverse environmental
impacts of agricultural production and sustainable intensification (Vaz Patto
etal., 2015).

At least seven domestication events have been documented within the
genus Phaseolus, affecting five closely related Phaseolus spp. (Figure 3).
Wild P. vulgaris and P. lunatus are distributed in Mesoamerica and South
America, while P. coccineus, P. dumosus and P. acutifolius are restricted to
Mesoamerica (Bitocchi et al., 2017). Two independently domestication have
occurred for P. vulgaris and P. lunatus, different from other three species
that have only been domesticated once each. Due to their complex and
unique evolution history, Phaseolus species can be considered as an
important model to study crop evolution. Phaseolus vulgaris (common bean)
and Phaseolus coccineus (runner bean) are two closely related Phaseolus
species, with different life history characteristics, such as mating system and
life cycle. However, they have largely syntenic genomes and show low levels
of genomic divergence, which makes the two species an ideal model system
for investigating the impacts of mating system on patterns of selection during
domestication.
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Figure 3. Phylogenetic relationships of the five domesticated Phaseolus species, along
with a comparison of their features (Modified from (Bitocchi et al., 2017)).

1.4.1 Common bean

Common bean (Phaseolus vulgaris) is the most important grain legume for
direct human consumption worldwide. It is a food legume of social
importance for humans, providing protein, valuable micronutrients and
complex carbohydrates for more than 300 million people in the tropics
(OECD, 2019). It is adapted to warm temperatures (temperate and mesic soil
temperatures), and lower altitudes, with a rainfall of ~1,100 mm/year
(Bitocchi et al., 2017). Common bean and soybean (G. max) diverged around
19.2 million years ago, and they share a whole-genome duplication (WGD)
event around 56.5 million years ago (Lavin, Herendeen, & Wojciechowski,
2005). Soybean experienced an additional, independent WGD around 10
million years ago (Schmutz et al., 2010). Analysis of synonymous changes
in coding sequences (Ks) within and between these genomes showed
that common bean has evolved more rapidly than soybean since they split
from their last common ancestor (Schmutz et al., 2014).

Early studies have shown that domestication in common bean induced a
severe bottleneck. It has been reported that a around 20% reduction in genetic
variation was found in the Mesoamerican common bean following
domestication (Schmutz et al., 2014). This pattern has been described in
other crops such as maize (Hufford et al., 2012), soybean (Li et al., 2013)
and in cultivated Agave species (Eguiarte et al., 2013). The population of
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wild common bean in Andes is derived from the that in Mesoamerica,
resulting in parallel domestication events in the two locations (Gaut, 2014).
There was also an Andean-specific bottleneck that predated domestication.
The wild Andean gene pool diverged from the wild Mesoamerican gene pool
around 165 kya, coinciding with a strong bottleneck and a small founding
population that lasted around 76 kya. Following the bottleneck, the species
went through an exponential growth phase extending to the present day
(Rendon-Anaya et al., 2017; Schmutz et al., 2014). The occurrence of a
strong bottleneck in the Andean wild population before domestication
suggest a Mesoamerican origin of common bean and support the occurrence
of a single domestication in Mesoamerica and a similar scenario in the Andes
(Rossi et al., 2009). In the early 1500s, through the Columbian exchange,
common bean was introduced to Portugal and Spain and then quickly spread
all over the Europe. These events made common bean to adapt to new agri-
ecological conditions, where it had to adapt longer day lengths and cooler
temperatures, and which also turned Europe into a secondary center of
genetic diversity. The hybridization of Mesoamerican and Andean gene-pools
in Europe, further enhanced genetic diversity and creating novel genetic
variation (Bellucci et al., 2023). These events make common bean a perfect
model to study mechanisms of domestication and adaptation to photoperiod.

1.4.2 Runner bean

Runner bean (Phaseolus coccineus) is a legume species closely related to
common bean which is native to Mexico, Guatemala and Honduras (Salinas,
1988). Earlier studies used molecular markers to investigate the
domestication history of scarlet runner bean, suggesting the occurrence of
multiple domestication events. However, through the analysis of chloroplast
and nuclear SSRs of runner bean accessions, including Mesoamerican
landraces, wild samples from Mexico, Guatemala and Honduras, and
European domesticated populations, the runner bean domestication event
was proved to have happened in the Guatemala-Honduras area. Alternatively,
another domestication event took place in Mexico, followed by extensive
hybridization with the cultivated populations from Honduras and Guatemala
(Angioi et al., 2009; Guerra-Garcia, Sudrez-Atilano, Mastretta-Yanes,
Delgado-Salinas, & Pifiero, 2017; Rodriguez et al., 2013; Spataro et al.,
2011). One interesting feature of the runner bean domestication history is
that the domestication process has not eroded levels of genetic variation to
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the same extent as in common bean, since both cultivated and wild
populations in Central Plateau of Mexico and southern state of Chiapas
maintain large and similar amounts of genetic variation (Escalante, Coello,
Eguiarte, & Pifiero, 1994). Similar results have also been reported in wild
and cultivated populations from Mesoamerica (Rodriguez et al., 2013;
Spataro et al., 2011). The predicted reduction in genetic diversity and an
increased divergence between domesticated and wild forms was not found,
suggesting that the domestication bottleneck either was not very severe or that
there has been continued gene flow from wild population into the domesticated
varieties (Meyer & Purugganan, 2013).

