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Résumé

La domestication des plantes a débuté il y a quelques milliers d’années quand les hommes se
sont sédentarisés. lls ont sélectionné les plantes sauvages portant des caracteres phénotypiques
d’intérét pour la consommation et production humaine. Ce processus évolutif a par conséquent
modifié le patrimoine génétique des especes domestiquées. Cette these se penche sur les traces
génétiques induites par la domestication chez trois especes de Solanacées : I'aubergine (Solanum
melongena), le piment (Capsicum annuum) et la tomate (S. lycopersicum). En effet, si les caracteres
phénotypiques des plantes cultivées ont été sélectionnés depuis des milliers d’années, les
conséquences moléculaires d’une telle sélection restent peu étudiées a I'échelle du génome. Cette
étude est basée sur des données de diversité et d’expression de génes (RNAseq). En utilisant des
méthodes comparatives entre des variétés cultivées et leurs especes sauvages apparentées, j'ai
étudié, a I’échelle intra-spécifique, d’une part les histoires démographiques de chacune des espéces,
et d’autre part les changements de diversité nucléotidique et d’expression des génes dus a la
domestication. La comparaison de ces trois événements indépendants de domestication, offre
I'opportunité de décrypter les changements génétiques qui convergent chez ces trois especes lors du
processus de sélection humaine.

Suite a une introduction qui pose le cadre de cette étude et présente |'état de I’art, le premier
chapitre, s’inscrit dans un ouvrage portant sur la génomique des populations d’especes modeles. Il
propose une synthése des connaissances accumulées en plus d’un siecle de recherche sur I'espece
modele qu’est la tomate (S. lycopersicum). Ce chapitre permet également de compléter le contexte
scientifique dans lequel cette these s’inscrit, notamment, en retragant I'importance que les espéces
sauvages apparentées ont eu dans I'amélioration de I'adaptabilité des variétés cultivées actuelles.

L’hypothese du deuxieme chapitre révele la convergence des changements démographiques
entre les trois especes malgré leurs événements indépendants de domestication. L'étude comparée
d’inférences de scénarios démographiques a permis de reconstruire I’histoire démographique de
chaque espece cultivée. Ces inférences ont aussi facilité I'estimation des parametres tels que les flux
migratoires entre les espéeces sauvages et cultivées, la force des goulots d’étranglement liés a
I'intensité de la sélection humaine et la durée des événements de domestication. Ce chapitre permet
de démontrer que les changements démographiques liés a la domestication dépendent de I'état de
sympatrie ou d’allopatrie des variétés cultivées avec leurs sauvages apparentées. Les connaissances
qguant a la datation des événements de domestication de nos trois especes restent tres faibles, et les
inférences ont permis d’établir des estimations de durée de domestication relativement précise. Ces
nouvelles connaissances apportent une plus-value a cette étude pour nos trois especes et nous
invitent a s’interroger sur les différents compartiments du génome qui ont été sélectionnées et
modifiées lors de la domestication.

Le troisieme chapitre teste I’hypotheése d’une convergence évolutive des changements
moléculaires, notamment transcriptionnels, induits par la domestication et I'amélioration moderne.
La comparaison des variétés cultivées a leurs especes sauvages apparentées permet d’évaluer la
convergence des mécanismes de régulation et d’adaptation liés a la domestication. C'est en testant
la corrélation entre les traces génétiques (diversité nucléotidique) de sélection et les changements



d’expression des genes observés chez les variétés cultivées que I’hypothese de départ a été validée.
Cette analyse montre que la domestication, au-dela méme de changements nucléotidiques, a
modifié I’expression des genes chez les trois espéces. L'analyse des genes orthologues des especes a
confirmé que la domestication a sélectionné des genes liés aux phénotypes de développement des
fruits et la croissance de la plante alors qu’elle avait, au contraire, contre-sélectionné des genes liés
a la défense des plantes et a leur capacité a tolérer des stress environnementaux.

Enfin, en discussion, je réalise un bilan sur mon projet qui apporte de nombreuses preuves de
convergence dues a la domestication et des connaissances utiles pour I'étude de I'histoire des
Solanacées. De surcroit, des perspectives d’analyses complémentaires sur la liste de nombreux genes
candidats affectés par la domestication, offrent un potentiel de transversalité, pour 'lamélioration
des variétés cultivées et pour I'étude plus approfondie des conséquences biologiques et évolutives
de la domestication.



Summary

Domestication started thousand years ago when human shifted from hunter-gatherer to
agrarian societies. They started selecting wild plants for phenotypes related to consumption and
yield. This evolutionary process induced changes in the gene pool of domesticated plants. This thesis
focuses on genetic footprints induced by domestication within a trio of Solanaceae species: the
eggplant (Solanum melongena), the pepper (Capsicum annuum) and the tomato (S. lycopersicum).
Crop plants have been selected for thousand years on phenotypic traits, but the molecular
consequences of such selection remain unknown at the genome-wide scale. The study was
performed on a RNAseq data set; using comparative methods between crops and their wild relatives,
| studied, at the intra-specific scale, the demographic history, and, both the nucleotide diversity and
the gene expression changes due to domestication. Comparing these three independent events of
domestication, is a great opportunity to decipher the interspecific genetic changes, converging for
the three species, during the human selection process.

The first chapter is a book chapter about population genomics in model species. It details the
state of art of hundred years of research on tomato as model species (S. lycopersicum). Tomato is a
model species in genetics, as well as in population genomics thanks to the important collection of
genomic data that have been accumulating over years. Tomato has the strongest economic
importance within the trio of studied species. By highlighting the importance of crop wild relative
species for adaptability improvement of modern cultivars, this chapter describes the scientific
context of this thesis work.

The two next chapters are following these researches and show the importance to both conserve
and study the crop wild relative species.

In the second chapter, | hypothesize that demographic changes within the three species
experience a convergence, despite their independent domestication events. The comparative study
of demographic inferences allows the reconstruction of each domesticated species demographic
history. Theses inferences facilitate the parameter estimations such as the migration rate between
crop and wild, the bottleneck strength paired with the human selection and the duration of the
domestication events. This chapter reveals a common bottleneck phenomenon as well as migration
rate dependent to the allopatric or sympatric state of the crops with their wild relatives. Knowledge
concerning the domestication events dating, for each of the three species, remain poorly studied and
this thesis work discloses relative domestication time durations.

These new insights bring valuable knowledge to the three species and induce a questioning on the
different genome parts that are selected and modified through domestication.

The third chapter, test the hypothesis of a convergent evolution of molecular changes,
especially transcriptional, induced by domestication and modern breeding. The comparative analysis
of crop plants and their wild relatives assesses the convergence of regulation and adaptation
mechanisms due to domestication. By testing the correlation between the selection footprints on
genes and the gene expression changes in crop compared to their wild relative species, the previous
hypothesis was confirmed. This analysis implies that domestication modified gene expression in the
three species beyond only nucleotide polymorphisms. The ortholog analysis of our species genes,



confirmed that domestication facilitated the fruit development and plant growth but relaxed
selective pressure on genes of plant defense and environmental stresses tolerance.

Demonstrating demographic changes and molecular footprints of domestication, my PhD
thesis highlights several proofs of convergence. It offers estimations of duration of domestication
that are valuable for the study of agrarian history of Solanaceae. It supplies numerous candidate
genes impacted by domestication, with transversal potential (orthologs in the three species), that
could improve greatly the modern cultivars. Such genes could be thoroughly analyzed to improve the
common understanding of biological and evolution consequences of domestication in Solanaceae.
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. Scientific Context

Agriculture appeared 45 to 65 Million years ago in Amazonian rainforests when attine ants
started to cultivate fungi, depending on this crop for food. The domestication process has been
documented to have evolved independently at least 5 times in evolutionary history, such as for the
cultivation of fungal species by specific ant, termite and beetle species (Mueller et al. 2005b), but it
is human that specialized in domestication by cultivating the greater number of plant species. This
thesis work proposes to focus on the domestication process that have a strong importance for many
scientific fields such as evolutionary biology, crop science and archeology. Studying such process
helps: understanding artificial selection; bringing valuable insights for improvement and breeding

effort; and deciphering human cultural and societal history (Meyer and Purugganan 2013).

a. Domestication

i Domestication definition

The domestication definition has been long discussed, essentially regarding who benefited
more from the relationship: namely the domesticate (species modified and/or created through the
process) or the domesticator (species that induces the phenotypic and genetic modifications) (Rindos
1983; O’Connor 1997; Ervynck et al. 2001). Here the wider definition is considered in which the
domesticator has acquired the knowledge necessary to manage the reproduction and the care of the
domesticate, in order to obtain sustainable phenotypes of interest. In this definition, and within the
given growth conditions controlled by the domesticator, the co-evolutionary interaction benefits to
both the domesticate and the domesticator, observing an increase of their fitness (Zeder 2015). This
definition focuses more on the relationship than on the genetic or plastic outcomes of it.

The evolutionary transition that is domestication, already inspired Darwin who described it
as a great opportunity to study genetic variation, evolution and selection (Darwin 1868). Since then,
domestication has been of high interest for the scientific community, willing to learn more on the
human impact on domesticated animals and plants. Evolutionary biology was initiated earlier on, by
Darwin, when he resolved the question of the diversity of forms of life, by giving an ecological
explanation on how natural selection works, at a phenotypic scale, in favor to the fittest form within
a specific environment (Darwin 1859). Following this path a neo-Darwinian theory of evolution

resolved the genetic scale by formulating how changes in gene frequencies that were driving
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evolution were due to mechanisms of mutation, selection and drift (Huxley 1963). The evolutionary
process of plant domestication is human-triggered, and the current crop species have been long
selected. For example, in the Middle East it started as long as at the early Holocene era (~12,000-
11,000 years ago). The selection on plant targeted phenotypes interesting for consumption and
agricultural purposes. But, already back in 1886, de Candolle observed the discrepancy that exists
within cultivated plants. Even if plants were domesticated, he observed that domestication was
following several stages and made the hypothesis that selection on early stages of domestication was
more important than selection on cultivar varieties (de Candolle 1886). Following his work, Vavilov
(1926) introduced the concept of primary and secondary pools, where primary pools are the first
accessions brought under cultivation, and secondary ones being the ones derived for the primary

after experiencing selection due to the processes of agriculture.

ii.  The four stages of domestication

The domestication process has been defined as following 4 stages (Meyer and Purugganan
2013) depicted in figure 1 from Gaut et al. (2018). These four stages of domestication corroborate
with the four degrees of domestication namely wild, semi-domesticated, domesticated and modern

cultivar (Clement 1999).

(i) The first stage consists in a protracted period in which the species is separated from its wild
progenitor, but remains in its wild environment (Zeder 2015). This stage can be assimilated to
foraging as niche construction, it is mainly a management of wild resources favoring phenotypes of
interest for consumption but remaining a small-scale plant cultivation for hunter-gatherers (Rowley-
Conwy and Layton 2011). Humans modified the average phenotype from the range of variation that
remained in the wild population. In the protracted transition, the hypothesis is that artificial selection
is weak for a long time (Allaby 2010). Selecting only few wild individuals per generation induced a
slow reduction of the genetic variability (Doebley 1989b). The plant is considered as semi-
domesticated, it retains enough adaptive potential to survive in the wild but its selected phenotypes

would disappear over time in its natural environment (Clement 1999).

(ii) The second stage occurs when human voluntary started the cultivation. This stage is
different as humans artificially selected phenotypes for their consumption and farm production but
most of all, they started to control the breeding and improve traits across generation (Zeder 2006).

By shifting the plant environment to cultivation area, humans ensured the control of seed dispersal,
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plant growth and breeding and created a new niche for crops (Fuller and Allaby 2009). While choosing
the best adapted varieties to grow in the cultivated landscapes (Harlan 1992), only few genotypes
may be domesticated. The pressure of selection induced a genetic bottleneck that strongly reduced
the genetic variability, especially in annual plants (Miller and Gross 2011), this is paired with a loss of

ecological adaptation.
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Figure 1. Features of demography and selection during plant domestication. A schematic
representing four stages of domestication. The far-left population represents wild populations with
substantial genetic diversity. The curve below the stages provides an example of population size
through the four stages, including a long population decline through stage 1 and an abrupt bottleneck
in stage 2, followed by population extension. Source: Gaut et al. 2018

(iii) At this third stage of domestication, humans created environments specifically developed
to meet the optimal growth requirement of the domesticates in a purpose to enhance the yield and
the predictability of production (Zeder 2015). The geographic expansion of domesticates required
local adaptations to the new human environments, and it had the effect of increasing the genetic
variability and the effective population size. But, even if the domesticated plants experienced an

increase in genetic variability, their adaptation to a specific geographical location did not improve
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their ability to survive without humans. This domestication stage conferred the plant a status of

landraces (Zeder 2006).

(iv) The fourth stage is deliberate breeding, this stage is quite recent, only hundred years ago

and is a conscious selection of improved specific crop phenotypes and genotypes. The domesticated

plant upgraded to a modern cultivar status, where both phenotypic and genetic variabilities were

reduced. When mostly clonally propagated, they were adapted exclusively to intensive monoculture.

b. Phenotypic and genetic consequences of domestication
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Figure 2. Several pictures of the wild to crop phenotypic conversion. (A) Teosinte to maize ear: change
from a few small, loosely connected seeds with thick fruit cases to a large maize cob with many naked
seeds. (B) Loss of shattering in crop rice. (C) Fruit size increase in tomato. (D) Loss of branching in

sunflower. Source: Doebley et al. 2006 & Stetter et al. 2017
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The phenotypic traits selected during domestication that differentiate the crop from their
wild relatives are collectively known as ‘Domestication syndrome’. These traits are common to all
annual crops, from cereals to vegetables, they mostly include gigantism of the harvested part of the
plant, reduction of the branching and thorn, and less shattering (Figure 2). Such phenotype-targeted
selection induced parallel and convergent selection between crop plants regardless their taxonomic
family, and despite the dozen of independent domestication centers differing greatly in respect of
geographical location, center size, number and diversity of domesticated species and their respective
potential as food sources (Doebley et al. 2006; Larson 2014). To obtain similar phenotypes of interest,
a parallel selection involves different Quantitative Traits Loci (QTLs) when a convergent selection
impacts the same QTLs or ortholog genes (i.e. homologous genes that derived from the same
ancestral gene) across the different crop species (Fuller et al. 2014).

The figure 3 represents examples of protein coding genes that are related to domestication-
targeted phenotypes, some of them resulting of parallel selection across plant families such as the
shattering that involves SH1 in Poaceae (Lin et al. 2012) but Shat 1-5 and PdH1 in Leguminosae
(Sedivy et al. 2017). The seed dormancy is a phenotype with convergent evolutive trajectory implying
a unique gene (namely stay-green G), for the three plant family: Leguminosae, Solanaceae and
Poaceae (Wang et al. 2018). Though it is to mention that most of the literature refers to phenotypic
changes induced by domestication as convergent but molecular changes as parallel, whether or not
there are on a common gene (Rendén-Anaya and Herrera-Estrella 2018).

In the case of annual plants, such as for Solanaceae, the fruit is considerably modified with an
important increase in size and shape diversity. For example, in tomato the fruit size increased by a
100x fold in crop, and the underlying QTL fw2-2 is proven to induce up to 30% of this change (Frary
2000). With extensive research on the domestication of tomato, it appears that modification of fruit
shape is controlled by four genes, SUN and OVATE controlling the elongated shape, and, LOCULE
NUMBER (LC) and FASCIATED (FAS) controlling the locule number and flat shape, respectively
(Rodriguez et al. 2011). However, the fruit size and shape are not the only traits that were modified
by domestication. Plant growth and architecture were deeply modified during domestication with
the fixation of a single amino change in the SELF-PRUNING (SP) gene that ‘determines’ the growth of
the plant. In the wild, tomato are indeterminate and the crop with sp mutation experiences a
reduction of leaf number between trusses and a replacement of leaves by flowers and growth stop
(Pnueli et al. 1998). This trait is of particular interest for harvesting tomato in open field for industrial

purposes (i.e. producing tomato paste and juice). The SP gene is ortholog with CENTRORADIALIS and
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TERMINAL FLOWERI1 genes of Arabidopsis thaliana (Bradley et al. 1996, 1997), and both ortholog
genes are involved in plant determination. The similar role of these ortholog genes in the two highly
differentiated plant families confirms the potential of translational work when focusing on genes

targeted by domestication.