Common bean tends to be selfing and high levels of LD has been
observed in both gene pools, mostly due to the gene pool structure, with a
much higher LD in domesticated compared with wild populations. However,
unlike common bean, runner bean is an open-pollinated species, with high
levels of population structure and genetic diversity and which has not
suffered a strong demographic bottleneck because of domestication. These
features make them a good model to study how mating system affect
adaptation and the probability of detecting selective sweep signal within the
two species.
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2. Aims of the study

The main aims of this thesis were to investigate the genetic architecture of
adaptations in two closely related species, common bean and runner bean, to
determine how mating system has influenced patterns of adaptation and gene
expression variation. Specific objectives of the studies described in Papers I-
III were to:

e Detect the signatures of domestication and adaptation and study the
genomic background of photoperiod sensitivity in common bean
(Paper I)

e Determine if and how mating system has influenced patterns of
adaptation and gene expression variation in the two Phaseolus
species (Paper II)

e Assess gene expression divergence between two species and
determine to what extent this divergence has been driven by natural
selection (Paper I11)
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3. Results and discussion

3.1 Parallel evolution of photoperiod sensitivity during
domestication and diversification in common bean

The loss of photoperiod sensitivity has been a major pre-requisite for
domestication and further adaptation of common bean to European climates.
The complexity of such trait has been studied for decades, mostly under the
optics of QTL mapping using recombinant inbred lines (RILs), and while
independent origins of photoperiod sensitivity have been suggested in each
gene pool, the genetic basis of the trait remains elusive. We collected 232
common bean accessions from different geographic origins, including
Mesoamerica, the Andes, and Europe, and covering commercial accessions,
land races and wild collected individuals from the centers of origin. All
accessions were grown in phytotron chambers under the following regime:
10hr light/14hr darkness, 50% humidity, and temperature set at 18 °C in
darkness and 20°C in light. In parallel, the entire collection was grown in
green-house conditions during the summer, which means that plants were
exposed to very long days (>16hrs of light) and temperatures as high
as >28°C. Phenotypic traits showed that wild accessions have small pods,
dark flower colors and were all sensitive to daylength, i.e., they did not
flower under long day regimes. In the domesticated accessions, we see an
increase in pod size, lighter flower color and photoperiod insensitivity also
starts to emerge (Paper [, Figure S1), displaying a very clear gradient of traits
from wild to elite cultivars, in accordance with the expected behavior of wild
vs. cultivated plants. However, the European accessions showed a dramatic
increase in photoperiod insensitivity, as well as the prevalence of white
flowers and very large pods. Overall, these results highlight the domesticated
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phenotypes of the accessions and formed the basis for the downstream
association studies.

3.1.1  Population structure and selective sweep

We first dissected the signatures of domestication and adaptation to
photoperiod through scans of positive selection. Nucleotide diversity,
inbreeding coefficient (F) and LD decay patterns in each subpopulation
(Paper I, Figure S3, S4A) indicate that domesticated accessions always have
lower diversity, higher inbreeding rate, and extended linkage disequilibrium
compared with their wild relatives. We then identified regions targeted by
positive selection during domestication in the Americas and adaptation to
European conditions by using both site frequency spectrum and linkage
disequilibrium-based approaches and achieved potential windows under
positive selection. We found no overlap between selective sweep regions
between gene-pools. Functional enrichment analyses performed show that
DNA repair and cellular response to DNA damage stimulus, as well as
protein dephosphorylation were significantly enriched in both domesticated
gene pools (Paper I, Figure 2C). In the outliers associated with adaptation to
Europe, we observed similar categories such as carbohydrate, nitrogen and
sulfur compound metabolic processes (Figure 2D). Only accessions with a
Mesoamerican domesticated background were enriched for protein
phosphorylation at XP-CLR outliers, probably because of the low power to
detect selective sweeps in the genomes of plants with an Andean origin, due
to the substantially reduced diversity seen in these accessions.

3.1.2 Photoperiod associated haplotypes

We studied the genomic architecture of photoperiod sensitivity by means of
GWAS and haplotype structure analyses. The resolution of our comparisons
allowed us to identify genomic signals specific to each gene-pool and to
identify the genetic basis of convergent evolution behind the loss of
photoperiod sensitivity. We identified an event of convergent evolution
around a key regulator of photoperiod sensitivity, TERMINAL FLOWER 1
(TFL1),on chromosome 1. TFLI is a floral repressor which is closely related
to the florigen gene FLOWERING LOCUS T (FT)(Corbesier et al., 2007).
Furthermore, since structural variation (SV) have been shown to play a role
in plant resistance and immunity, we also looked for gene models that
overlap with gene pool specific predictions of SVs and searched for
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functional enrichments among those genes to further understand the role of
SVs in the domestication and adaptation processes. We were able, for the
first time, to associate structural variants to traits that have been important
during the domestication process by identifying gene pool-specific SVs in
the common bean.