Leguminosae Solanaceae
Plant architecture:
Shattering: TFL1 Flowering control:
Shat 1-5 LNK2, EID1
PdH1
Glycine max Seed dormancy: Solanum lycopersicum
(soybean) Saygrcen G (Tomato)
Flowering
control: CO

Plant architecture:
TB1

Shattering:
SH1

Poaceae

Y~ (Maize)

Zea mays

(Sorghum)

Sorghum bicolor

Figure 3. Examples of parallel (and convergent) selection of protein-coding genes across plant
families. Source: Renddn-Anaya and Herrera-Estrella 2018

To find candidate genes related to domestication, two complementary approaches can be
used: quantitative genetics and population genetics. Both methods aim to find genetic signature of
domestication. Quantitative genetics uses a top-down method to detect the candidate genes
associated with a phenotype of interest (especially powerful to detect the major effect genes),
whereas population genetics is more of a bottom-up method that focuses on genetic signature of
domestication to detect genes that were selected in the crop species and showing an ‘outlier

behavior’ (Ross-lbarra et al. 2007).
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c. From gene to genome: -omics footprints of domestication

i.  Domestication induced a genomic diversity reduction

With the outbreak of high-throughput genotyping and phenotyping methods, the power of
guantitative and population genetic analyses greatly increased. The availability of genome-wide data
revealed one of the main unforeseen consequences of domestication: the genome-wide reduction
in crop genetic diversity (Doebley et al. 2006). The selection for favorable alleles induced selective
sweeps that imprinted the whole genome, as shown in maize (Hufford et al. 2013), rice (Caicedo et
al. 2007; Nabholz et al. 2014) and tomato (Koenig et al. 2013; Sauvage et al. 2017). This selection was
paired with a relaxation of natural selection on traits that lost importance in the crops (Innan and
Kim 2004). And even if directional selection is the main actor in the domestication process,
diversifying selection is active on target loci associated with domesticated phenotypes in the
common bean (Phaseolus vulgaris). Moreover, by favoring selfing as mating system to preserve
genetic background across generations, cultivation increased the crop inbreeding. This practice also
impacted the recombination rates by reducing the crossover effectiveness in breaking up linkage
groups, hence it enhanced the decay of linkage disequilibrium in crops (Ellegren and Galtier
2016). The linkage disequilibrium increased the hitchhiking of neutral genes present in flanking
regions of selected genes. The second drawback of such hitchhiking is the accumulation of
deleterious mutations as shown in rice cultivars where more than a quarter of the amino acid
differences are deleterious (Lu et al. 2006).

As represented in the figure 4a, the selection is paired with demographic changes such as a
bottleneck that simultaneously induces a reduction of the nucleotide diversity and an increase in
accumulation of deleterious mutations, this last phenomenon being named the ‘cost of
domestication’ (Moyers et al. 2018). Even if the genome wide diversity is impacted, the selection is
uneven across chromosomes and genes that are selected experience more severe bottleneck than
the unselected ones. In this context, scanning a crop population for genetic diversity (i) or Tajima’s
D, allows the identification of specific selected regions such as selective sweep (Nielsen 2005; Lai et
al. 2010). In tomato, the use of genomic analyses proved that both population and quantitative
genetic methods combined were revealing domestication related candidate genes (Lin et al. 2014).
A model-based clustering analysis complemented their analysis and provided insights into the

different stages of tomato domestication, as represented in the figure 4b: stage 2 (S. lycopersicum
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var. cerasiforme), stage 3 (S. lycopersicum, big-fruited considered as landraces) and stage 4 (S.

lycopersicum, selected for processing or fresh market purposes considered as modern cultivars).
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ii.  Changes at the transcriptome level induced by domestication

The changes in nucleotide diversity due to domestication occurred with a rewiring of gene
expression levels, as observed in a few species such as maize (Wright 2005; Swanson-Wagner et al.
2012), tomato (Koenig et al. 2013; Sauvage et al. 2017) and common bean (Bellucci et al. 2014). At
the transcriptional level, few studies have deeply characterized the parallel changes induced by the
domestication across crop species. In common bean, for example, 18% to 26% of the diversity of
gene expression was lost through domestication. Not only are the genes differentially expressed, but
74% of them are down-regulated compared to the wild bean (Bellucci et al. 2014). Thus, comparing
the transcriptomes (gene expression level) of the crop and their wild relative species is necessary to

decipher the genetic pathway modified transcriptionally during domestication. In tomato, studying
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the domestication at a genome-scale level revealed the fixation of potential deleterious protein and
expression level changes (Koenig et al. 2013). The selection of regulatory elements responsible for
expression level changes, has been acting on clusters of co-expressed differentially expressed genes
(DEGSs) thus targeting pathways more than major effect genes (Sauvage et al. 2017). Following these
findings, using a comparative analysis on potato and tomato, it was recently proved that the
magnitude of domestication induced perturbation can expand to a complete pathway shutdown,
such as the steroidal glycoalkaloids anti-nutritional pathway (Itkin et al. 2013).

Evolutionary, while comparing the regulatory changes to the domestication-associated genes
under selection, in Maize, only one third of the DEGs were located on selected regions. They
hypothesized that the remaining DEGs were cis-regulatory variants (variant acting on the gene
expression of a linked gene, most probably transcription factor genes) that had “hitchhiked” along
with the selected genes (Swanson-Wagner et al. 2012). The cis-regulations are often tissue- and
stage-specific implying a strong impact on domestication-associated phenotypes when selected
during domestication. The importance of these cis-regulatory variants highlights the necessity to
study in depth the cis-regulatory elements in non-coding regions as well (e.g. promoter, intron, 5’
untranslated region (UTR), etc.). Though, it appears that only the cis-regulatory regulation correlates
with genes under positive selection due to domestication, while trans-regulatory elements do not

(Lemmon et al. 2014).

iii.  Metabolome changes at the genome-wide scale

The study of the transcription of protein-coding genes reveal regulatory aspects of metabolic
network behavior (Carrari et al. 2006). Another way to study domestication changes is to look directly
at the gene expression products. The metabolome is considered as the bridge between the genome
and the phenome. While selecting for phenotypes related to fruit taste and nutritional value, the
selection directly targeted natural compounds also called secondary metabolites. In the wild, the
important diversity of metabolites has a clear ecological role as to increase the potential of
adaptability. Wild plants product and store many compounds, with rare biological activity, to be more
adaptable in case of evolutionary challenges, the so called ‘Screening Hypothesis’ (Firn and Jones
2003). The variability in natural products is a source of potential protection (Lewinsohn and Gijzen
2009) against pathogens or against stresses due to climatic conditions (Langenheim 1994; Harborne
1999; Croteau et al. 2000; Gershenzon and Dudareva 2007), and simultaneously volatile organic

compounds emitted by the flowers induce pollinator attractions (Pichersky and Gershenzon 2002).
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During domestication the production of metabolites is shifted towards human interest. Many
products are known to be selected in crops or counter-selected as previously mentioned with the
shutdown of the glycoalkaloids anti-nutritional pathway (ltkin et al. 2013). Several studies used
metabolomic data set to decipher the specific domestication related changes in secondary
metabolites. In tomato for example, the crop experienced a loss of around 95% of the genetic and
chemical diversity of its wild relative species Solanum pennellii (Perez-Fons et al. 2014). Recent
metabolite based-GWAS studies performed on tomato confirmed the rewiring of the crop fruit
metabolome during domestication (Sauvage et al. 2014; Zhu et al. 2018).
These comparative analyses of crop and wild metabolite diversity highlight the importance for
modern breeding to improve crop nutritional quality and nutrient assimilation (Meyer et al. 2012b).
The metabolomic changes that are due to domestication, namely the reduction in metabolite
diversity, remains within the crop wild relative species. The modification of regulatory genes could
enhance and elicit trait improvement (Harrigan et al. 2007).

Thus nucleotide, transcriptomic and metabolomic diversity are highly impacted by
domestication. In this context, the use of crop wild relatives for crop improvement becomes
necessary, and the use of “omics” technologies provides an opportunity to integrate and compare all

levels from phenotype to genotype (Langridge and Fleury 2011).

d. Crop wild relatives, the source of potential for improvement

The strong and constant human selection of domesticated phenotypes alters the selective
pressures on cultivated plants and removes the process of natural selection. While shifting to a
human environment, early domesticates experienced an increase of fitness for phenotypes with low
fitness in the wild (Purugganan and Fuller 2009). In some cases, such selection induced the frequency
decrease or even loss in the crop population of less desirable phenotypes (Zohary 2004).
Domestication often selected against traits that increase plant’s defensive or reproductive success in
natural environment which implies that domesticates became unable to survive outside the man-
made environment, they lose their potential of adaptability (Gepts 2004; Pickersgill 2007; Allaby et
al. 2008; Purugganan and Fuller 2011). The resulting relaxation of natural selection and creation of a
human selective pressure induced genetic responses to domestication in domesticates, and this from

early stages on (Zeder 2012; Marshall et al. 2014).
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As previously mentioned, the domestication syndrome improved production related traits
but simultaneously induced loss of fitness related to diseases and stresses resistances and/or
tolerance. The modern breeding efforts were focused on modern cultivar diversity before to
recognize the potential of remaining traits of interest within the crop wild relative (CWR) species
genomes. These CWRs are the primary accessible source of diversity for crop improvement,
therefore, there is an urge for conserving and studying their gene pool within their location of origin
as well as in conserved seed stock.

Most of the past breeding improvement efforts were focused on increasing the yield and
inducing resistance to pathogens. These breeding programs relied on core collections of cultivars,
and since the very beginning the field looked into wild relatives to induce resistances that remained
in the wild resources. In this context, few challenges of the next breeding era need to be tackled, one
of them is the conservation of CWRs within their original wild locations but as well within conserved
seed stock (Brozynska et al. 2015). The second challenge is to sequence and decipher the possible
genetic, transcriptomic and metabolomic resources present within CWRs (Henry and Nevo 2014).
The few comparative transcriptomic and genomic studies on crop and their CWRs revealed that,
fortunately, most of the modified traits (ranging from drought tolerance to disease resistance) were
preserved in the close relatives and can potentially be retrieved through introgression or genome
editing (Eshed and Zamir 1995; Henry 2012). In the cultivated tomato the use of germplasm donor
from wild tomato species such as S. pennellii or S. habrochaites, leaded to enhance the agronomic
performance of S. lycopersicum, the cultivated form. So far, the use of CWRs has contributed for
more than 50 improved traits notably related to disease resistances in the tomato species only but
CWRs also increased quality and improved yield. The CWRs use to improve crops has been developed
in many other species as wheat, rice, sunflower, potato notably (Brozynska et al. 2015). In this
context, the scientific community extend the genomic researches from the crop to the crop wild
relatives as well (See /l.a. The plant family: Solanaceae section).

While traditional plant breeding was based on phenotypic selection, new methods such as
forward genetics rely on the available and high-quality genomic data to detect the gene of interest
location. The “omics” techniques allow the association of high-throughput genotyping and
phenotyping to identify candidate genes. Therefore the current crop improvement focus mostly in
improving modern cultivars with the genetic variation available in the germplasm collections
(Langridge and Fleury 2011). In addition, the use of metabolomic-assisted breeding was as well

proposed to improve the plant variance in metabolite composition (Fernie and Schauer 2009). The
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crop wild relative species may be a source of novel alleles to improve the productivity, adaptation,
quality and nutritional value of modern cultivars, as previously mentioned (Fernie et al. 2006).

A recent study took up the challenge of producing a de novo domesticated tomato, by editing
the genome of a wild relative. Knowing the main genes involved in tomato domestication, the study
reproduced the phenomenon of domestication with new genome editing methods (CRISPR-Cas9).
They targeted 6 genes well known to be involved in domestication traits: SP, OVATE, FAS and fw2-2,
MULTIFLORA (increasing the fruit number in crop) (and LYCOPENE BETA CYCLASE (CycB: increasing
the content in lycopene thus the fruit nutritional quality). The study revealed the potential of
mutating wild plants to reproduce domestication process (Zsogon et al. 2018). Not only such study
offers the opportunity to study domestication more thoroughly but it also opens a new range of
potential improvements by the retrieval of wild adaptability traits and the induction of traits of
interest for crop production and human consumption.

In this context, it seems necessary to intensify the efforts to identify the changes that
modified the wild progenitors into crop species. Indeed, by improving the comprehension of the past

evolutionary process, it will help developing future strategies of breeding improvement.

e. Potential of demographic inferences to decipher domestication
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Figure 5. The characterization of domestication in crop species is dependent on understanding the
initiation and the course of the domestication process. The width of the channels represents
population size and geographical range; M = Ne*m, which is the product of effective population size
(Ne) and the migration rate (m). (a) Earlier models of domestication posited a single domestication
event and suggested that domestication occurred through strong selection and severe genetic
bottlenecks in a small population of the wild progenitor, which resulted in greater reproductive
isolation between the wild species and the domesticated species. (b) Alternative model including
introgressions between cultivated and wild relatives. (c) Alternative model including introgressions
and several onsets of domestication. Adapted from: Meyer and Purugganan 2013
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Already Darwin had foreseen the potential of domestication for studying it as an artificial
evolutionary process. Understanding the changes between crop and wild progenitors requires to
decipher the evolutionary forces, namely the mechanisms of mutation, selection and drift. With the
outbreak of unprecedented -omics data, it became possible to estimate the evolutionary processes
by testing theoretical population genetic models, this approach is a model-based hypothesis testing.
Using demographic models on genomic data offers a better resolution to estimate demographic
parameters that impacted the stages of domestication (Cubry and Vigouroux 2018). Most current
studies on domestication are highlighting the stage 2. This step of cultivation is paired with a strong
filtering only on desired phenotypes, the resulting selective sweeps imprinting the crop genetic
constitution by decreasing the whole genome diversity (Galtier et al. 2000). The reduction in
nucleotide diversity is detectable by a correlated reduction in effective population size (figure 4b).
With the combined use of genomic resources and demographic inferences between crop and wild
progenitors, it becomes possible to detect and characterize these stages, through the changes in the
effective population size and gene flow rate, and estimate their duration (Gaut et al. 2018).

The early demographic models of domestication suggested a single event of domestication
with a severe bottleneck from a few individuals of the wild progenitor species (Haudry et al. 2007),
resulting in a reproductive isolation between crop and wild especially in a case of re-localization of
the crop to a human-environment (as illustrated in figure 5a). With the increase in genomic data and
archeological records of crops, new general models have been proposed to fit the evolutionary
histories of more crops. The genetic bottleneck that was supposed to be severe appeared to be
variable according to the species, annual crops such as maize (Hufford et al. 2012) and tomato
(Koenig et al. 2013) experiencing the expected and strong reduction in nucleotide diversity, but this
reduction being minimal in perennial plants such as apple (Cornille et al. 2012). This underlines the
influence of life history in the domestication scenarios, annual plants experiencing stronger selection
generation after generation due to the inbreeding when perennials are obligate outcrossers and
experience high rates of intra- and interspecific gene flow (Savolainen et al. 2007; Miller and Gross
2011). The recovery from a bottleneck can be highly improved by introgressions from wild relatives,
therefore, a strong isolation is not necessarily a feature of domestication (Dempewolf et al. 2012)
and the migration has to be included in domestication model (figure 5b). Several crops such as maize,
pearl millet, wheat, carrot and tomato are thought to have experienced a single domestication event
(Meyer et al. 2012a). But alternative models need to include the potential multiplicity of

domestication events, as it is expected to characterize one quarter of the global food crops (Meyer

-23-



et al. 2012a). Some species such as barley, common bean or eggplant are expected to follow such

patterns of domestication with parallel events in different regions or at different time points (figure

5¢).
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Figure 6. Representation of the heterogeneity across the genome. Briefly, Ne correspond to the effective
population size (Ne W: wild, Ne C: crop), migration is shown by orange (from crop to wild) and blue (opposite
direction) arrows. (a) Heterogeneity of effective population size, genome location that experienced a selection
at linked neutral sites. The %nrC is the proportion of the genome that has been “selected”, the extent of
effective population size reduction in “selected” regions is sfC (in the crop). (b) Heterogeneity of the effective
migration rates that highlights hotspots of introgression. The %nb is the proportion of “not barrier” regions
(nbW: wild, nbC: crop). Inspired by: Roux et al. 2013 & Sousa and Hey 2013

The studies on proximity between crop and wild relatives of wheat and maize were based on
phylogenetic tree based on distances at first (Heun et al. 1997; Matsuoka et al. 2002), but such
method assumes that gene flow is negligible. The gene flow is not a limiting factor in model-based
inferences, thus, using demographic inferences is better suited for the reconstruction of
domestication processes (Cubry and Vigouroux 2018). The use of outgroup species defines ancestral
or derived each allele at polymorphic sites. The frequency of polymorphisms shared between both is
summarized in a joint site frequency spectrum (jSFS). From this summary statistics of the population
genetic diversity, the inferences can be made using likelihood or pseudo likelihood approaches such
as proposed in the software FastSimCoal (Excoffier et al. 2013), dadi (Gutenkunst et al. 2009) or
Approximate Bayesian Computation (ABC). Bayesian computation is based on extensive simulation
of potentially complex models and on assessing if the model fits the observed data. Though on large
data sets such as RNAseq data, the coalescence method is faster and efficient on two populations

(e.g. crop and wild) using a jSFS with given ancestral states (Marin et al. 2012). The coalescence
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method implemented in dadi infers most probable scenarios of domestication and rebuilds
population history with a diffusion-based approach. Such approach was used to investigate and
decipher the Asian rice domestication, for example (Molina et al. 2011).