Overall, our gene pool-specific signals of selection indicate that the loss
of photoperiod sensitivity is a progressive event that launched with
domestication in the Americas, followed by recent genomic innovations after
the introduction of common bean in Europe. Although there might be some
inadequacy in our experiments where, for example, temperature could also
be a factor influencing flowering time, we still have provided interesting
results that highlights the importance of convergent evolution behind the
emergence of such a complex trait as photoperiod insensitivity and provide
further evidence on the use of similar genomic strategies to achieve a
common phenotype.

3.2 Adaptation and gene expression variation in selfing
and outcrossing species

To determine if and how mating system has influenced patterns of adaptation
and gene expression variation in common bean and runner bean, we
investigate the genetic architecture of gene expression variation in the two
species. We selected 98 unrelated common bean accessions, together with
96 runner bean accessions to carry out these analyses. With the help of high-
throughput sequencing technology, we performed both re-sequencing and
RNA-sequencing analyses, to gain a global insight on how mating system
affect adaptation in two species.

3.2.1 Divergence at the genome level

Self-fertilization is known to have many consequences for a species such as
reducing the effective population size, effective recombination rates, altering
emergence probabilities of new mutations and can give rise to different
adaptative trajectories in selfing and outcrossing species (Hartfield et al.,
2017). As two gametes are inherited from the same parent in selfing species,
homozygosity increases and weakens the mixing effects of recombination
(Nordborg, 2000). Thus, at the genomic level, we calculated linkage
disequilibrium (LD), inbreeding coefficient, the proportion of long runs of
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homozygosity (Frn) and recombination rate, which can represent the extent
of inbreeding in each species, respectively. LD, inbreeding coefficient and
Fion were calculated for each accession, whereas recombination rate was
calculated in 20 kb windows across the genome. We observed different
patterns between the two species. In common bean, a substantially slower
LD decay was detected. It also displayed higher Fion and inbreeding
coefficients and hence lower effective recombination rates compared to the
outcrossing runner bean (Paper 11, Figure 1). These results are consistent with
our expectations and that these differences reflect the difference of their
mating system. Furthermore, we found a positive correlation between local
recombination rates between two species. Homologous recombination rates
varied extensively across chromosome and was positively correlated with
gene density, but negatively correlated with transposon density, GC content
and distribution of structural variation (Ma et al., 2023).

The reduction in effective population size induced by selfing shapes
patterns of genetic diversity, reduce haploid gene flow and effective rates of
recombination. These processes interact to reduce genetic variation in selfing
species to levels substantially below outcrossing relatives (Ingvarsson, 2002;
Laenen et al., 2018). A study on two groups of freshwater snails with
different mating system proved that in the selfer compared with the
outcrosser, a strongly reduced genetic diversity, decreased efficacy of
purifying selection, slower rate of adaptive evolution, and weakened codon
usage bias/GC-biased gene conversion in full agreement with theoretical
expectations (Burgarella et al., 2015). In plants, a very limited genetic
variation was found in selfing species C. rubella, compared with closely
related self-compatible relative (Y.-L. Guo et al., 2009). We calculated
nucleotide diversity within each gene region in the two species and as
expected we detect a higher nucleotide diversity level in the outcrossing
species (Paper 11, Figure 4G). Furthermore, a positive correlation between
recombination rate and nucleotide diversity was found in both species. This
result is in accordance with findings in many other species and this pattern
is often attributed to the action of natural selection, suggesting that natural
selection plays a vital role in the maintenance of genetic variation in both
species.
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3.2.2 Expression divergence at the transcriptomic level and gene
connectivity

Further we wanted to investigate the impact of mating system on gene
expression levels as plant mating systems may also impact the adaptation of
polygenic traits. Under directional selection, genetic variance is mostly
conserved, and the trait mean changes linearly through time in outcrossing
species, while genetic variance of selfing species initially increases much
more rapidly than in the outcrossing population (Hartfield & Glémin, 2016).
We planted 196 bean accession (98 in common bean and 96 in runner bean)
in the greenhouse. To minimize the effects of any morphological divergence
between the two species, we selected primary leaves at the seedling stage for
RNA-sequencing. After processing raw sequencing reads, we calculated
gene expression levels by mapping reads to the common bean genome (v2.1).
To account for the divergence between runner bean and the common bean
reference genome, gap opening and gap extension penalty parameters were
increased to allow more mismatches and gaps when mapping sequencing
reads for runner bean. We obtained 98.3% average mapping rate on common
bean and 98.1% on runner bean. Transcripts Per Kilobase Million (TPM)
were counted for mapped reads, considering the comparisons within/between
species. After filtering, 23,625 expressed genes were detected in common
bean and 24,007 in runner bean out of a total of 27,433 genes and these were
used for further analyses. Principal component analysis (PCA) result (Paper
111, Figure 1A) and correlation heatmap (Paper II, Figure S3) shows the
divergence of global gene expression between the two species. However,
gene expression data display less divergence between species and due to
population structure compared with that observed at the genomic level
(Paper 1II, Figure S1). These results indicate that gene expression is likely
under stabilizing selection and that the effects of natural selection might be
buffered by the organization of the gene co-expression network.

We calculated the coefficient of expression variation (CV) of each gene,
which is defined as the standard deviation normalized by the expression
mean, to assess divergence of genetic variance between the two species. The
distribution of CVs in two species shows that the divergence between two
species is not significant (Paper II, Figure S6). We separately built co-
expression networks in two species. Based on the gene modules and
correlations, we estimated the connectivity of each gene, which is calculated
as the sum of correlation coefficients with all other genes within the co-
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expression network. We detected a negative correlation of CV and
connectivity in both species (Paper II, Figure 3). To further investigate the
difference in CV, core genes were identified as the top 10% of genes in a
module with the highest normalized kaisr, the difference between intra- and
inter-modular  connectivity, while also having an intra-modular
connectivity >1 (Méhler et al., 2017). Using this definition, 31 of 35 modules
in common bean and 40 of 44 modules in runner bean contained at least one
core gene. We compared connectivity and CV of core versus non-core genes
and found a higher CV in non-core genes compared to core genes in runner
bean (P-value < 0.05), but not in common bean (P-value >0.05)(Paper 11,
Figure S7). These results may suggest that although gene expression is under
stabilizing selection in both species, the structure of co-the expression
network may play different roles in regulating gene expression level in the
two species.

3.2.3 The challenge of eQTL mapping in selfing and outcrossing
species

Expression quantitative trait locus (eQTL) mapping has become as a
powerful new approach to study the genetic architecture of gene expression
variation in many organisms and provides molecular links between genetic
variation and phenotypic diversity (Aguet et al., 2017; Hormozdiari et al.,
2018; Lappalainen et al., 2013; Zhu et al., 2016). It has been shown that trait-
associated SNPs are three times more likely to be associated with gene
expression (Fehrmann et al., 2011; Hernandez et al., 2012; Nica et al., 2010;
Nicolae et al., 2010). Such significant enrichment indicates that many SNP-
trait associations may be mediated through gene expression. Over the past
decade, eQTL mapping has been used to study the genetic architecture of
gene expression regulatory variation in major crops and model plants (J.
Wang et al., 2010; X. Wang et al., 2018; West et al., 2007; L. Zhang et al.,
2017; Xu Zhang, Cal, & Borevitz, 2011). To figure out how eQTLs control
gene expression in the two species, we performed eQTL mapping using bi-
allelic SNPs with a minor allele frequency (MAF) >0.1 and the gene
expression dataset from each species separately. We then grouped significant
SNPs for each gene that fell within a maximum distance of 10 kb between
two sequential SNPs and only retained clusters with more than three
significant SNPs as putative eQTLs. The most significant SNP in the cluster
was chosen to represent the eQTL for that region and gene. In previous
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studies in crops, especially selfing species, LD-clumping of SNPs was a
prerequisite before eQTL mapping. Since we have found out that as an
outcrossing species, runner bean displays a quite rapid LD decay, we decided
to skip this step for runner bean. We further carried out LD clumping for the
remaining eQTLs using 7* >0.2 within 5 Mb regions to account for long-
range LD. To further minimize the effect of population structure and hidden
confounders during RNA sequencing and to identify the optimal number of
covariates, we made a test by carrying out eQTL mapping with 1 to 10 PCs
(principal components) derived from population structure and gene
expression values to account for hidden confounding variation. Considering
those hidden confounders during RNA-seq, such as technical factors, may
decrease the number of eQTL identified (Mahler et al., 2017), we ultimately
decided to use first 2 PCs from gene expression (explaining 36.94% of
variation in common bean and 33.45% of variation in runner bean) as
covariates, in which case the maximum amount of eQTLs could be detected.
Meanwhile, in order to remove the possibly confounding effects of
population structure (Paper 11, Figure S1), we use also first included the first
two PCs from population structure (explaining 19.24% of variation in
common bean and 12.21% of variation in runner bean) as covariates for in
our eQTL mapping analyses (Paper 11, Figure S4).