The different models of divergence can implement scenarios of strict isolation (figure 5a), of
isolation with migration (figure 5b) or of secondary contact (Gutenkunst et al. 2009). The variation in
effective population size across the genome (figure 6a), such as a local reduction of Ne, due to a
selection at linked neutral sites, known as the Hill-Robertson effect (Hill and Robertson 1968), is
implemented by considering two categories of loci (Sousa and Hey 2013). The identification of
potential genomic hotspots of introgression (figure 6b) is implemented, as well, by clustering the loci
in two categories with different effective migration rates (Roux et al. 2013). While most demographic
studies reconstruct the domestication events in a single species (Eyre-Walker et al. 1998; Wright,
2005; Sabeti et al. 2007; Zhu et al. 2007), the question of the convergence between the domestication
processes among different crop and wild species of a same family received little attention so far. Dadi
has been recently used in order to decipher the most probable domestication history of the rice
comparing wild and crop species (Molina et al. 2011) and allowing the estimation of splitting time
between ancestral populations, number of migrants per generation between the populations and
estimating the strength of the bottleneck. This study and some others on humans (Lindblad-Toh et
al. 2005) and animals such as horses (Wade et al. 2009) or dogs (Ostrander et al. 2017) are evidencing
that comparative analyses on the demography of several species would highlight the convergence of
demographic modifications due to human history and animal and plant domestication.

The main interest of demographic inferences is to better understand the process of
domestication. It brings valuable knowledge for modern breeding to understand the crop
demographic changes coupled with the responses to this artificial selection process (Hammer 1984;
Vigne 2011), but to human history and sociology, as well, by estimating dating for the transition to
crop cultivation that correspond to the settlement of human populations (Zeder 2015). In this
context, we used the common selected phenotypes in three domesticated species of the Solanaceae

family to evaluate the extent of convergence between independent domestication events.
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Il.  Focus on the study systems: Solanaceae

A h w2

Figure 7. Botanic illustration of the Solanaceae family with an example in the Solanum nigrum.

a. The Solanaceae family

The Solanaceae is the most important angiosperm family in terms of species number. The
Solanaceae or nightshade family includes ~3,000 species distributed in 90 genera (Vorontsova and
Knapp 2012). Both genetic and species level diversity in the family is mainly concentrated in the
Andes of South America, and the family has a classic Gondwanan origin explaining the worldwide
distribution of its species. The largest genera is the Solanum L. with around 1,500 species (figure 7)
(including three of the most important crops: the cultivated potato (Solanum tuberosum L.), tomato
(S. lycopersicum) and eggplant (S. melongena). The second genera with relevant importance is the
Capsicum genera, composed of 30 species, that includes five domesticated species of pepper (C.
annuum L., C. frutescens L., C. chinense Jacq., C. baccatum L. and C. pubescens Ruiz et Pav.). To discuss

species within the Solanaceae family, it is important to precise that species, especially in the plant
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kingdom, are defined according to common phenotypic and now genetic traits, but that reproductive
barrier is not always present. Two separate plant species can still interbreed and have fertile
progenies within hybrid zones (Barton and Hewitt 1989). Regarding domestication, most of the crop

species can still interbreed with their wild relative species.

i. Economic importance

This taxonomic family includes a number of commonly collected or cultivated species within
which several species are leader in the economic and production fields. These species are
represented on the figure 8. Although, the food production per year is dominated by cereals, because
of their high nutritional values, the Solanaceae family comes second. In comparison, cereals
represent around 50% of the global production, with maize (1,038 Mt), rice (742 Mt) and wheat (733
Mt), and Solanaceae follows with potato (381 Mt), tomato (172 Mt), eggplant (50 Mt), pepper (35.7
Mt) and for more economic reason tobacco (7.2Mt). When considering the economic importance for
export, the Solanaceae is one of the leaders in export, just after cereals with tomatoes (9.1 billion
USS of export value), tobacco products (5.7 billion USS), potatoes (4.8 billion USS), chilies and
peppers (1.4 billion USS) and eggplants (0.45 billion USS). The detailed economic and production
values are given in table 1. This thesis work focuses on eggplant, pepper and tomato that are three

of the five most important economical Solanaceae.

Tablel. Main crops export and production values for the year 2014. Source: FAO 2014

Species Export value Production value
(billion USS) (Mega-tons (Mt))
Wheat a7.7 733
Maize 32.8 1038
Rice - total
(Rice milled equivalent) 26.0 742
Tomatoes 9.1 172
Chillies and pepper 6.2 35.7
(green and dry)
Tobacco products 5.7 7.2
Potatoes 4.1 381
Eggplants (aubergines) 0.5 50
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ii.  Scientific recognition

An important scientific community addressed the questions of plant adaptation and
diversification in the Solanaceae with the International Solanaceae Initiative (SOL) that has a long-
term goal of creating a network of resources and information about Solanaceae genomes. Within the
SOL network, an effort was made to produce a clade-oriented database dedicated to the Solanaceae,
namely the Solanaceae Genomics Network (website at https://solgenomics.sgn.cornell.edu/).
Therefore, considerable genetic resources of natural diversity in tomato (S. lycopersicum), eggplant
(5. melongena) and pepper (Capsicum spp) are available and will constitute the raw material of this
study. Part of these genetic resources have been characterized at the phenotypic and molecular
levels while core collections have been constituted to investigate the genetic architecture of traits of
agronomical interests through various approaches (QTL mapping, GWA). The three species, that are
at the root of the project, are of major scientific interest especially with the tomato being one of the

first genetic model for genetic diversity study or fleshy fruit development.

S. tuberosum S.lycopersicum S.melongena C.annuum Nicotiana Petunia

) @ B O ims ®

7.3Ma

23.7Ma Vitis vinifera

30Ma
Solanaceae

Asterids

Rosids

120Ma

Figure 8. Phylogeny of the Solanaceae family, showing the family-specific Solanaceae hexaploidy
event shared with most eudicots. Solanaceae mutation is placed before the divergence of Petunia
and the x = 12 crown-group (~30 and 49 Million years ago (Ma)). Inspired by: Bombarely et al. 2016
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Most of the taxa of both the Solanum and the Capsicum genus have a chromosome number
of n = 12 (figure 8). The three species have highly colinear and syntenic reference genome maps
available (Wang et al. 2008), that facilitates the comparative genomic analyses. The S. lycopersicum
reference genome (The Tomato Genome Consortium 2012) is regularly updated (currently at version
3.2), the C. annuum reference genome (Qin et al. 2014) has, as well, a version 2.0 and the new
reference genome of S. melongena, yet unpublished (Lanteri et al. 2014; The Eggplant Genome
Consortium 2017), was obtained in December 2017 (Table 2) thanks to a project coordinated by the
University of Torino, Italy, who gave us a private access to the complete genome sequence.
Moreover, the 3 species have different geographical origins, tomato and pepper originating from
south and central America and eggplant from Asia. These independent histories are a great
opportunity to test if the domestication outcomes are parallel, convergent or species-specific within
a same plant family. Indeed, despite their independent geographical and domestication histories,
these three species experienced a strong selection pressure on common phenotypes such as fleshy
fruits (The Tomato Genome Consortium 2012) and other traits that added interest for human culture

and consumption.

Table 2. Genome feature of the three species eggplant, pepper and tomato. Source: Arumuganathan
and Earle 1991; The Tomato Genome Consortium 2012; Lanteri et al. 2014; Qin et al. 2014

Genome Features S. melongena C. annuum S. lycopersicum
Mating system self-compatible
Assembled genome size (Gb) 1.2 3.349 0.76
Accession - Version (67/3) - NA (Zunla-1) - v.2.0 (He|r31231;06) i
Number of scaffolds 10,383 967,017 NA
Contig N50 (bp) 1,060,000 1,226,833 NA
GC content (%) 35.7* 34.9 34.0
LTR rate (%) NA 70.3 50.3
Predicted protein-coding genes 34,916 35,336 34,769
Gene number used in our analyses 18,047 19,628 17,545
Average gene length (bp) NA 3,363 3,006
Average CDS length (bp) NA 1,020 1,063

Sequence anchored on
chromosome (%)
Genes anchored on chromosome
(%)

*Data recovered from the draft reference genome of eggplant. Source: Hirakawa et al. 2014

68.79 78.95 98

81.43 88.29 NA
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In the following sections, the three species (i.e. eggplant, pepper and tomato), will be
described thoroughly. Though, it is important to precise that the three species have a high strong
level of synteny between their respective genome, which allows and facilitate eventual transversal
applied and basic research (e.g. improvement of a crop species with knowledge on syntenic genes
within another crop species, study of the evolution process of the Solanaceae family). Already some
resistance genes were found to analogs and present in the two or three of these species, namely
the SmM7RGA4 in Solanum melongena and C. annuum, or Sm7RGA8 in S. lycopersicum and C.
annuum (Reddy et al. 2015). The close genetic structure or collinearity allows a real comparative
analysis of the three species and involve potential trans-specific breeding improvement between
the species. While performing mapping of the eggplant or the pepper (see following sections), the
synteny was as well intensively used to facilitate the genomic architecture understanding (Doganlar
et al. 2002a; Hirakawa et al. 2014). Already, while studying eggplant, Doganlar highlighted that 40%
of the QTLs had orthologs in at least one of the species including tomato, potato and pepper
(Doganlar et al. 2002b). The genome evolution of Solanaceae was highly impacted by domestication
and the crop species were studied to identify genes for domestication (Doganlar et al. 2002b) and
morphological changes (Frary et al. 2002). These studies were pioner of crop comparative analyses,
and intitiated a better understanding of the genome changes due to domestication in Solanaceae
family such as for genetic and molecular regulation of domestication-related traits in tomato and

pepper (Paran and Van Der Knaap 2007).

a. Eggplant history

i.  Taxonomy and species history

Eggplant (Solanum melongena L.) is a vegetable originally growing in warm-weather
conditions such as in tropical or subtropical regions (figure 9A). The cultivated eggplant has a large,
oblong, purple-skinned “Black Beauty”-type fruit, but wild and semi-domesticated eggplant usually
present a small, round, yellow fruit and a plant with abundant prickles (figure 9B). S. melongena and
its wild relatives are part of the clade of “spiny solanums” named Leptostemonum (Levin et al. 2006),
the clade is originating from Africa where wild species are still present (Knapp et al. 2013; Meyer et
al. 2015). Wild species of eggplant moved to tropical Asia with step-wise expansion where Solanum
melongena L. was domesticated and back to the Middle East as feral forms (Weese and Bohs 2010;

Meyer et al. 2012a). The eggplant domestication remains debated and several parallel events of
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domestication were proposed according to writing records that recall its presence simultaneously in
China and south eastern Asia around 2,000 years ago (Susruta and Bhishagratna 1907; Meyer et al.

2012b).
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Figure 9. Phylogeny and biogeography of the Eggplant clade based on whole chloroplast genome
sequences. The pink boxes highlight the species used within this Thesis work. (A) Map showing the
seven biogeographic areas used to infer the biogeographic history of the Eggplant clade. (B) Full-
plastome dated phylogeny of the Eggplant clade. The most probable ancestral area is figured at each
node of the Eggplant clade; high levels of biogeographic uncertainty are indicated with dotted lines.
Source: Aubriot et al. 2018

The first taxonomic studies on wild accessions were performed according to morphological
traits but were insufficient to classify all the species (Lester 1986). The first phylogenetic analyses of
wild relatives on chloroplast DNA (cpDNA) was performed on nine species including: S. aethiopicum,

S. anguivi, S. gilo, S. incanum, S. integrifolium, S. macrocarpon, S. olivare and S. panduriforme (Sakata
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et al. 1991). Following this study, the phenetic method was used to provide a cladistic taxonomy of
36 accessions of crop and wild relatives forms of series Inaciformia, Macrocarpa and Aculeastrum
(Mace et al. 1999). It is with RFLP analysis of the mitochondrial DNA that six related species of S.
melongena, namely S. gilo, S. integrifolium, S. indicum, S. sanitwongsei, S. surattense and S. torvum
were phylogenetically classified in 2003 (Isshiki et al. 2003). Though, using compiled details from AFLP
and morphological traits, a cladistic method suggested that the taxonomy of the Solanum sections
and subgenera including several species had to be reconsidered (Furini and Wunder 2004). Eggplant
taxonomy was challenging for long but a recent study compiled 2 nuclear and 3 plastid regions, and
used a phylogenetic tree based on a maximum likelihood and a Bayesian inference, that included 42
of the 56 recognized species to decipher the entire clade taxonomy (Aubriot et al. 2016).

The crop species experienced several taxonomic discussions, it was structured in 3
morphoforms (group E, G, H), within a study on crop and wild relatives including , the study used
cpDNA for phenetic and cladistic methods (Sakata and Lester 1997). The group were considered as
artificial and the wild relative progenitor was hypothesized in a study on S. melongena, S. incanum
and S. insanum from Karihaloo in 1995 (Karihaloo and Gottlieb 1995). This wild progenitor was
recently ascertained, after being long debated, in a review of taxonomy from 2016 (Ranil et al. 2016).

Both species remain in sympatry within Asia.

The genetic diversity of eggplant cultivars is reduced compare to their wild progenitor. The
capacity for wild and crop eggplants to hybridize producing fertile plants increase the potential use

of crop wild relative to improve modern cultivars (Davidar et al. 2015).
ii. Genetic resources

The eggplant ranks in the top five important vegetables and is very important in Asian regions.
The yield of eggplant is really dependent on climatic conditions (Frary et al. 2007), therefore, it is
important to improve modern cultivars to face global warning effects by identifying and using CWR
diversity. As for many crops, only few eggplant cultivars are cultivated worldwide (Mufieoz-Falcén et
al. 2009) and consequently the varietal diversity is mainly concentrated within the original locations
that retain a diversity in number of cultivars (Ali et al. 2011). In southeast Asia and India, thousands
of local landraces exist and represent a wide range of variability in morphology, flavor and pathogen
resistance. Wild relatives were used in breeding to induce resistances such as for the bacterial wilt
resistance present in the wild species S. macrocarpon, S. gilo and S. viarum (Reddy et al. 2015). But

in 2016, Syfert et al. related the absence of modern cultivars with introgressed traits from wild
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relatives (Syfert et al. 2016), the breeding improvement relying mostly on genetically modified
cultivars such as the Bt eggplant (Bhagirath and Kadambini 2009). Following these technological
advances, 23 populations of wild relatives were studied to identify the potential crop-to-wild gene
flow. The wild eggplant requires a pollinator visit for the pollen to transfer, in result the wild are 5-
fold more outcrossing than the domesticated, and the study highlighted the capacity of hybridization
that would lead to introgression from crop to wild genepool a possible concern if the domesticated
were genetically modified (Davidar et al. 2015).

Despite the little use of crop wild relatives in modern cultivars, the biodiversity of wild
relatives of eggplant remains in the landraces and in the wild relatives. Thus a large-scale effort was
made by the scientific community to collect and conserve germplasm of wild relatives and landraces
encompassing more than 15,000 accessions in 99 institutions worldwide for landraces alone (Meyer
et al. 2012b). In an effort to produce a public database, the European Database for Eggplant was
developed within the framework EGGplant genetic resources NETwork, the platform offered three
independent search pages, on databases of eggplant, Solanaceae, and on Solanaceae bibliography

(http://www.bgard.science.ru.nl/WWW-IPGRI/eggplant.htm).

iii.  Molecular markers and genome mapping

This work of genetic resources collection, was complemented by the production of molecular
markers to develop a linkage map of the eggplant reference genome. The first one, named eggplant-
LXM 2002, was based on 58 F2 individuals from an interspecific cross between S. linnaeanum
(MM195) and S. melongena (MM738). This map provided 233 RFLP markers that were used to
decipher the synteny analysis of the genomes of eggplant, tomato, potato and pepper (Doganlar et
al. 2002b, a; Frary et al. 2003).

In parallel, another linkage map based on 88 RAPD and 93 AFLP markers, at first, was
complemented over time, by 236 SSR markers and spanned a total genetic distance of 959.1
centimorgans (cM) in 14 linkage groups. This map aimed to facilitate breeding programs by mapping
fruit shape and color development traits (Nunome et al. 2001, 2003, 2009).