It is a challenge to carry out eQTL mapping in both selfing and outcrossing
species and there are many aspects to be aware of. By removing potentially
hidden confounders, we identified a similar number of eQTLs in two species.
In total, we identified 72,230 eQTLs in common bean and 69,108 in runner
bean, respectively, at a 5% FDR. Figure 2A and 2B in Paper Il display the
global map of eQTLs distributed over all 11 chromosomes in two species,
respectively. eQTLs can be classified as acting in cis or trans where cis-
eQTLs act in an allele-specific manner and are generally considered to be
local while frans acting eQTLs affect both alleles of a gene and are usually
located far away from that gene. Interest in eQTLs has been strong due to
their ability to identify mechanistic links between phenotype and genotype
(Josephs, Lee, Stinchcombe, & Wright, 2015; Lappalainen, 2015). We find
no evident trans-eQTL signal in either species, or this is similar to an earlier
study in Populus tremula (Mihler et al., 2017). Considering the density
variation between eQTLs and the corresponding eGene for eQTLs located
on the same chromosome as the target eGene, we categorized eQTLs located
on the same chromosome as the target gene either as local-eQTL (<1 Mb)
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or distant-eQTL (>1 Mb), assuming that most detectable eQTLs located
within a chromosome were local (Mahler et al., 2017)(Paper 11, Figure 2D).
Previous studies have also shown that cis-regulation of gene expression plays
important roles in the evolution of plant mating systems. For example, in
Capsella rubella, cis-regulatory mutations contributed to the evolution of the
selfing syndrome (Steige, Reimegard, Koenig, Scofield, & Slotte, 2015).
Strictly speaking, local-eQTL are not the same set as cis-eQTL and the same
is true for distant-eQTLs and trans-eQTLs, but in our case, this could be
representative, assuming that most detectable eQTLs located within a
chromosome were local (Paper II, Figure 2D). Thus, we carried out Gene
Ontology (GO) enrichment analysis for all eGenes to further understand their
function, and we found that eGenes regulated by local/distant eQTL were
enriched for response to stimulus and signaling (Paper II, Figure S5).

The gene co-expression network structure, cis-regulatory variation and
tissue specificity have all been shown to play important roles in explaining
gene expression variation between individuals, populations and species
(Burban, Tenaillon, & Le Rouzic, 2022; Guo et al., 2016; Méahler et al., 2017).
First, we found that in both species, CV is negatively correlated with gene
connectivity, indicating that genes located in the hub of the network show
more stable gene expression levels. We then compared connectivity and CV
of local-, distant- and non-eGene and we found that non-eGenes have higher
connectivity and lower CV compared with eGenes in both species, indicating
that eGenes are under-represented in network module cores, but display a
‘stability’ in expression variation. Local-eGenes present lower connectivity
than distant-eGenes, and this is not detected in CV (Paper 11, Figure 3C, 3D).
Combining with the result that only in runner bean core genes displayed
lower connectivity, we assume that gene connectivity and co-expression
network divergence in two species is the main reason of expression variation
between two species.

3.2.4 Co-expression networks may influence gene expression
variation

Since differential gene expression signatures may be partially explained by

genetically encoded gene-specific features, we wonder if nucleotide diversity

has any detectable influence on gene expression variance. In both common

bean and runner bean, nucleotide diversity shows a weak negative correlation

with gene connectivity but a positive correlation with CV (Paper 11, Figure
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4A-D). Although we detected higher nucleotide diversity in the outcrossing
species, its effect on gene expression is limited. Considering CV as an
informative metric of the phenotype, we tested measurements that may have
an influence on CV, including gene connectivity, core vs. non-core gene
status, eGene vs. non-eGene status, expression level, nucleotide diversity and
recombination rate. Owing to the collinearity of various characteristics
(Paper 11, Figure S9), we performed PCA to examine the extent to which
these measurements were interdependent. We found that in both species,
PC1, which explained the most variance in both species, consisted of a mix
of the different measurements. Gene expression level showed a strong
influence on PC3 while connectivity of genes in the co-expression network
and whether they are located within network module cores or not contributed
largely to PC5 (Paper II, Figure 4A, 4C). To determine the correlation
between CV and potential genetic and gene expression measurements, we
calculated Spearman’s rank correlation between CV and PCs. CV was
significantly negatively correlated with PC1 in both species, which is not
specifically represented by any measurement. PC3, which largely reflected
gene expression level, showed significant negative correlations with CV, in
accordance with results in other studies (Burban, Tenaillon, & Le Rouzic,
2022), indicating that lowly expressed genes spanned a wide spectrum of CV
while highly expressed genes generally had low CV, suggesting that highly
expressed genes are under stronger stabilization selection. In addition, in
common bean, connectivity and core status of genes in the co-expression
network (PC4) is negatively related with CV, which is not observed in runner
bean. Although we detected significantly higher recombination rate and
nucleotide diversity in outcrossing runner bean, the function of these
measures has limited effects in shaping gene expression variation. These
results suggest that mating system per se have limited effects, and it’s rather
the divergence of the structure the gene co-expression network structure that
has a greater impact on shaping expression variations in the two species,
further demonstrating that gene expression is under stabilizing selection.
Taken together, we built up a global map of gene expression variation at
the genomic and transcriptomic level in two closely related Phaseolus
species with different mating systems, to gain insights into genetic
architecture of adaptation and the possible consequences of mating system
variation. We observed that mating system has an impact at the genomic
level and that selfing tends to increase linkage disequilibrium and
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homozygosity, reduce nucleotide diversity and effective recombination rate.
However, at the transcriptome level, the impacts of mating system variation
are limited. We calculated CV as a measurement of gene expression variance,
and we also calculated gene connectivity and identified eQTLs and pointed
out the importance of taking mating system in to account in the eQTL
mapping analysis. We measured correlations between these measures and
found a positive correlation between nucleotide diversity and recombination
rate, representing the effect of natural selection and a negative correlation
between connectivity and CV, suggesting expression stabilization of hub
genes. We also observed lower connectivity and higher CV in eGenes
indicating that they might be either be key regulators or their direct targets
such regulators. All these results show the same pattern in both two species.
For the gene co-expression networks, we identified core genes in each
module but a divergence in CV between core genes and non-core genes was
only observed in runner bean, possibly representing the outcome of structural
and functional divergence of the co-expression networks in the two species.
When we put everything together to assess out which factors that contribute
most to gene expression variation, we, as expected, observed that the
outcrossing species has higher nucleotide diversity and recombination rates
compared with selfing species but thattheir contribution to gene expression
variation is nevertheless limited, indicating that gene expression is mostly
evolving under stabilizing selection. Although there is no significant CV
divergence between core/non-core genes in common bean, the co-expression
network structure seems to contribute more to gene expression variation. It
will be very interesting to further dig into the co-expression network
structure of the two species in order to identify potential genes that may be
responsible for any differences in network structure.