Another map, the eggplant-COSII map was produced in GAFL-INRA by Marie-Christine Daunay
and was based on 58 F2 individuals from an interspecific cross between the same accession as the
eggplant-LXM 2002. Using the tomato synteny, they provided 232 markers COSII of the eggplant
genome (Wu et al. 2006, 2009b).
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Following these two linkage maps, the production of a draft reference genome was published
in 2014 composed of 33,873 scaffolds termed SME_r2.5.1 that covered 833.1 Mb of the eggplant
genome (~74 %). They identified 56 conserved synteny block between tomato and eggplant
(Hirakawa et al. 2014). Recently, a genome (yet unpublished; conference citation: The Eggplant
Genome Consortium 2017) was produced within the Eggplant Genome Consortium, this reference
genome of S. melongena L. inbred line ‘67/3’ was sequenced with a combination of lllumina
sequencing and optical mapping, and covered 1.06 Gb of the 1.2 Gb eggplant genome, anchoring

78.79% of the sequences produced in the final assembly, more details are provided in the table 2.

b. Pepper history

i.  Taxonomy and species history

The first taxonomic studies on Capsicum was produced in a monography by Fingerhuth in
1832 (Fingerhuth 1832), where he depicted a detailed list of species from the generis Capsici
including the C. annuum L., C. frutescens Willd., C. baccatum L., C. microcarpum D., C. sinense Jacq.
that would be later on denominated C. chinense Jacq.(Heiser and Pickersgill 1969). It is only in 1953
that four cultivated species were officially recognized with the first description of the cultivated
peppers, namely C. pubescens, C. annuum, C. baccatum (called C. pendulum in the study) and C.
frutescens (Heiser and Smith 1953). The fifth cultivated species C. chinense (called C. sinense in the
study) was included few years later (Smith and Heiser 1957). The use of allozyme of domesticated
and wild taxa of Capsicum helped deciphering the genera. Despite the easily discernible white-
flowered and purple-flower group, the results showed that discerning the species within groups is
problematic. They highlighted the similarities in the species C. baccatum and the C. praetermissum,
resolving they were part of the same species, and they named the C. annuum complex when they
could not disentangle the species C. annuum v. annuum, C. chinense, and C. frutescens (Jensen et al.
1979).

Within this taxon, the “bell pepper” (Capsicum annuum L.) is a vegetable originally growing in
the warm-weather conditions of tropical Mesoamerica) (figure 10A). C. annuum is the most widely
grown spice and is worldwide bred and consumed. The only distinguishable trait that distinguishes
C. annuum from its wild relative species is the rate of germination. Traits relative to the domestication
syndrome such as fruit size, position and loss of seed shattering vary among landraces) (figure 10B).

The archeological records are too limited to detect which traits arose first from fruit shapes, color
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and degree of pungency (Loaiza-Figueroa et al. 1989). Most of the remains (mainly seeds) were
located in caves in the Tehuacan valley in Mexico but they are within the same size range of modern
crop wild relative C. annuum var. glabriusculum (Kraft et al. 2014). The wild progenitor of the current
cultivated pepper was part of the human diet since about 9,500 years Before Common Era (BCE). The
pepper is one the only crop for which farming people still consume wild species as much as their
cultivated descendants. The importance of Pepper comes from its pungency that is used as spices.
The unique archaeobotanical record identified, as certain C. annuum, was estimated to be old of

1,500 years BCE (Lentz et al. 1996).
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Figure 10. Hypothesis of Capsicum expansion. The pink boxes highlight the species used within this
Thesis work. (A) Schematic expansion of the species. The arrows represent clades and monotypic
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reconstructed by Bayesian MCMC analysis. Pie charts are larger for the main nodes to make them
more evident. Color codes reflect the major clades based on the phylogenetic results (grey scale for
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Source: Carrizo Garcia et al. 2016
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A recent study combining ecology, archeology, linguistics and genetics of C. annuum identified
a potential domestication center in central-east Mexico and suggested a timing estimation of 6,500
years BCE for the domestication supported by few other archeological records and timing elements
of the proto-Otomanguean language (Kraft et al. 2014). If the hypothesis concerning the starting time
of pepper domestication remains uncertain, the cultivation and export of wild pepper species around
America by the ancestors of native people, led to five independent domestication events (the original
location of the Capsicum species are represented on the figure 10A). Thus, C. annuum was initially
domesticated in central-east Mexico but C. frutescens was in the Caribbean, C. baccatum in lowland
Bolivia, C. chinense in northern lowland Amazonia and C. pubescens in the mid-elevation southern
Andes (Eshbaugh 1983). These other cultivated species, such as the complex of species of C. chinense
and C. frutescens considered as similar species (Pickersgill 1971; Walsh and Hoot 2001; Guzman et al.
2005), were not drastically domesticated like C. annuum was, and, they are often used as

improvement material for the cultivated pepper (Hill et al. 2013).
ii. Genetic resources

Despite the five domesticated species of Capsicum, the modern breeding programs focused
mostly on the non-pungent cultivars of C. annuum (Pickersgill 1997). A first comparative study
between domesticated and wild Capsicum, using isozyme-coding loci, revealed a reduction of the
total genetic diversity in the crop accessions (Loaiza-Figueroa et al. 1989). A following study focusing
only on C. annum and using RFLPs, highlighted the lower genetic diversity in modern cultivars of “bell
pepper” (non-pungent pepper) cultivars in Europe and North-America compare to the small-fruited
accessions cultivated world-wide (Lefebvre et al. 1993). Both studies confirmed the expectation of
the species using predominantly inbreeding as mating system, indeed almost all the species of
Capsicum happened to be self-compatible (exception being C. cardenasii). The Capsicum
domesticated species were reported to have low level of heterozygosity compared to the wild (Ibiza
et al. 2012). From the first results, it became clear that genetic diversity would be collected more
efficiently while favoring an extensive sampling of multiple populations (Brown and Marshall 1995).
Thus, the crop wild relatives of pepper are important and constitute the source for further genetic
studies and breeding improvement. They represent a gene reservoir that can bring solutions for

agricultural problems such as conferring disease resistance of increasing quality and yield. In this
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context, in 2001 they started testing 13 populations of C. annuum from Mexico to test for viruses
resistances(Hernandez-Verdugo et al. 2001).

The effort to collect core collection kept increasing while the genomic methods improved
using the diversity as source of power. Indeed, 43 accessions of four species of cultivated pepper
were characterized using 30K unigene pepper GeneChip revealing the genetic structure of the species
(Hill et al. 2013). Following this, 1,352 non redundant accessions from 11 Capsicum species were
genotyped using 28 microsatellites (SSR) to decipher the genetic diversity and structure of the genera
(Nicolai et al. 2013). They could show the clustering of each domesticated species but a strong
discrepancy of the close wild relative, namely C. annuum var. glabriusculum) often referred as
‘chiltepin’, supposedly wild progenitor of C. annuum, but from these results apparently subdivided
in species respectively progenitor of all domesticated species. Following these results, a core-
collection of 332 accessions was established and maintained in INRA - CRB-lég
(https://wwwé.paca.inra.fr/gafl_eng/Vegetables-GRC). This collection is completed by a germplasm
bank of Zaragoza in Spain that contains 51 landrace accessions and 51 accessions from the complex
of 9 species (Gonzalez-Pérez et al. 2014). One-third of the world’s pepper production is from China,
thus in 2016, they contributed with 372 GenBank pepper accessions of Chinese local cultivars and
landraces (Zhang et al. 2016b). In 2015, a study used pepper to show how gene bank could be
improved selecting the accessions on the basis of diversity instead of selecting for specific traits (Van
Zonneveld et al. 2015).

In the following work, the comparative analyses will focus on 4 species. The crop population
used in our analyses is C. annuum that is the most cultivated domesticated form of pepper. In the
demographic inference analyses we used the wild progenitor C. annuum var. glabriusculum to
decipher the domestication process, and for the transcriptomic analysis we used C. frutescens and C.
chinense, a complex commonly considered as same species, they both share the same location in the
lower Andean and have a recurrent gene. This complex of species is considered and was already used
as potential source of diversity for C. annuum improvement to resistance to diseases (Polston et al.
2006; Ibiza et al. 2010), pests (Fery and Thies 1997) and nutritional quality (Zewdie and Bosland
2000).

iii.  Molecular markers and genome mapping

In parallel to this work of genetic resources collection, molecular markers were used to

develop a linkage map and a genome mapping. It is using RFLP that Prince et al. (1993) started the

-37-



linkage mapping using 192 molecular markers for Capsicum and the synteny comparison with the
tomato. Following this, an effort was made to better understand the genome of C. annuum with
mostly anonymous markers as RFLPs, AFLPs and SSR (Lefebvre et al. 1993; Prince et al. 1993; Paran
et al. 1998; E. Z. Kochieva 2003; Adetula 2006; Akbar et al. 2010).

Afirst complete linkage map was proposed in 2006, this map comprises 381 markers including
271 Conserved Ortholog Set (COSII) using the synteny between pepper and tomato to position the
markers in the pepper genome. The Pepper-COSIl map was based on 94 F2 individuals from an
interspecific cross between C. frutescens var. BG 2814-6 and C. annuum cv. NuMex RNaky. It was the
first map representing the 12 contiguous linkage group corresponding to the respective
chromosomes of the pepper genome including crop and related Capsicum species and spanning
1,613cM (Wu et al. 2006, 2009). In parallel, two maps were produced by private company, the
Pepper-AC99 and the Pepper-FAO3 available on the Sol Genomics Network website

(https://solgenomics.net/). Respectively, the Pepper-AC99 map was based on 100 F2 individuals from

the inter-specific cross of C. annuum cv. NuMex RNaky and C. chinense var. P1159234, including 426
markers used to construct a linkage map of 1,304.8 cM.

The second, the Pepper FAO4 map was based on 100 F2 individuals from the cross of the C. annuum
cv. NuMex RNaky and C. frutescens BG 2814-6, including 728 molecular markers and covering 1,358.7
cM of the pepper genome.

Following this mapping, the effort was pursued to improve the genome mapping and two
reference genomes were proposed in 2014. An international group including scientists from Korea,
Israel and USA presented the sequence of the hot pepper C. annuum cv. CM334 (Criollo de Morelos
334) with a 186.6x coverage using lllumina technology (Kim et al. 2014).
In parallel, scientist from China and Mexico published the complete genome of two Capsicum
accessions, one Chinese cultivated Zunla-1 and one Mexican wild Chiltepin (Qin et al. 2014). The
previous Zunla-1 reference genome is the one we used in our study and details are available in the
Table 2.

Recently, in 2018, a linked-read sequencing technology was used to anchor over 83% of the

final assembly, producing a high-quality reference genome (Hulse-Kemp et al. 2018).
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c. Tomato history

The cultivated tomato, Solanum lycopersicum L., is one of the most important crops from the
Solanaceae family. It is a model organism with high economic and scientific value. The chapter | of
this thesis describes into details the phylogeny, the taxonomy and the scientific history of population
genomics in tomato, therefore, here, | will not extend this section. Briefly, the tomato was
domesticated from its wild progenitor S. pimpinellifolium in Peru (figure 11A — estimated silent
divergence of 0.6% - TGC, 2012) before experiencing two bottlenecks: first moving to Mesoamerica
(Blanca et al. 2012) and then with few cultivars introduced to Europe from Mexico (Atherton and
Harris 1986; Blanca et al. 2015). These events led to specific footprints with domestication and
improvements sweeps (Lin et al. 2014). In the following work, the comparative analyses will focus on
three species, the crop S. lycopersicum, the wild progenitor S. pimpinellifolium and the wild relative

group peruvianum (figure 11B).
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Figure 11. (A) Wild tomato species originally inhabit diverse ecological zones (shaded regions) along
the western coast of South America and the Galdpagos Islands. (B) A whole-transcriptome
concatenated molecular clock phylogeny with section Lycopersicoides as the outgroup. Branch colors
indicate the four major subgroups (labels on right). The pink boxes highlight the species used within
this Thesis work. (C) A “cloudogram” of 2,745 trees (grey) inferred from nonoverlapping 100-kb
genomic windows. For contrast, the consensus phylogeny is shown in black. Source: Pease et al. 2016
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lll. Scientific questions and hypothesis of the thesis

Plant domestication considerably altered the modern cultivars used in current food
production. The process of crops domestication is recurrently studied to answer the main questions
concerning crop history:

e What was the wild progenitor species of the current crop?

e Where and when occurred domestication?

e How much domestication impacted genomes and transcriptomes of crop species?

e What were the genes and pathways targeted by selection?

e And finally, what can be retrieved from the wild relative species to improve modern

cultivars?

My research project aims to answer some of these questions by revealing the extended
footprints of domestication on the demographic history and on the expressed genes (is there any
difference between gene diversity and expression profiles) of a trio of Solanaceae species: the
eggplant, the pepper and the tomato. These three species have undergone independent
domestication events and the wild population samples collected open a gate to study their genetic
diversity and their phylogenetic history. The comparative study of these three species of Solanaceae
is necessary to underlie the process of Solanaceae domestication. Indeed, by performing
comparative transcriptomics, the description of matches and differences between crops and wild
species allows to establish the domestication-associated footprints.

In the first chapter, the state of the art of research on tomato as model species gives an
overview on the past, the present and the future of population genomics in this species. Tomato is a
model species in genetics, as well as in population genomics thanks to the important collection of
genomic data that have been accumulating over years. By highlighting the importance of crop wild
relative species for adaptability improvement of modern cultivars, this chapter describes the
scientific context of this thesis work.

In the second chapter, we aimed to decipher the most likely domestication scenario for the
three crop and wild population pairs. We performed a comparative analysis of several demographic
models of increasing complexity to limit biases induced by making strong assumptions (Gaut et al.
2018). Comparing the crop and wild populations enabled us to evaluate the extent of biological
changes due to domestication. This knowledge is crucial to improve future breeding efforts and bring

valuable estimation of the impact of human selection on the crop effective population size and gene
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flow with their wild relative (Zeder 2015). Inferring the demographic scenarios of these three species
is an unprecedented opportunity to further characterize each domestication event duration, and
therefore improve the inference of the demographic history that were hypothesized through indirect
means (human and cultivation history of the areas, ancient written records). This information is not
described in the literature.

In the third chapter, the hypothesis relies on a convergent modification of gene nucleotide
diversity and gene expression levels during domestication between the three species. Comparing
crop and wild relative accessions enabled to estimate gene expression differences and detect
genomic selection footprints. Annotations of the targeted genes (selected and differentially
expressed) identified the biological processes altered during domestication. The hypothesis relies on
the orthologs shared within the trio of species and their modification. We hypothesize that
mechanisms of regulation and adaptation that have been triggered by domestication of crop species
are convergent. Therefore, for the three independent domestication process the expectation is to

highlight parallel changes induced in crops compare to their wild relatives.
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MATERIALS AND METHODS

a. Data available before the start of the PhD project

It has been feasible to start such a project for my PhD only thanks to the dataset already
available. The tomato samples were part of the ARCAD project (project No 0900-001 supported
by The Agropolis Fondation), and partly published in Sauvage et al. (2017). This project aimed to
explore the effect of domestication on genome evolution in 13 crops including the tomato. RNAseq
data were produced for 10 crop (S. lycopersicum) and 10 wild (S. pimpinellifolium) accessions.
Following up these analyses, the SOLUTION project attributed to Christopher Sauvage (EU Marie
Curie Career Integration grant: FP7-PEOPLE-2011-CIG grant agreement PCIG10-GA-2011-304164)
aimed to produce a comparative analyses of domestication effects within the Solanaceae family
where the preliminary idea was to sequence the transcriptome (RNAseq) similarly to the ARCAD
project, of 24 accessions including crops, wild species and a supplement of several outgroup species.
In eggplant, the RNAseq data set included 6 crop accessions (S. melongena), 6 semi-domesticated
accessions (S. melongena group E and G), 9 wild accessions (S. melongena group E and F) and 2
outgroups accessions (S. incanum); all these species determination followed the taxonomy from
(Lester and Hasan 1990). In pepper, the RNAseq data set was composed of 9 crop accessions (C.
annuum), 7 presumably wild relative accessions (C. annuum var. glab) and 8 accessions from 5
outgroup species (C. microcarpum, C. frutescens, C. chinense, C. chacoense, C. baccatum). In tomato,
with the availability of the 20 ARCAD accessions, the SOLUTION RNA sequences aimed to explore
further close wild relative species including 8 accessions from the Hirsutum group (1 S. hirsutum, 4 S.
habrochaites and 3 S. pennellii), 7 accessions from the Peruvianum group (2 S. peruvianum, 2 S.
corneliomulleri, 2 S. huaylasense and 1 S. chilense), 6 accessions from the Arcanum group (1 S.
arcanum, 2 S. chmielewskii and 3 S. neoricki) and 3 accessions (S. chesmanii) from the Esculentum
group, common to S. lycopersicum and S. pimpinellifolium. Outgroup species were used to improve
polarization rate of SNP (ancestral vs derived state) to further unfold AFS. For outgroups species in
eggplant and pepper, accessions were selected within the GR of the CRB-leg seed bank located at the
UR1052 GAFL research unit. The choice was made according to the known divergence and taxonomic
position inferred from Carrizo Garcia et al. (2016) for pepper and from Aubriot et al. (2016) for
eggplant. | extracted available RNAseq data of several wild species of tomato (Appendix 1) but mostly
of 2 outgroup species (2 accessions from S. lycopersicoides and 1 accession from S. sitiens), from a

published analysis from Pease et al. (2016). However, concerning the wild relative species, we chose
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not too genetically distant species from the focus crop species to avoid decrease in mapping accuracy

(details are developed in the table 3).

b. Choice of plant accessions

The accessions studied included wild, domesticated and outgroup species part of the GAFL
genetic resources and for each species a selection was provided according to known phylogenetic
relationship and molecular data (mainly from SSRs genotyping; tomato (Roselius et al. 2005; Tam et
al. 2005, 2007; Labate et al. 2007; Ranc et al. 2008), pepper (Paran and Van Der Knaap 2007), eggplant
(Frary et al. 2000; Nunome et al. 2001)), to cover the widest range of nucleotide diversity. Therefore,
the accessions sequenced afterwards were selected for the genetic diversity within each population
of wild or domesticated plants.

The total material is composed of 92 samples among the three species (detailed description
Appendix 1). From these data set we selected accessions to perform the analyses. In the tomato data
sets | studied only 3 species (9 accessions of S. lycopersicum, 9 individuals of S. pimpinellifolium the
close wild relative and 12 accessions of a further apart species S. peruvianum) and 3 outgroup
individuals (S. lycopersicoides and S. sitiens). In pepper the data set was composed of 6 accessions of
C. annuum (and reclassed C. annuum var. glabriusculum) and 4 accessions of the close wild relative
C. annuum var. glabriusculum, 4 accessions of C. frutescens and C. chinense, and 4 accessions
outgroup of C. microcarpum, C. baccatum and C. chacoense. And finally, the eggplant data set
included 7 accessions of S. melongena (including an accession of S. insanum close from the S.
melongena), 11 accessions of S. insanum and 2 accessions outgroup of S. campylacanthum.

In the figure 12, the principal component analyses graphically represent the genetic distances
between each accession of the three species. All outgroups are present in the figure 14a and they all
separated clearly from the crop and wild relative species. Eggplant accessions considered as semi-
wild had to be reclassified into a new species as S. insanum was not yet considered as a species when
the accessions were sampled. To proceed, | followed the advices of the eggplant taxonomy expert
Dr. Xavier Aubriot(Aubriot et al. 2018). The eggplant shows a continuum of genetic changes from the
crop to the wild accessions. To proceed to the demographic inferences, it was necessary to have two
clear genetically distinct groups without a strong structure, and it explains the differences in

accession choices for the chapter 2 and the chapter 3 (See table 3 and figure 12b & 12c¢).
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Figure 12. Graphical representations of the principal component analyses of the three species
accessions, to facilitate the reading, crop species are in-boxed in each PCAs. (a) PCAs of the total
accessions available, colored according to their species for eggplant and pepper, and to their
groups for tomato. (b) PCAs of the accessions used for the thesis work analyses, circles: crop
accessions, square: wild accessions, colors referring to the chapter using these accessions. (c) PCAs

of the accessions used for the chapter 2.
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The wild pepper accessions were chosen in the genetic resources available to explore the
wider genetic diversity possible, this might explain the strong structure within the 4 close wild
relatives C. annuum var. glabriusculum which appeared after analyses to be part of different, not yet
described as separate, species (and as mentioned in the §/V.a. two of the accessions were reclassified
to C. annuum). The second chapter aimed to better understand the domestication demography and
required the closest relative species to have a reliable resolution on the domestication process. But
in the third chapter, we chose to perform the transcriptomic and the nucleotide diversity analyses at
the gene scale and to increase the statistical power we decided to include the two species C.
frutescens and C. chinense. These further apart relative species description of differentially expressed
genes. The tomato accessions number was higher as we used previous work on tomato to complete
the analyses (Pease et al. 2016; Sauvage et al. 2017), we chose to work on the closest wild relative S.
pimpinellifolium in the chapter 2. Though, after the publication of Sauvage et al. (2017) on the
transcriptomic rewiring between S. lycopersicum and S. pimpinellifolium and with a purpose to avoid
redundancy and complete available knowledge on transcriptomic changes due to domestication, the
chapter 3 focuses on the group peruvianum, details in the table 3 and representation in the figure

11a.

Table 3. Details of the accessions chosen for both the chapter 2 and 3.

Number used in Number used in
Species Chapter2 Chapter3
Eggplant Crop S. melongena 7 7
wild S. insanum 6 11
Outgroup S. campylacanthum 2
Pepper  Crop C. annuum 10 8
Wild C. annuum var. glabriusculum 4 -
C. chinense - 2
C. frutescens - 2
Outgroup C. baccatum 2 -
C. chacoense 2 -
Tomato Crop S. lycopersicum 9 8
Wild S. pimpinellifolium 9 -
S. peruvianum - 2
S. huaylasense - 2
S. corneliomulleri 2
Outgroup S. sitiens 1 -
S. lycopersicoides 2 -

- 46 -



c. Preparation of the biological material

The plants were grown in a greenhouse in spring 2012 at INRA with required environmental
condition (watering, sun day light and temperature regulation) for each species to avoid biases in
gene expression levels. For example, young leaves tissues were sampled at the same hour of the day,
across accessions plant tissues were sampled (3 replicates per accession), flash frozen in liquid
nitrogen prior to the production of the RNAseq libraries for each sample as follows: sampled tissues
were pooled according to a 15, 20 and 65% proportion of flower, fruit and fresh leaves , respectively
to represent equal amount in pug of RNA, to get the best representation of the gene expression levels
in every plant organ and be consistent with the biological material produced in the framework of the
Arcad project. Fruit samples were harvested at the ripe stage (40 days post-anthesis) of each species.
Then RNA was quantified and qualified using a bioanalyser. RNAseq libraries were prepared and
individually tagged using a 6 bp tag at INRA SupAgro (Montpellier) using the TrueSeq kit and
sequenced using the HiSEQ2500 protocol (150bp orientated paired-end reads) from the Genotoul
Platform (INRA, Toulouse).

d. Alignment of the RNAseq data set

The analyses were based on the RNAseq data of all the accessions listed above of the three
Solanaceae species. The strong advantage of RNAseq data is that we could both analyze the
expression of the genes and their genetic diversity (on the coding regions only). In order to process
these data, we built a bioinformatic workflow (cf detailed bioinformatic workflow for software and
parameters p 53-56) that is composed of the classical major steps including quality control, mapping
and the SNP detection that is the center of this thesis work because the inferences, the
transcriptomic and the diversity analyses depend on the mapping quality and the variant calling.

The mapping was performed against the version ITAG3.2 (The Tomato Genome Consortium
2012) of the tomato transcriptome, the v2.0 (Qin et al. 2014) of the pepper transcriptome and was
initially done on the draft genome of the eggplant (Hirakawa et al. 2014). At first, with the draft
genome, the high number of contigs limited the approach. By later accessing the eggplant reference
genome (not yet published) (, the mapping accuracy increased and allowed the use of the eggplant

data set for the comparative analyses (e.g. ortholog analysis between the three reference genomes).

-47 -



e. Demographic inference modeling

In a first part, we used outgroup species to polarize the polymorphisms detected between
crop and wild populations (figure 13). Using a summary of the whole population genetic diversity
(jSFS), we tested over ~40 inference models, that were run 50 times independently to offer
consistency in the results. Hypotheses included were: strict isolation or isolation with migration that
would experience 1, 2 or 3 demographic events, with or without bottleneck, constant or
increasing/decreasing effective population size (Ne) at each step. And we completed the analyses by
adding the possibility to have heterogeneous variation of Ne across the genome (selective sweep),
figure 6a, or, heterogeneous variation of migration across the genome (selection against migrant),
figure 6b, or both. Some models had poor score (low maximum likelihood on all runs and, therefore,
were discarded from the final analyses. After selection of the 10 models that would cover the widest
range of scenario possible (e.g. effective size expansion, bottleneck, unique or multiple demographic
events etc.), | ran analyses presented in the chapter 3. This comparative method allowed the
unbiased choice of the most probable scenario (on the basis of the maximum likelihood criteria) of
demographic history for the crop and wild populations of the three species. To ascertain the choice
of best demographic model, following a recent example study (Fulgione et al. 2018), we selected the
second best scenario and compared the parameter estimations between each of these scenarios. As
expected, even with different demographic scenarios, the parameters converged towards consistent
estimations.

The whole genomic diversity is impacted by domestication especially due to changes in:

- recombination rate (reducing the linked selection) which we chose to ignore by removing LD
sites,

- mating system, with an increase of inbreeding to conserve fixed traits within cultivars, which is
common to all Solanaceae domesticated species,

- and demography that impacts the effective population size.
Understanding the divergence between crop and wild populations and the course of the
domestication process via the characterization of demographic events in crop species is essential to
better understand this evolutionary process. This part is developed in the Chapter 2. The
bioinformatic ~ workflow is  detailed in the GitHub repository located at

https://github.com/starnoux/arnoux et al 2019.
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f. Gene expression analyses

Based on the results reported in Sauvage et al. (2017), we extended the approach and tested
for the parallelism/convergence in the imprinting of domestication on the landscape of gene
expression levels. Domestication can be studied through differences in gene expression between
crop and wild populations. Though many levels of regulation affect transcription and this not only on
a sequence variation manner, we coupled these analyses to ortholog analyses and common
population genetic estimators. The aim was to detect convergent or divergent selective and
transcriptional footprint of domestication. We performed a transcriptomic comparative study that
revealed genes differently expressed and their correlation with the footprints of selection on the
genetic diversity loss and gain across the expressed genes. This part is developed in the Chapter 3
and the bioinformatic workflow is detailed in the GitHub repository

{https://github.com/starnoux/arnoux_et_al_2018}.

g. Complementary details on the bioinformatic workflow (p 53-56)

i.  Common bioinformatic workflow to both chapter analyses

- Controlling for the quality of the raw sequencing data and removal of the lowest quality reads

- Mapping the RNAseq reads to the reference genome, and insuring no bias is affecting the
mapping accuracy across individuals (discrepancy due to genetic divergence with the reference
genome) and along the genome (gene paralogs).

- Calling for SNPs, at this step, is crucial to make sure that polymorphisms detected are real
instead of an artefact due to paralog genes (i.e. homologous genes that separated because of gene
duplication events). Basically, if two genes are similar, the reads might map to each other and the
few changes would be considered as polymorphisms when they are only reflecting the presence of
two paralogs. To ensure the quality of the SNPs, we filtered the potential paralog sites with the

method implemented in Reads2SNP (Nabholz et al. 2014).

ii.  Comparing inference modeling

- The SNPs were then filtered (LD pruning) to perform demographic inferences (with 6adi), as
there is an assumption of independency of the SNPs. | performed this filtering to insure we were
fulfilling the requirement for the demographic inferences, and to avoid redundant information

brought by linked SNPs.
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- The demographicinferences were then performed on site/allele frequency spectrum, used to
describe the amount of genetic variation across the expressed genes in each species. It is a statistical
summary of the polymorphisms of a population (See figure 13a). By performing a joint site frequency
spectrum allele (jSFS) between the crop and the wild population, we could detect the shared
polymorphisms and the frequency of each SNPs within one or both populations (depicted as purple
dots in the figure 13b).

- The figure 13c, details the method implemented in dadi software to estimate the different
demographic parameters such as the genetic drift in the crop and the wild populations or the
migration (asymmetric gene flow) from the study of the jSFS. The inferences aim to determine if the

given model fits better the observed data.

iii.  Transcriptomic, ortholog, gene ontology and nucleotide diversity analyses.

- The summary statistics (m and Tajima’s D) for nucleotide diversity and demography were
produced with DNAsp. Briefly, the nucleotide diversity (m) is a relative measure of the degree of
polymorphism within a population that can be used to detect balancing or directional selection and
hard sweeps (Hohenlohe et al. 2011). Tajima’s D is the difference between 6 and 0, (the observed
diversity against the expected nucleotide diversity) and estimates both evidences of selection
(equilibrium, selective sweep or balancing selection) and the demography of a population (neutrally
evolving population, population expansion after a recent bottleneck or population contraction). In
the last chapter we used a complex of species for the wild tomato and pepper, therefore the Tajima’s
D could not be used as the two species may have experienced different demographic events that
would impact the estimator. Though, while using i, at the gene level, we could scan for chromosomic
regions under selection. Strongly selected genes are expected to have low i, thus, comparing the
crop and wild, the changes in nucleotide diversity reveal genes experiencing selective pressures of
selection during domestication.

- The Differentially Expressed genes (DEGs) were detected on normalized gene expression
within population. Both crop and wild accessions were clustered and the mean expression of each
gene was compared between populations to reveal under- or over-expressed in the crop population.

- To foster the biological interpretation of the DEG, and to avoid heterogeneity in the genes
annotations across the 3 species, we used the protein family database Pfam to annotate the
reference proteomes (the translated coding sequences (CDS) of the reference genome) with the

UniProtKB (database of all coding protein identified in all species). These annotations allowed the

-50-



detection of the gene family, and, the processes and pathways they are involved in but we focused

only on the biological process for our studies.
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Figure 13. Demographic
inferences from a joint site
frequency spectrum

(a) Site frequency spectrum
of a population of 9
individuals  (diploid). The
cluster of dots represent the
frequency in ancestral and
derived alleles at the
population level, for one site.

(b) These joint site frequency
spectra are based on a
heatmap representing the
shared and species-specific,

derived or ancestral alleles.

(c) The joint site frequency
spectrum and the
significance of each area
translated to a demographic
tree on the right side.

Inspired by: Gutenkunst et al.
2009



- The gene ontology analyses performed on the annotated genes aims to define the gene
function over-represented within a set of given genes (e.g. genes under selection, gene differentially
expressed). The GO analyses give a representation of the processes and pathways modified during
domestication, when comparing the gene ontology of the crop selected genes within each species.
These results highlight parallel and convergent domestication footprints, but without dissociating the
two phenomena.

- The ortholog analysis was performed to ascertain how many and which genes were similar
between the three species. It compares the protein coding genes pairwise and establishes if they are
orthologs for two or the three species of interest. In this case, the three species are from a same
plant family, therefore quite close genome-wise which facilitates the analyses. Finding similarly
selected or differentially expressed genes reveals a convergence of domestication footprints and

dissociates it from a parallel one.
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DETAILED BIOINFORMATIC WORKFLOW

Cleaning raw data Referen_ce

n annotation
Common

workflow Mapping Orthology

detection

Expression SNPs Calling
analyses

DEG study Paralog Cleaning

Diversity and
Ortholo.gy Demographic LD pruning
analysis analyses

Gene. ontology Detection of 2D SFS
enrichment

= selection production
analysis

Chapt. Ill: Comparative
transcriptomics and dadi — inference
nucleotide diversity modeling

n Chap. Il: Comparative inference modelling
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n Common workflow
w  Use of ‘fastqc’ to check on the quality of
illumine sequence data
-> ‘Generate adapter’ and indexes
w  ‘Trimmomatic’ trim the indexes to obtain

reads ready to align:
e Sliding window 7:20
e llluminaclip 2:30:10
*  Minlen 20

Cleaning raw data

N - Alignment with ‘bwa mem’
4. Replacing reads groups for sorted bam files
with ‘AddOrReplaceReadGroups’

W ‘Mark duplicates’:
SNPs Calllng * Max_file_handles_for read_ends_map = 1000

w  ‘|dx stat’ generation (retrieve and print
stats)

= ‘Flag stat’ generation ()

w Intervals generation with ‘Realigner Target

Paralog Cleaning Creator’
‘ = Realignment with ‘Indel Realigner’

\ 4 o , ; :
K Ik . = Step*: Variant calling with
= kR Oy ete'rozygous SItes ‘HaplotypeCaller’ & ‘GenotypeGVCFs’
presentat least-4 times » variant_index_type LINEAR

= Keep all sites at least covered * variant_index_parameter 128000
with 6X « stand_call_conf 20
w Split the files into 20000 each to = Obtain a vcf with a ‘Hard
parallelise the filtering filtering’, to remove most of all false
= Paralogous sites are filtered: positive SNPs and keep only sure sites
*  Error threshold 0.001 * QD<2.0||FS$>60.0| |MQ<40.0| |Read
*  FIS threshold 0.5 PosRankSum<-8.0
*  Optimisation threshold 0.001 * MAFO0.1
*  Model testing p.value threshold = Use the previous known sites to
above which we do not test the recalibrate the .gvcf files ‘with

paralog polymorphisms 0.01
= Filter for the the paralogous
sites at 0.05

{python 2.7; zcat v1.6; Trimmomatic v0.33; fastQC v0.11.5; bwa v0.7.12 ; picard v2.0.1;
GenomeAnalysisTK v3.8; samtools v0.1.19; vcftools v0.1.12b}

‘BaseRecalibrator’
= Variant RE-calling (idem to Step*)
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n Comparative inference modelling