3.3 Patterns of between-species divergence in gene
expression and the underlying selection signals

Previous studies have shown that gene expression levels and patterns are
primarily under stabilizing selection (Blekhman, Marioni, Zumbo, Stephens,
& Gilad, 2010; Khaitovich, Enard, Lachmann, & Pdidbo, 2006; Romero,
Ruvinsky, & Gilad, 2012; Somel et al., 2009) and our results in Paper II also
demonstrate this. Next, we decided to compare gene expression-derived
estimates of QOst with genome-wide estimates of nucleotide diversity to
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assess to what extent genes displaying divergent gene expression between
the two species also show signs of the action of natural selection, through e.g.
selective sweeps. QOsr is a statistic intended to measure the degree of genetic
differentiation among populations or species with regard to a quantitative
trait (Spitze, 1993). In our study, we use gene expression levels to calculate
estimates of Qs for gene expression. Ost was calculated by taking the ratio
of genetic variance between species divided by the variance between species
plus two times variance within species. Since gene expression estimates at
the individual level were non-replicated, we are not able to separate the true
estimate of variance within species from residual error variation due to e.g.
measurement errors. Including unaccounted error variation will thus lead to
slightly inflated estimates of variance within species, but the overall effect
of this is to reduce estimates of Osr, making our QOsr estimates conservative.
In total, we derived Qsr values for 22,769 genes with detectable expression.
We quantified gene expression divergence between the two species using
QOsr and identified 228 outlier genes, falling in the top 1% of QOsr values
(Paper 111, Figure 1B, 1C). These genes were considered to show divergent
expression patterns between the two species. The outlier genes are spread
across all 11 chromosomes with no obvious clustering. Furthermore, GO
enrichment analysis showed that genes with highly diverged gene expression
were mainly related to lipid biosynthetic process, silencing by RNA and
negative regulation of gene expression (Paper III, Supplementary Table 1).
Then we wanted to assess selective sweep signatures at the genomic level
of these highly diverged genes, and we therefore calculated Fsr, the cross-
population composite likelihood ratio test (XP-CLR) (Chen, Patterson, &
Reich, 2010) and the cross-population extended haplotype homozygosity
(XP-EHH, (Sabeti et al., 2007; Tang, Thornton, & Stoneking, 2007) to
identify and quantify the extent of selective sweeps acting on these genes.
We compared highly diverged genes with background variation across the
genome using similar sized sets of randomly sample genes. We observed that
the QOsr outlier genes did not deviate significantly from the genome-wide
background variation for either Fst or XP-EHH value (Paper III, Figure 2A,
2C) but have significantly lower XP-CLR scores compared to the genome-
wide background (Paper III, Figure 2B). These results suggest that genes
displaying enhanced differentiation in gene expression between the two
species are in fact less likely than randomly selected genes to be influenced
by selective sweeps at the genomic level, indicating that other mechanisms
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than selective sweeps may be responsible for their expression divergence. To
assess these results, we further investigated Dxy of the QOsr outlier genes and
observed that these genes have significantly higher Dyy values compared
with the genomic background, indicating that absolute sequence divergence
may impact expression differentiation. Our results indicate that selective
sweeps act less frequently on genes with high gene expression divergence.
Meanwhile our result demonstrated that patterns of Dxy are more conserved
than variation in within-species diversity, in accordance with a study in two
flycatcher species (Chase, Ellegren, & Mugal, 2021). We therefore suggest
that Dxy could be a more representative statistic for assessing divergence in
gene expression in some cases. We also calculated an index for selection on
gene expression (SI), which is based on the widely used McDonald-Kreitman
and adapted for assessing the mode and strength of selection operating on
gene expression levels (Warnefors & Eyre-Walker, 2012). This index is also
calculated based on gene expression variance between species and variance
within species while also taking Dxy and nucleotide diversity into account.
We found that the SI statistic was significantly correlated with QOsr (Paper 111,
Figure 3B) and this correlation likely results from the two statistics being
based on the same estimates for gene expression variation within and
between species. However, the two index have slightly different
interpretations. A negative SI value indicates stabilizing selection, whereas
a positive SI value suggests directional selection on gene expression
(Warnefors & Eyre-Walker, 2012). We found that most genes exhibited
negative SI values which are again indicative of stabilizing selection acting
on gene expression in these genes, providing further evidence that gene
expression is generally evolving under strong stabilizing selection. The
genes displaying positive SI values were considered as candidates for
evolving under directional selection and they are largely overlapped with
genes displaying high divergence in Qsr, including the genes shown to be
related to lipid biosynthetic process, silencing by RNA and negative
regulation of gene expression. Together these results indicate that directional
selection may play an important role in the divergence of gene expression
between the two species. This result is in accordance with previous
observations in rice, that a large fraction of differential expressed genes
between two species evolve under directional selection (J. Guo et al., 2016).