= ‘Plink’ was used for the LD pruning, by using
the .ped files that were formatted as required

«p by the software
*  ‘Indep-pariwise’ 10 1 0.4 [window size in kb, step

size, R? threshold]

LD pruning

= |n order to create 2D SFS unfolded, we

2D SFS used the software ‘4P’
: *  Input .ped and .map files pruned
roduction
P \ . .and file, that is a consensus of SNPs from
outgroup individuals (only highly conserved
4 polymorphisms that allow the SNPs phasing)
= 4P is great to obtain the summary statistics
9adi — inference about the SFS, but demand a lot of formatting.
modeling e See github ‘arnoux_et_al_2019’ with detailed
workflow in B_vcf to SFS.md’

%

= We used ‘python’ scripts with dadi software to model inferences on our
2D SFS.
e All parameters and results are listed in the result tables, but basically all bornes

were defined as prior and tested
*  Models with parameter limit problems were not fit or over-fit and therefore not

selected
{vcftools v0.1.12b; plink v1.90p; 4P software v1.0; python 2.7.13; custom version d8adi v1.7.0}

m [I1.A: Nucleotide diversity analyses

= We obtained nucleotide diversity and

Diversity and
ersity a Tajima’s D with 'DNAsp’ software

Demographic
analyses

w  We compared the nucleotide diversity of
genes in the crop and wild populations to
detect the shifted genes, that had experienced
positive selection or relaxation of selection

e Group A: Relaxation of selection
. Group B: Positive selection

Detection of
selection

{R v3.3.2; DnaSP version 6.10.03}
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m [11.B: Transcription, orthology and GO enrichment analyses

Reference
annotation

Orthology
detection

Expression
analyses

DEG study

Orthology
analysis

Gene ontology
enrichment
analysis

= We used ‘interproscan’ to blast and detect

the annotations
e Filter for only pfam annotations

w  ‘proteinortho5’ blast and detected the
orthologs between the three reference genomes

that had been translated into proteins

e E-value for the blast 1e-05

*  Minimum similarities for additional hits 0.95
*  Min. identity of best blast alignments 0.25

*  Min. coverage of best blast alignments 0.50

=~ \We extracted the raw read counts from the
idx stat files

w  All the Differentially Expressed Genes (DEGs)
analyses were made with ‘DESeq2’

e Test “wald”

e FitType “parametric”
w DEGs and Differencially Variable genes
(Diffvar) were detected with a false discovery
rate of 0.01, when comparing gene expression of
Crop/Wild populations

= We used ‘interproscan’ to blast and detect

the annotations
e Filter for only pfam annotations

w The enrichment analyses were all made with
the eval.go function from the script from sauvage

etal. 2017

*  Goseq was used with the wallenius method

*  Gene ontology were only kept when they were
annotated for ‘Biological Process’

e P-value threshold for the enrichment test was set
to 0.05

{R v3.3.2; proteinortho v5.11; NCBI BLAST v2.6.0+; interproscan v5.26-65.0; java 1.8}
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CHAPTER 1
Progress and prospects of population genomics in major crop plants -

Tomato population genomics
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In the first chapter, the state of the art of research on tomato as model species gives an
overview on the past, the present and the future of population genomics in this species. Tomato is a
model species in genetics, as well as in population genomics thanks to the important collection of
genomic data that have been accumulating over years. By highlighting the importance of crop wild
relative species for adaptability improvement of modern cultivars, this chapter describes the

scientific context of this thesis work.
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Abstract

Tomato is an acknowledged model species for research in genetics and genomics, on fruit
development and disease resistances, but it also deserves to be a model for population genomics
thanks to the large genetic and genomic resources available. Tomato improvement largely depends
on introgressions of beneficial alleles from wild relative species.

Since the first release of a high-quality genome sequence of the tomato crop in 2012, the genomes
of several hundreds of cultivated accessions and a few wild relatives have been re-sequenced,
allowing the discovery of millions SNP. Their study confirmed the new phylogenetic organisation and
the monophyletic origin of the Solanum genera section Lycopersicum, composed of 13 species.
Recent ecological genomics approaches, notably using RNAseq approach, provided new results on
speciation and interspecific reproductive barriers. The molecular mechanisms of adaptation to
abiotic stress in crop and wild tomatoes were also analysed and their role underlined as factors of
speciation and diversification. The diversity of ecological conditions of the wild relative species
allowed the study of evolutionary and molecular mechanisms of adaptation to abiotic stress in crop
and wild tomatoes.

Using genomic studies, the two steps of tomato domestication and the intensity of bottlenecks due
to domestication and further modern breeding were clarified. Selection footprints and large genomic
regions introgressed from the wild relative species were identified. At the transcriptome level, it was
also shown that domestication and modern breeding rewired genome expression, notably for stress
related genes.

Finally, the availability of genome sequences and SNP markers allowed studying large collections of
varieties, developing GWAS and advancing our knowledge about the genome structure (linkage
disequilibrium decay, distribution of recombination), but also mapping genes and QTL involved in

many traits and using the information for breeding new varieties.
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Introduction

Tomato is the first vegetable grown over the world. It accounts for more than 15% of the
world vegetable production (over 177 million metric tons in 2016; Food and Agriculture Organisation
[faostat 2016]). Half of the world production is produced in four countries (China 56 MT, India 18 MT,
USA 13 MT and Turkey 12 MT). Tomato is grown for two main usages: processing and fresh market.
It is a rich source of micronutrients in human diet. The major goals of tomato breeding (high
productivity, tolerance to biotic and abiotic stresses and high sensory and health value of the fruit)
require a good comprehension and management of tomato genetic resources and diversity. Tomato
is also an acknowledged model species for research in genetics, on fruit development and disease
resistances. It has a short life cycle, is easy to cross and self-pollinate in its crop form, it has a medium
size genome (approximately 900 Mb) and large genetic and genomic resources. Furthermore, the
tomato scientific community has access to several databases gathering most of the important data.

Tomato and its 12 closely related species belong to the Solanum genus in the large Solanaceae
family. All the species come from the Andean region of South America. Explorations of tomato centre
of origin permitted major advances in the characterization of its genetic and phenotypic diversity. In
parallel, ex situ conservation of genetic resources in large national collections ensured the
conservation of landraces and wild species. Thus, the genetic potential of tomato’s wild relatives for
breeding purpose emerged. In parallel, the ecological and taxonomic diversity of tomato turned it
into a model species for evolutionary studies. Since the mid-20th century, mastering controlled
hybridization allowed crosses between wild and cultivated tomato to be performed. Modern genetics
and breeding methods contributed to understand the genetic control of agronomical traits but also
accentuated the progress and the development of thousands of new cultivars. It also underlined the
value of crop wild relatives.

The advent of molecular biology in the 80’s raised great hopes in terms of characterization of
the genetic diversity present in both wild and cultivated compartments. Great expectations also
emerged since the development of molecular techniques to pinpoint genomic regions involved in
targeted traits. Dissection of the genetic control of complex traits, using ad hoc techniques from
guantitative and population genetics, was possible, leading to the identification of key alleles
involved in many traits, originating from several wild relatives. Today the tomato genome is fully
sequenced and the genomes of many wild and cultivated accessions have been re-sequenced thanks

to high-throughput sequencing (HTS) techniques. Large datasets describing the genome expression
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(transcriptome, proteome and metabolome) are also available providing an overview of the (post-
)transcriptional landscape. Quantitative trait locus (QTL) mapping techniques or genome wide
association studies (GWAS) also facilitate the understanding of the genetic architecture of complex
traits and germplasm management of both wild and cultivated tomatoes.

In this chapter we first describe the tomato history, its domestication and the diversity and
phylogeny of its wild relative species. We then present the genomic resources available on the clade
and how they have provided new insight on the evolution and diversity of tomato accessions. We
then focus on the impact of domestication and breeding, before to show how crop wild relatives
were used to introgress and identify important loci for the crop. Finally, some major prospects are

proposed.

Part I: How tomato became the model plant for vegetables

1. Tomato history, from past to modern era

Tomato (Solanum lycopersicum L.) and its 12 wild relative species are originated from the
Andean region of South America (de Candolle 1886; Jenkins 1948; Rick and Fobes 1975; Spooner et
al. 2005; Peralta et al. 2008; Zuriaga et al. 2009). Its common name ‘tomato’ originates from the
Nahuatl (Aztec language) world ‘tomatl’. The origin of domestication was debated over the years but
recent studies untangled this mystery. Briefly, it was first domesticated from the wild species S.
pimpinellifolium by ancestors of Inca population in Ecuadorian and Peruvian regions. The beginning
of trade between populations from South- and Mesoamerica later introduced few individuals in the
Mexican region leading to a strong bottleneck (Blanca et al. 2012). A second strong bottleneck
occurred with the Spanish colonization of the American continent when Mesoamerican tomato seeds
were brought to Europe. Tomato started to be consumed in Europe as food during the 17th and 18th
century, and in 1869 Henry John Heinz founded the first company linked with tomato (Ray 1673;
Labate et al. 2007).

Since then, the tomato spread worldwide and in the early 1920’s a field of tomato
improvement research appeared to obtain the first disease tolerant cultivars from hybridization with
wild progenitors. The first resistant cultivars to Cladosporium fulvum and Fusarium oxysporum
appeared in the 1930’s and 1940’s with the discovery of resistance genes in the closely related wild
tomato species (Langford 1937; Stevens and Rick 1986). From then on, tomato improvement has

largely been dependent on introgressions of beneficial alleles from wild germplasm (Atherton and
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Harris 1986) which increased the interest for the knowledge and conservation of crop wild relative
species. After the pioneer Nikolai Vavilov (Kurlovich et al. 2000), the main protagonist in the
development of a crop and wild seed bank was Charles M. Rick who dedicated his life in field trips in
South America and established the Tomato Genetics Resource Center (Rick 1990,

https://tgrc.ucdavis.edu/). These efforts, to increase crop and wild tomato sampling and making it

available to the scientific community, are part of the reasons that brought the tomato up to a ‘model
species’ position. The other reason to deepen the research in tomato is its economic importance as
one of the leading vegetable crops worldwide. As a reference in the past 25 years (1984-2014), the
global yield of tomato increased from 83 to 170 million tons and the area harvested increased from
3 to 5 million hectares (United Nations Food and Agriculture Organization (FAOQ) statistics; Food and
Agricultural Organization of the United Nations [faostat 2016]). The scientific and agricultural
community considerably improved the tomato varieties and growth conditions in the last 50 years,
notably for its yield, stress tolerance, fruit properties and pathogen resistances (Bauchet and Causse

2012).

2. Towards the reference genome of tomato and databases

In the early 2000’s, the Tomato Genome Consortium was set up. It was an international
consortium of scientists from 14 countries that gathered their funds to sequence the first tomato
genome (Solanum lycopersicum) (among other Solanaceae species) and provide a resource publicly
available. Following the first objective to sequence the 220 Mb of tomato euchromatin, predicted to
contain the majority of genes (Mueller et al. 2005a), the next generation sequencing methodologies
offered the opportunity to produce a mostly complete high-quality reference genome, that finally
covered 742 Mb (i.e. 83% of the 900 Mb genome, Sato et al. 2012). This work is part of a larger
initiative called the “International Solanaceae Genome Project (SOL): Systems Approach to Diversity
and Adaptation”. This community aims to help understanding the genetic basis of plant diversity by
offering a big clade-oriented database within the Sol Genomic Network website (SGN,

http://solgenomics.net/) that collects and stores all the Solanaceae and related species genome

sequences, phenotypic and genomic data available (Mueller 2005; Menda et al. 2008; Bombarely et
al. 2011). This database, available to all researchers, also implemented supplementary tools such as
solQTL or SGN VIGS (Virus-Induced Gene Silencing) (Tecle et al. 2010; Fernandez-Pozo et al. 2015). In
the same intent to create a tomato expression database, the Tomato Expression Atlas (Fernandez-

Pozo et al. 2015, 2017), the Tomato EFP Browser, TomPLEX (Winter et al. 2007) and TomExpress
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(Zouine et al. 2017) are now allowing browsing the transcriptional landscape of each annotated gene
from different plant tissues, genotypes and conditions and displaying the results with graphical
outputs.

Following the release of the first reference genome sequence of cultivated tomato (cultivar
Heinz1706), the genome sequence and its annotation have been regularly updated from an initial
version to the current one, the third (SL3.0) which integrated new whole genome shotgun, full-length
BAC and optical sequencing and reduced the number of contig gaps. This reflects the efforts to offer
a high-quality genome to reach the gold standard that is available since many years now in the model

plant Arabidopsis thaliana.

3. Genome and transcriptome sequencing of crop wild relative species

Crop wild relative species are particularly useful in population genomics notably to polarise
SNP markers (determine the derived/ancestral state to unfold site frequency spectrum), track
introgression events for adaptive traits or help phylogeny to be rooted to understand the evolution
of traits along (Farris 1982). The advent of the second and third sequencing generation technologies
(i.e. Hiseq lllumina, long reads technologies, respectively) allowed reaching these objectives by first
providing the complete genome sequences of several wild relative species of the cultivated tomato.
Indeed, these technologies are more adapted for the outcrossing crop wild relative species to
manage properly the higher level of heterozygosity compared to the crop tomato (due to their self-
incompatibility). Among these crop wild relative species, the first genome of Solanum pennellii was
sequenced using lllumina technology (LAO716 accession, Bolger et al. 2014) and was updated using
a de novo assembly based on the nanopore technology (LYC 1722 accession, Schmidt et al. 2017).
The main objective was notably to foster our knowledge of traits related to stress tolerance and the
evolutionary role of transposable elements on these traits, as S. pennellii, endemic to Andean regions
in South America has evolved to thrive in arid habitats. The genome completeness obtained from the
de novo approach, compared to the previous version, illustrated the gain obtained from the use of
long reads sequencing (i.e. Oxford Nanopore). Schmidt et al. were able to achieve assemblies for
which the N50 contig length was 2.45 Mb (i.e. half of the assembly was in contigs of 2.45 Mb or
longer) and the complete genome sequence was assembled in only 899 contigs. While being error
prone, the estimated error rate, when using polishing software was similar to the Illumina
technology, down to 0.025%. A complete reference genome was also released for the wild relative

species Solanum lycopersicoides. Using the PacBio sequencing, with a coverage of 90x, the N50 and
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genome coverage were estimated to 139kb and 89.7% (see

https://solgenomics.net/organism/Solanum lycopersicoides/genome). It should be noted that

additional genomes are available for S. pimpinellifolium (LA1589 accession) and S. galapagense
(LAO436 accession) but the assembled sequences are highly fragmented, limiting their use

(http://ftp.solgenomics.net/genomes/Solanum galapagense/).

In addition, re-sequencing efforts have been conducted to complement large-scale genomic
panel studies for tomato mainly dedicated to population structure and GWAS (Aflitos et al. 2014; Lin
et al. 2014) or investigate species barriers (Labate et al. 2014), providing data in crop wild relatives
species. Besides complete and re-sequenced genomes, transcriptomic data produced at the genome-
wide scale from crop wild relatives have been released in the last years. This approach is relatively
powerful to reduce the complexity of the analysis by reducing the genome representation and cope
with the higher level of polymorphism in these species. We can briefly mention RNAseq data from
Pease et al. (2016) that produced reads across four clades (Esculentum, Arcanum, Peruvianum and
Hirsutum), from Sauvage et al. (2017) in S. pimpinellifolium and from Florez-Rueda et al. (2016) and
Beddows et al. (2017) in S. peruvianum and S. chilense. The main scientific results obtained from

these data are detailed in the next sections of this chapter.

Part ll: Tomato as a model for Molecular Evolution

1. Original organization of the Tomato clade

The first botanist to consider domesticated tomato was Tournefort (1694), who recognized
its close relationship with the genus Solanum but named the tomato genus Lycopersicon (“Wolf
peach” in Greek). For a better nomenclature, Linnaeus (1753) intended to use consistently Latin
binomials. He located the tomato in the Solanum genus and named the domesticated tomato S.
lycopersicum and its wild relative S. peruvianum. The Gardener’s and Botanist’s Dictionary (Miller
and Miller 1768) started using the Linnaeus’ binomial system but kept the Lycopersicon genus and it
is only in the 1807’s edition that the tomato joined the Solanum genus. After these feeble taxonomic
beginnings most of the taxonomists and gardeners kept the Lycopersicon esculentum name until the
1980’s when the first phylogenetic studies started confirming the Solanum affiliations (Rick and
Tanksley 1981; Spooner et al. 1993). The Linnaeus nomenclature has gained wide acceptance but
Lycopersicon might remain present in the common language. The first phylogenetic studies brought

a new growing interest in deciphering the crop and wild tomato evolutionary trees. The 12 wild
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relative species also followed several nomenclature changes. One recent nomenclature with the
ecological characteristics of the species was presented in Bauchet and Causse (2012) that compiled

data from Peralta et al. (2008); Moyle (2008); Grandillo et al. (2011).

2. Modern phylogeny and taxonomy of the Tomato clade

In the past 30 years, numerous studies performed marker-assisted analyses using different
types of molecular markers to uncover the phylogenetic organization of the Solanum genus. The first
marker study leaded by Palmer focused on chloroplast DNA in 1982 [cpDNA (Palmer and Zamir 1982)]
and managed to separate the Peruvianum group from the Esculentum group and revealed S.
lycopersicoides and S. juglandifolium as outgroup species. Following this example, a few studies
improved the genus phylogeny using chloroplastic DNA (Bohs and Olmstead 1997; Olmstead and
Palmer 1997; Olmstead et al. 1999), mtDNA (McClean and Hanson 1986), nuclear RFLPs (Miller and
Tanksley 1990) and AFLPs (Spooner et al. 2005; Zuriaga et al. 2009). These studies could already
untangle most of the Solanum genus, separate and order the current species groups in the Solanum
section Lycopersicum (namely Hirsutum, Peruvianum, Arcanum and Esculentum). The sequence data
of internal transcribed spacer region of rDNA (Marshall et al. 2001), the Granule-Bound Starch
Synthase (GBSSI) genes (Peralta and Spooner 2001), and the two nuclear genes from Zuriega and
colleagues (Zuriaga et al. 2009) brought confidence into the main species classification and confirmed
the tomato species phylogeny within the Solanum genus. Using 14 expressed sequence tags (ESTs)
Roselius et al. (2005), completed the marker analyses on wild tomato accessions by estimating
population genetics parameters such as nucleotide polymorphism or recombination rate. The
pioneer work of Peralta, Spooner and Knapp refined the taxonomy in the genera, notably by the
combined use of morphologic data and molecular markers genotyping (Peralta and Spooner 2000;
Spooner et al. 2005; and see Peralta et al. 2008 for the taxonomic monograph). From the many
studies they conducted, the topology demonstrated the monophyletic origin of the Solanum genera,
section Lycopersicum, composed of 13 species.

The reference genome availability unlocked HTS studies focusing on the wild species
speciation event and on the whole tomato genus phylogeny. For the sake of genus phylogeny
clarification, the whole transcriptomes of 13 wild tomato species revealed evidences of
diversification fuelled by at least three sources of adaptive genetic variation being “post speciation
hybridization, rapid accumulation of new mutations, and recruitment from ancestral variation”

(Figure 1; Pease et al. 2016). Multi-locus sequences of two wild species (S. peruvianum and S.
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chilense) were implemented in coalescent-based models to infer the evolutionary processes of
speciation (Stadler 2008). Two additional wild species S. arcanum and S. habrochaites added power
to Bayesian methods to decipher their speciation (Tellier et al. 2011; Bondel et al. 2015). The
population genetic approaches using 14,043 SNPs on 46 samples of S. peruvianum untangled the
species complex into 4 separate species: S. peruvianum sensu stricto, S. corneliomulleri, S.
huaylasense and S. arcanum (Labate et al. 2014), clarifying the organization of the clade. However,
the real number of species of the wild species of tomato remains debated according to the criteria

being used.
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Figure 1 (from Pease et al. 2016): The phylogeny of Solanum sect. Lycopersicon. (A) A whole-

transcriptome concatenated molecular clock phylogeny with section Lycopersicoides as the

outgroup. Branch colours indicate the four major subgroups (labels on right). Pie charts on each node

indicate majority rule extended bipartition support scores (out of 100) using trees from 100-kb

“uxn

genomic windows. All nodes are supported by 100 bootstrap replicates, except denotes
bootstrap support score of 68. (B) A “cloudogram” of 2,745 trees (grey) inferred from nonoverlapping

100-kb genomic windows. For contrast, the consensus phylogeny is shown in black.
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The ease of closely related species hybridization within the tomato clade is the foundation of
improvement of domesticated cultivars. Such hybridization is not quite current between S.
peruvianum and S. chilense that are two distinct tomato species (Rick and Fobes 1975). The controlled

hybridization with crop cultivars is a great opportunity to improve the domesticated tomato varieties.

3. Ecological Genomics of the tomato crop and its wild relatives

Ecological genomics aims at understanding the origin, history, and function of the observed
natural biological variation, from nucleotide to community levels (Seehausen et al. 2014). In this
context, the approach relies on ecological and genomic resources and provides an opportunity to
precisely dissect genetic and developmental mechanisms, and to connect a genetic polymorphism to
a phenotypic variation, as well as to directly demonstrate the ecological and evolutionary relevance
of this phenotypic variation. Many of these studies have been performed in the wild tomato clade
(Solanum section Lycopersicon), a group that has both exceptional diversity and genomic tools (see
Haak et al. 2014, for a complete review). Within this section, we will focus on two major processes
that are speciation and adaptation and report how much results did population genomics brought to

these questions in the Solanum genus.

a. Speciation mechanism and reproduction barriers

In tomato, the timing of speciation and the underlying molecular mechanisms of wild species
divergence remained properly unresolved. Other nebulous scientific questions are still not resolved
in this complex of species. The transition from self-incompatible to self-compatible reproduction
system was partly induced by the domestication but the main molecular consequences are elusive.
However, S. habrochaites is a wild self-compatible species of tomato revealing that the transition was
independent. For example, genes involved in self-incompatibility are poorly characterized at the
molecular levels (nucleotide diversity, gene expression levels).

As previously reported, strong reproductive barriers have been established between some of
the species of the genera. Charles Rick’s extensive work tested for these barriers by crossing all these
species together during the 70 and 80’s (Rick 1988; Rick and Chetelat 1995). As several speciation
mechanisms seem to be at the origin of wild tomato diversification, there is a current debate on their
respective roles/preponderance. On one side, traits responsible for prezygotic isolation (conferring
ecological differentiation) are suspected to be the most important isolation barriers and most

efficient in preventing gene flows between the species (Kirkpatrick and Ravigné 2002; Ramsey et al.
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2003). On the other side, postzygotic barriers leading to hybrid unviability and sterility are more likely
permanent and irreversible barriers to gene flow between species (Muller 1942; Coyne and Orr
2004). Moyle (2007) conducted a QTL mapping experiment to decipher the contribution of the pre-
and postzygotic isolation between the plant species S. lycopersicum and S. habrochaites in a set of
near-isogenic lines. They compared floral morphology between species and investigated sterility
traits in hybrid crosses. However, the outcomes of this study remain limited as genome-wide
associations were not evident: these traits showed a complex genetic architecture and association
with centromeric regions warrant further fine-scale investigation, due to limited recombination.
More recently, the role of the interspecific reproductive barriers (IRB) in limiting sympatric
hybridization between closely related species was evaluated at three stages: prezygotic (floral
morphology), post-mating prezygotic (pollen-tube growth), and postzygotic barriers (fruit and seed
development) and were measured in situ in Peru by Baek et al. (2016). This study, based on 11
interspecific crosses demonstrated multiple IRB with three types of post-mating prezygotic IRB and
strong postzygotic IRBs that prevented normal seed development by resulting from aborted
endosperm and overgrown endothelium. However, hybridization was possible in some cases, notably
from the pair S. pennellii x S. corneliomulleri with nearly developed seeds that produced viable F1
hybrids. In this latter case, molecular markers confirmed hybridity, which underlies the role of
genomic tools for the study of this process. Thus, current studies on speciation mechanisms in wild
tomatoes confirm the intricate role of pre- and postzygotic isolation and suggest that several
scenarios underlie the speciation between two sister species.

From then on, population genomics revealed its potential to elucidate this question using
RNASeq. Following Rick’s investigations, extensive work focusing on postzygotic barriers has also
been achieved in the species pair S. peruvianum x S. chilense. These two species are closely related
with partly overlapping geographic ranges in northern Chile and southwestern Peru but are
morphologically dissimilar. Roth (2017) demonstrated that crosses between these two species
leaded to high proportions of non-viable seeds due to endosperm failure and arrested embryo
development. On the basis of seed size differences in reciprocal hybrid crosses and developmental
evidence implicating endosperm failure, they hypothesized that perturbed parental effects (e.g.
genomic imprinting, or parent-specific allelic expression) were involved in the strong postzygotic
barrier. They also conducted a transcriptomic screen in developing endosperms within intra- and
inter-specific crosses and estimated the parent-of-origin—specific expression profiles using both

homozygous and heterozygous nucleotide differences between parental individuals to identify
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candidate imprinted genes (Florez-Rueda et al. 2016). As a result, they uncovered systematic shifts

III

of “normal” (intraspecific) maternal:paternal transcript proportions in hybrid endosperms.
Importantly, the genome-wide increased in maternal proportion almost entirely eliminated
paternally expressed imprinted genes in S. peruvianum hybrid endosperm. Thus, they demonstrated
that changes in parental expression proportions may be the underlying core process at play, leading
to transcriptional regulation compromising the hybrid endosperm development and contributing to
hybrid seed failure. However, at the opposite, they cannot reject that the transcriptional rewiring of
the imprinted genes was the main source of perturbation of the essential developmental genes.
Following this initial study, Roth (2017) extended this work with two additional species pairs and
supported the common role of the genomic imprinting between nuclear and cellular endosperm
types but also evidenced the genome-wide rewiring of gene expression and parental dosage in wild
tomato hybrid endosperm as a major postzygotic barrier. More largely, these results are very
interesting to reinvestigate the Endosperm Balance Number (EBN) hypothesis developed in the early
80’s in Capsella (Lagriffol and Monnier 1985). This hypothesis was proposed to explain the basis of
normal seed development after intra and inter-specific crosses, through a 2:1 maternal to paternal
ratio in the hybrid endosperm. Up to now, it was mostly not possible to properly test for how EBN
may act as powerful isolating mechanism (Carputo et al. 1999).

The release of Recombinant Inbred Lines (RIL), linkage maps and the genome of the
domesticated tomato (Solanum lycopersicum) were valuable tools for the genetic analysis of
interspecific reproductive barriers. It provided the basis for QTL detection, read mapping, gene
annotation, shedding light on the underlying mechanisms involved in reproductive barriers in the
tomato genera. However, transgenic methodologies are new tools that are providing opportunities
to test the candidate loci involved in these barriers, while the complementation of proteomic and
transcriptomic offers insights into the molecular regulation of gene expression to provide a clearer
picture of the interspecific reproductive barriers present in wild tomato relatives through the
identification of new candidate genes or proteins (Bedinger et al. 2011). Finally, Li and Chetelat (2010,
2015) deciphered the Unilateral interspecific Incompatibility (Ul) system and identified two genes
that block cross-hybridization between related species, typically when the pollen donor is self-
compatible and the pistil parent is self-incompatible (SI): uil.1, a pollen Ul factor in tomato, which
encodes an S-locus F-box protein and ui6.1, which encodes a Cullinl protein that functions in both

Ul and SI.
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b. Ecological Adaptation

Darwin proposed that phenotypic differentiation among populations resulted from
differential adaptation in response to environmental heterogeneity (Kawecki and Ebert 2004). This
mechanism is relatively frequent and has been proven experimentally by connecting physiological,
genetic and ecological data to measure the fitness over evolutionary timescales. Two main factors
have been proposed to influence ecological adaptation: abiotic and biotic stresses, which may also
interact together. The advent of high-throughput genomics allowed refining our knowledge of the
adaptation mechanisms. The tomato genus was extensively used towards this objective notably
thanks to its large geographic range (Figure 2). These contrasting environments are characterized by
different stress conditions such as drought, salt, cold and heat. Hereafter, we describe a limited
number of uses of genomics to document the molecular mechanisms of adaptation to abiotic stress
in crop and wild tomatoes. For a complete review, including adaptation to biotic stress, see Haak et
al. (2014).

Among wild tomatoes, it has been demonstrated that the greatest axes of differentiation
between species are average annual rainfall and temperature (Nakazato et al. 2010). QTL mapping
experiments reported that both S. chilense and S. pennellii developed distinct strategies to adapt to
drought stress. In addition, the comparison with the domesticated tomato identified QTL associated
with eco-physiological trait variation and identified a various and complex genetic architecture based
on both main effect and transgressive QTLs (Muir and Moyle 2009). Contrasted patterns of
nucleotide diversity patterns of local adaptation at drought related candidate genes in wild tomatoes
(S. peruvianum and S. chilense), identified at two major loci in the abscisic acid signalling pathway,
were observed. On one side, LeNCED1 exhibited very low nucleotide diversity relative to the eight
neutral reference loci that were surveyed in populations of these two species. This suggested that
strong purifying selection has been acting on this gene. On the other side, pLC30-15 exhibited higher
levels of nucleotide diversity. Additionally, for these two loci, in particular in S. chilense, higher
genetic differentiation (Fst) between populations than for the reference loci, indicated local
adaptation and in the more drought-tolerant species S. chilense, one population (from Quicacha)
showed a significant haplotype structure, which appeared to be the result of positive (diversifying)
selection (Xia et al. 2010).

Local adaptation is crucial when a species colonizes new habitats. The tomato wild relative

species S. chilense is an example of native range expansion in southern America from North to South.
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It provides a strong experimental framework to test for differential hypothesis underlying the
mechanisms of local adaptation through colonization. Bondel et al. (2015) tested whether local
adaptation occurred more frequently in large ancestral populations or in small derived populations
using a population genomic approach. They conducted a population genetic analysis and inferred the
past demography of S. chilense populations on pooled-sequencing data from 30 genes (8,080 SNPs).
Across Chile and Peru, 23 S. chilense populations were sampled according to the north to south
colonization. Along this cline, a decrease of genetic variation was associated with a relaxed purifying
selection and an increasing proportion of non-synonymous polymorphism from the study of the
distribution of fitness effect, and by population substructure with at least four genetic groups. In
other words, the north to south cline is associated with an increase in deleterious mutations,
potentially conferring a decreased adaptive potential to southern populations. Patterns of
population structure, natural selection, and linkage disequilibrium within these S. chilense
populations confirmed previously inferred population-specific demographic histories (Arunyawat et
al. 2007).

Similarly, spatial genetic analyses revealed clinal pattern for other wild tomato species such
as the wild relative S. peruvianum and S. pimpinellifolium and the cultivated S. lycopersicum
(Nakazato and Housworth 2011; Nakazato et al. 2012) and in the related Solanaceae species S.
lycopersicoides and S. sitiens (Albrecht et al. 2010), which occur in sympatry with S. chilense in
northern Chile (Peralta et al. 2008). These patterns of clinal variation of nucleotide diversity were
correlated to seed bank size. The combination of ecological and genomic data provided evidence and
putative parameters for seed bank in both S. chilense and S. peruvianum (Tellier et al. 2011). In this
study, the inferred difference in germination rate between these two species reflected divergent
strategy of adaptation for seed dormancy, that agreed with previous population genetic analyses and
the ecology of these two-sister species. Overall, the ‘seeds’ strategy relied on spending on average,
a shorter time in the soil in the specialist species (S. chilense) than in the generalist species (S.
peruvianum).

Using whole transcriptomes from the 13 species of the Solanum genera, Pease et al. (2016)
used population genomics and not only identified the ecological and genetic factors that promoted
the species radiations and inferred the species phylogeny (see Part I), but they also found evidence
for at least three sources of adaptive genetic variation that fuel species radiations. First, they
detected introgression events between the early-branching lineages and more recently between

individual populations. This supported the hypothesis of adaptive benefits through hybridization.
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Second, they evidenced lineage-specific de novo evolution for loci involved in the production of red
fruit colour. Third, they detected environment-specific sorting of ancestral variation among
populations that come from different species that shared common environmental conditions.
Overall, these results indicated that multiple genetic sources can promote a rapid diversification and
endow the speciation mechanism in response to ecological adaptation. Last but not least, this study
highlighted the complexity of both ancient and recent species radiations, using a combination of

ecological and genomic data.
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Figure 2 (from Pease et al. 2016): Geographic distribution and ecological diversity of sampled
populations of wild tomato. (A) Wild tomato species inhabit diverse ecological zones (shaded regions)
along the western coast of South America and the Galapagos Islands. For each sample location, labels
indicate species and accession number, and symbols denote major phylogenetic groupings (circle =
Esculentum, triangle = Arcanum, square = Peruvianum, star = Hirsutum, oval = outgroup; base map
modified from original from http://www. freevectormaps.com). High variation of (B) altitude, (C)
mean annual temperature (D), and annual precipitation across the habitat range of wild tomato
species (data from http://www.worldclim.org; plotted using GRASS GIS http://grass.osgeo.org/).
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In brief, the tomato genera, that includes 12 wild species covering a large geoclimatic range
is an excellent framework to investigate the origin and history of the biological variation that occurs
at the phenotypic and genomic levels (Haak et al. 2014). High-throughput genomics extends our
understanding of these past processes. The combination of the ‘omics’ approaches, notably
transcriptomics with metabolomics and proteomics, provides an exceptional opportunity to get
clearer interpretation of the forces at play in the processes of speciation and adaptation within the
Solanum genus but also in sister genus such as Capsicum. The availability of a high-quality genome
sequence of cultivated tomato was key towards these amounts of results, but efforts should be
brought towards a high-quality reference genome for each of the 12 wild species. The use of third
generation sequencing technologies (i.e. Oxford Nanopore sequencing) is about to deliver such

promises.