With the assumption that directional selection plays important roles for
gene expression divergence in two species, we further investigated if
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directional selection acted specifically on regulatory regions. Since cis-
regulatory mutation have been shown to play important roles in mediating
gene expression variation between individuals, populations and species, we
choose to estimated ratios of polymorphism to divergence (n/Dyy) for 5’
flanking and 3’ flanking regions and compared these to values from the
coding regions of corresponding genes. Assuming that regions falling in the
lowest 5% tail of the n/Dxy ratio have signatures indicating recent directional
selection (Guo et al., 2016; Holloway, Lawniczak, Mezey, Begun, & Jones,
2007), we found no significant enrichment of regions under directional
selection in either species for genes that show strong expression divergence
(Paper 111, Figure 4). To further confirm this result, we performed the same
comparison for Fsr, XP-CLR and XP-EHH, separately. Again, we did not
find significance between highly diverged genes and background genes, no
matter whether we looked at gene regions or cis-regulatory regions (Paper
11, Figure S4). Taken together, although we find evidence for gene
expression divergence between the two Phaseolus species being induced by
directional selection, we cannot identify any clear selective signatures at the
genomic level, neither in coding regions nor on the corresponding cis-
regulatory regions. Based on the function enrichment result of highly
diverged genes, we have an idea that modifications at the epigenetic level
might give some further insights, and this clearly deserves further studies.
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4. Future perspectives

Common bean, an important food legume, is of great significance to
agricultural production. Meanwhile, its migration and domestication history
make it a great model system for studying the underlying mechanisms of
plant adaptation. Flowering time is an important life history feature that
coordinate life cycle and local environment conditions, and it is a
prerequisite for production of seeds or fruits for harvest. Research on the
genetic basis of flowering time in Arabidopsis has revealed a complex
genetic network on acting environmental and internal signals. It will be
meaningful to focus on pleiotropic effects on agronomically important
characters, and any downstream regulators. In addition, further verifications
of the candidate genes we have identified, using from controlled experiment
would be an obvious next step.

We have demonstrated that gene expression is under stabilizing selection
and that mating system has minor effect on gene expression variance and
natural selection on gene expression. However, at the genomic level it would
be important to take further factors of population genetics into consideration,
such as the demographic history of the two species, including bottlenecks,
genetic drift and gene flow between populations, in order to build a more
detailed overview on the population genetic processes affecting variation in
the two species. Our eQTL mapping results could also be extended by, for
example, performing transcriptome-wide association studies (TWAS).
TWAS is an instrumental post-analysis designed to detect significant gene-
trait associations by focusing on the link between transcription-level
regulation and specific traits. By using information on the regulation of
eQTLs, TWAS can detect how functional genes are regulated as have been
shown for disease-associated variants in humans which has provided
important insights into the mechanisms of several diseases (Mai, Lu, Gao,
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Zeng, & Xiao, 2023). Our results provide an opportunity for this integrative
approach of TWAS. Furthermore, our RNA-sequencing analysis was carried
out by only focusing on the global divergence between two species. However,
RNA-sequencing from different tissues, environmental conditions or even
across time can provide further information, and lead to a more thorough
understanding of the underlying genes and mechanisms. With the help of
new RNA-seq technologies, e.g. Iso-seq, gene expression divergence
between species can also be detected more precisely.

Since our result shows that RNA silencing might be an important function
inducing expression divergence between the two species, further studies at
the epigenetic level would also be fruitful. DNA methylation is an important
epigenetic modification involved in the regulation of gene expression. Most
genes have higher degree of methylation within gene regions but it has been
demonstrated that some transcriptionally silenced genes also have higher
methylation in the 5” flank regions (Lister et al., 2009; Xiaoyu Zhang et al.,
2006; Zilberman, Gehring, Tran, Ballinger, & Henikoff, 2007). With the help
of methylation sequencing, we expect a more comprehensive understanding
of genomic regulation and genetically regulated genes underlying complex
traits.
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Popular science summary

Adaptation is like a nature’s way of fine-tuning species for success,
describing how living organisms evolve to better survive and reproduce in
their environments. Individuals with traits that enhance their ability to thrive
and reproduce are more likely to pass those traits to the next generation.
Through thousands of years, human cultivate and tame plants and animal,
benefit by teaming up with certain wild plants and animals. The
domestication events in plants resulted in huge amount of crop and
vegetables cultivars, diverged from their wild relatives, both in phenotype
and genetics. Common bean is one of the most important grain legumes in
the world, domesticated around 8,000 years ago. Two independent
domestication events and afterwards immigration events make it a perfect
model to study mechanism of domestication and adaptation. Although there
are arguments that domestication traits have been found to result from
unrelated loci, our study on parallel evolution of photoperiod on common
bean detected a strong signal associated with photoperiod sensitivity in both
Mesoamerica and Andes gene-pool, provided evidence to the use of similar
genomic strategies to achieve a common phenotype.

The evolution of plant mating system is also an interesting question.
According to Stebbins hypothesis, selfing is considered to be an
‘evolutionary dead end’, leading to detrimental effect on plant traits and
fitness. However, selfing is the principal mating system in many crops and
vegetables. To understand the molecular genetic mechanism of selfing
adaptation, we compared common bean with its closely related relative, the
outcrosser runner bean, on both genomic and transcriptomic levels, we found
that their gene expression under stabilizing selection, regardless with their
mating system. Gene expression variation between species are most likely to
their difference in topology of co-expression network. Furthermore,
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directional selection and DNA methylation may play important roles in the
expression diversification of two species.
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Popularvetenskaplig sammanfattning

Naturlig anpassning dr naturens sitt att finjustera arter for 6kad framgéang
och dr en process beskriver hur levande organismer utvecklas for att béttre
overleva och foroka sig i sina miljoer. Individer med egenskaper som
forbéttrar deras formaga att trivas och foroka sig d4r mer bendgna att fora
vidare dessa egenskaper till ndsta generation. Genom tusentals ar har
manniskor odlat och domesticerat viaxter och. Domesticeringen av olika
vaxter har resulterat i en enorm méngd grodor och gronsaker som ofta skiljer
sig avsevért fran sina vilda sléktingar, bade utseendemaéssigt och genetiskt.
Tradgérdsbonan dr en av de viktigaste baljvixterna i vérlden. Den
domesticerades redan for cirka 8 000 &r sedan och senare forskning har visat
att. Den har genomgatt tva oberoende domesticeringstillfillen. Detta
tillsammans med intrikuktionen av tradgardsbonan till Europa pa 1500-talet
gor den till en utmérkt modell for att studera olika mekanismer som verkar
under domesticering och anpassning. Det finns ménga studier som pekar pa
att &ven om olika grodor delar liknande domesticeringsegenskaper sa 6r den
genetiska grunden for detta ofta helt oberoende. Trots detta visar var studie
om parallell anpassning av fotoperiod pé att tradgardsbonor fran de olika
domesticeringsomrddena delar en stark signal associerad med
fotoperiodkénslighet, vilket typer pé att liknande genomiska strategier har
varit i fokus for att uppna en liknande fenotyp i de tva olika populationerna.

Evolutionen av véxters parningssystem dr ocksa en intressant fraga. Enligt
Stebbins hypotes betraktas sjélvbefruktning ofta som en 'evolutionér
aterviandsgriand' och som leder till skadliga effekter pa véxters egenskaper
och Overlevandsformaga. Trots detta &r sjidlvbefruktning det huvudsakliga
parningssystemet hos méanga av vara vanligaste grodor och gronsaker. For
att forstd de molekylargenetiska mekanismerna for anpassning till
sjalvbefruktning jamforde vi trddgardsbonor med dess nira sldkting,
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rosenbdnan, pa bade genom- och transkriptomniva. Vi fann att genuttrycket
oftast verkar vara under stabiliserande selektion, oavsett vilket
parningssystem vi tittar pa. Genuttrycksvariation mellan arter beror i stillet
mest sannolikt pd deras skillnad konnektiviteten i genutrycksnétverking i de
tva arterna. Dessutom kan riktad selektion och DNA-metylering vara
ytterligare viktiga faktorer som styr skillnader i uttrycksvariation mellan de
tva arterna.
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