4. Genomic footprints of domestication and modern breeding stages

a. Deciphering the domestication and breeding history

Comparative genomics has proven to be a valuable tool to decipher evolutionary mechanisms
and forces that occurred over macro and micro timescales. Comparing patterns of nucleotide
patterns is the basic idea behind this approach to highlight constrained loci by evolutionary forces.
Both domestication and modern breeding stage (also called ‘improvement’) are appropriate models
for studying adaptation, genome evolution, and the genetics and evolution of complex traits. For
example, the accumulation of non-synonymous variants (i.e. the so-called ‘genetic cost of
domestication’, see Lu et al. (2006) or the original hypothesis and Moyers et al. (2018) for an updated
review, and selective sweeps (stretch of homozygosity due to breeding practises) were evidenced
between crop and wild accessions in many crop species such as soybean (Lam et al. 2010), maize
(Hufford et al. 2013) or rice (Xu et al. 2012). Comparative expression profiling extended the approach
in a few crops, such as maize (Swanson-Wagner et al. 2012; Lemmon et al. 2014), cotton (Rapp et al.
2010) or common bean (Bellucci et al. 2014). In tomato, the consequences of the domestication
syndrome have been deeply studied for phenotypic traits such as growth habit (plant vigour and
flowering time) and fruit traits (set, size, shape, colour and morphology) and many major genes and
QTLs have been identified during the last decades (Grandillo and Tanksley 1996; Doganlar et al. 2000;
Tanksley 2004; Bai and Lindhout 2007; Chakrabarti et al. 2013). The use of ‘omics’ (i.e. HTS) also shed

light onto the genomic footprints of domestication and modern breeding in the tomato.
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Using genomics, tomato domestication was clarified, notably by delineating the position of S.
I. cerasiforme and its role in this process. To do so, a very large collection of >1,000 accessions was
screened using the SOLCAP SNP array (>8,000 SNPs). Tomato domestication seems to have followed
a two step-process; a first domestication in South America and a second step in Mesoamerica (Blanca
et al. 2015). The distribution of fruit weight and shape alleles supported that domestication of S.
cerasiforme occurred in the Andean region and clarified the biological status of this genetic group as

a true phylogenetic group within tomato.

b. \Variation of nucleotide diversity patterns

The strong human selection induced by domestication and later on by crop improvement, left
footprints on the plant genome that can be tracked through the genome-wide study of nucleotide
diversity with summary statistics such as m and Tajima’s D. Then, from these summary statistics,
selective sweeps or genetic bottlenecks can be evidenced. In tomato, the genome-wide reduction in
nucleotide diversity has been one of the most obvious genetic mark of such bottlenecks during the
domestication of S. lycopersicum from its closest wild relative species S. pimpinellifolium. Miller and
Tanksley (1990) reported that the amount of genetic variation in the Sl species (i.e. S. peruvianum)
far exceeded (-95%) that found in SC species (S. lycopersicum) from the analysis of RFLP markers.
More recently, this loss has been supported but revised by many studies (The Tomato Genome
Consortium 2012; Koenig et al. 2013; Lin et al. 2014; Blanca et al. 2015; Sauvage et al. 2017; Sahu

and Chattopadhyay 2017). We observed variable but drastic reduction of the total nucleotide

:;ZZ} 0.37 reported in Lin et al. (2014)from the comparison between S. lycopersicum and

diversity (

ZCROP 0.65 - reported in Sauvage et al. 2017 from
TWILD

S. pimpinellifolium at the genome-wide scale and

the comparison between S. lycopersicum and S. pimpinellifolium at the transcriptome-wide scale).
However, this drastic reduction has to be cautiously interpreted because these average estimates
across the genome may not reflect specific genomic regions.

The extensive use of wild germplasm for breeding purpose was a common practice during the
improvement stage in tomato. This had an impact on genome structure/architecture as shown by
the extensive work achieved by Labate and collaborators (2009). When examining genome-wide
patterns of nucleotide diversity, small chromosomal regions show non-randomly distributed regions
of higher nucleotide diversity in cultivated compared to wild accessions. In S. lycopersicum, these

regions showed increased allele sharing with S. pimpinellifolium, indicating recent introgressions
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from this species or a closely related other one. Koenig et al. (2013) defined 550 candidate
introgressed genes in the reference genome of Heinz1706 and 2,479 in the cultivated accession M82.
The large number of candidate loci introgressed in M82 highlights the challenge of linkage drag
during breeding using wild accessions, and may contribute to reduce genome-wide divergence in
nucleotide sequence between cultivated and wild accessions. Similar observations were reported in
Blanca et al. (2015) when comparing contemporary S. lycopersicum to vintage accessions and in
Sauvage et al. (2017) when comparing S. lycopersicum to S. pimpinellifolium, especially on
chromosome 9. Additionally, evidences of strong genetic bottleneck and relaxation of purifying
selection were reported. Estimates of dN/dS in S. lycopersicum supported the accumulation of
potentially deleterious mutations during its cultivation (Koenig et al. 2013). In contrast, Sahu and
Chattopadhyay (2017) identified a continuous and strong purifying selection in the cultivated tomato
which may be required to maintain some favoured agronomic trait. About 1% (8.76 Mb) of the
tomato genome (distributed across seven chromosomes) showed very strong purifying selection with
Tajima’s D estimates lower than -3.0. Breeding may have also contributed to fix haplotypes and

reduce nucleotide diversity by favouring one allele of interest (i.e. hard selective sweep). A total of

T S.cerasiforme T S.cerasiforme

186 domestication sweeps ( ) and 133 improvement sweeps (

7 S.pimpinellifolium 7 S.lycopersicum
covering nearly 8.3% (64.6 Mb) and 7.0% (54.5 Mb) of the species genome were identified, witnessing
the frequency of allele fixation during the history of tomato breeding (Lin et al. 2014). Overall, both
domestication and improvement sweeps overlapped with known QTL, notably related to fruit weight,

a major trait affected during these two stages of the tomato history (i.e. locus fw2.2, fw3.2...).

c¢. Domestication and modern breeding induced a transcriptome rewiring

The comparative genomics approach was extended by using gene expression levels to
decipher the genome-wide transcriptional changes induced during the domestication and
improvement stages of the tomato history. Expression and co-expression patterns were investigated
and showed that specialized as well as general pathways have been affected during both stages. Itkin
et al. (2013) showed how tomato turned from “nasty to tasty”. More precisely, metabolic pathways
and genes directing the synthesis of some anti-nutritional compounds (i.e. Steroidal GlycoAlkaloids -
SGAs) in potato and tomato were elucidated. Comparative co-expression analyses between tomato
and potato coupled with chemical profiling revealed ten genes partaking in SGA biosynthesis. Six of

them form a cluster on chromosome 7, whereas an additional two are adjacent in a duplicated
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genomic region on chromosome 12. The Silencing GLYCOALKALOID METABOLISM 4 pathway
prevented accumulation of SGAs in tomato fruit and in potato tubers. This demonstrated that
domestication down-regulated entire specialized metabolic pathways, locking the production of
antinutritional compounds.

Patterns of differential expression and co-expression between cultivated and wild tomato
species showed major transcriptional changes in genes related to stress response, defence response,
photosynthesis, response to high light, and redox pathways (Koenig et al. 2013). These molecular
functions partly overlapped with genes related to response to stress, the generation of precursor
metabolites and energy, metabolic process, the epigenetic regulation of gene expression, and
carbohydrate metabolism additionally identified in Sauvage et al. (2017). Enrichment for these
categories indicated that abiotic and biotic stresses have played a major role driving transcriptional
variation along tomato history. In addition, the comparison of genomic and transcriptomic patterns
conducted in Sauvage et al. (2017), showed that both synonymous and non-synonymous
polymorphism rates tended to be higher in the wild group than the cultivated group. This trend was
significantly more pronounced for differentially expressed genes (DEG) between crop and wild
tomato accessions, than for the non-differentially expressed ones, indicating that purifying selection
was significantly weaker in DEG compared with non-DEG. Altogether, this suggests that purifying

selection tends to be stronger among DEG in the wild genetic group.

Part lll: Population genomics to sustain modern breeding

There are two strong interests in studying the crop wild relative species such as wild
tomatoes: (1) Use the wild relative species to better understand processes and modification triggered
by domestication into crop plants (Abbo et al. 2014) and (ll) identify and introgress wild relative genes
of interest to gain new genetic diversity following the strong diversity bottlenecks and thus increase
the crop fitness (Ohmori et al. 1995, 1998). Since the pioneer work of Steve Tanksley’s research
group, molecular markers were used to construct a high-density genetic map of the tomato genome
(Tanksley et al. 1992) and dissect quantitative traits into Mendelian factors or QTL (Quantitative Trait
Loci) (Paterson et al. 1988; Tanksley et al. 1992). This also allowed to positionally clone the genetic
factors underlying major mutations or quantitative traits (Paterson et al. 1991). The low
polymorphism detected by RFLP and PCR markers compelled geneticists to study interspecific

segregating populations, which were more polymorphic. This also underlined the interest of the wild
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relative species as a source of new diversity. With the availability of SNP markers, it became possible
to study large collections of varieties, develop GWAS and advance our knowledge about the genome
structure such as linkage disequilibrium decay, the structure of haplotypes, the distribution of

recombination and to identify early introgressions from wild species.

1. Introgressions from crop wild relative species improved the crop tomato

The crucial role of crop wild relatives has been identified for many crops (Vincent et al. 2013;
Brozynska et al. 2015), but it is particularly pronounced for tomato breeding. This was already
suggested by the pioneer work of Charles Rick (1990)who showed the existence of several disease
resistances in wild tomato species. More than 200 pathogens infect the crop tomato (Bai and
Lindhout 2007). Heirloom varieties are usually susceptible to all of them. Thus, wild relatives were
first screened for disease resistances and many monogenic dominant genes were discovered. They
were subsequently introgressed into cultivars and nowadays modern hybrids carry up to eight
disease resistance genes. The introgression required the identification of molecular markers linked
to these genes and many of them are now located on the genome (Causse and Grandillo 2016).
Following the mapping effort, tomato was used as a model species to clone these genes and decipher
their structure and their molecular organisation (Martin et al. 1993). Wild germplasm has played a
crucial role in the modern breeding of cultivated tomato (Stevens and Rick 1986), triggering interest
for wild tomatoes species and for the evolution of the group as a whole (Labate et al. 2007).

During the sequencing of the tomato reference genome, the introgression of several
chromosomal segments related to S. pimpinellifolium was shown (TGC 2012). These introgressions,
probably due to the first introgressions of disease resistance genes were detectable on several
chromosomes, suggesting several rounds of introgression.

The large size of introgressions from wild relative species was first shown by (Young and
Tanksley 1989). This was confirmed at the genome scale by Lin et al. (2014) who detected in a set of
modern F1 hybrids a large exotic fragment on chromosome 9 (more than 50 Mb in length) carrying
the tobacco mosaic virus resistance gene Tm-2? derived from S. peruvianum. In addition, they
detected two other major introgressions on chromosome 6: one (>25 Mb in length) carrying the root
knot nematode resistance gene Mi-1 introgressed from S. peruvianum and the other (+30 Mb in
length) carrying the tomato yellow leaf curl virus resistance gene Ty-1 from S. chilense. Even after

many generations of backcrossing, these introgressed fragments remain intact, possibly due to
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chromosomal rearrangements or a centromeric location that would inhibit recombination, as in the

case of Ty-1 and Mi-1 (Seah et al. 2004; Verlaan et al. 2013).

2. Dissecting the genetic architecture of agronomical traits

Quantitative trait mapping revealed the potential of crop wild relatives even for un-targeted
traits. Due to the low genetic diversity within the cultivated compartment (Miller and Tanksley 1990),
most of the first mapping populations were based on interspecific crosses between a cultivar and a
related wild accession from the Lycopersicon section (as reviewed by Foolad (2007); Labate et al.
(2007); Grandillo et al. (2011)) or from Lycopersicoides (Pertuzé et al. 2002) and Juglandifolia group
(Albrecht et al. 2010). However, intraspecific crosses, notably with cherry tomatoes have proved their
interest notably on fruit quality aspects (Saliba-Colombani et al. 2001). All those populations allowed
discovering and/or characterizing a myriad of major genes and QTLs involved in various traits (recent
synthesis in Grandillo and Cammareri 2016).

Introgression Lines (IL) derived from interspecific crosses allowed dissecting the effect of
unique chromosome fragments from a donor (usually a wild relative species) introgressed into a
recurrent elite line. ILs were used for fine mapping and positional cloning of several genes and QTL
of interest. The first IL library was developed between S. pennellii and S. lycopersicum (Eshed and
Zamir 1995; Zamir 2001). This progeny was used to identify QTLs for fruit traits (Causse et al. 2004),
anti-oxidants (Rousseaux et al. 2005), vitamin C (Stevens et al. 2007) and volatile aromas (Tadmor et
al. 2002). QTL mapping power was increased compared to biallelic QTL mapping population, and was
again improved by the constitution of sub-IL set with smaller introgressed fragments (Ofner et al.
2016). Such exotic libraries were thus designed with several species, involving S. pimpinellifolium
(Doganlar et al. 2002b), S. habrochaites (Monforte and Tanksley 2000; Finkers et al. 2007) and S.
lycopersicoides (Canady et al. 2005). Introgression lines were also used to dissect the genetic basis of
heterosis (Eshed and Zamir 1995). Heterosis refers to a phenomenon where hybrids between distant
varieties or crosses between related species exhibit greater biomass, speed of development, and
fertility than both parents (Birchler et al. 2010). Heterosis involves genome—wide dominance
complementation and inheritance model such as locus—specific overdominance (Lippman et al.
2007). The potential of related wild species even for improving unexpected traits was shown as, for
instance, some QTL alleles increasing the red colour of the fruit were discovered in S. pennellii, a
green-fruited species (Causse et al. 2004). Interesting alleles at QTL for fruit volatiles were also

detected in several interspecific progenies (Klee 2010).
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3. Molecular bases of trait diversification

Tomato domestication and later diversification of fruit types, led to a large morphological
diversity in tomato fruit (with small to large, round, blocky, elongated, pear shaped fruits, with colour
ranging from red to green, white, black, pink, orange or yellow). On the contrary, wild tomato species
carry small, round red or green fruits, with a limited intraspecific phenotypic diversity. Using
molecular markers, the genetic control of fruit traits has been widely dissected (Grandillo et al. 1999;
Lippman and Tanksley 2001; Barrero and Tanksley 2004). The first QTL controlling fruit weight
variation, fw2.2, was cloned (Frary 2000) followed by several mutations/QTL involved in fruit shape:
LC and FAS which increase locule number and fruit size (Cong et al. 2008; Mufios et al. 2011), OVATE
which gives ovoid fruit shape (Liu et al. 2002) and SUN which gives an elongated fruit shape or the
oxheart shape when associated to LC and FAS (van der Knaap et al. 2002; Xiao et al. 2008). It was
then shown that the combination of alleles at these four genes were responsible of most of the
diversity of fruit shape present in cultivated germplasm (Rodriguez et al. 2011). The allelic distribution
of the four genes was then associated with morphologic, geographical and historical data in a
collection of diverse cultivated accessions and a model for fruit shape evolution in tomato was
established suggesting that selection occurred in distinct chronologic and historic periods: LC arose
first, followed by OVATE, both in S.I. cerasiforme background but in distinct populations. FAS arose
later in a LC background. The presence of these three mutations in Latin American germplasm
suggested Pre-Columbian mutations. Combined with fw2.2, they must have strongly contributed to
the increase in fruit size during tomato domestication. On the contrary, SUN mutation is not carried
by any Latin American material tested, suggesting that SUN mutation appeared post domestication
in European material (probably in Italy). This study also showed that the selection for fruit shape is

strongly responsible for the underlying genetic structure in tomato cultivars.

4. Breeding shaped the genetic structure of modern cultivars

As previously stated, selection during domestication and subsequent breeding considerably
reduced the genetic diversity of the tomato crop. To further improve the crop, segments of wild
tomato genomes were introgressed into modern cultivars (Rick 1960). To better understand how
modern breeding had changed the tomato genome, Sim et al. (2011) studied the population structure
of 70 tomato lines (with 173 markers) and found clusters that separated the cultivated tomato into
processing, fresh-market, vintage and landrace varieties. A similar study detected a longer linkage

disequilibrium decay in processing tomatoes (7 to 14 cM) and in fresh market tomato (3 to 16 cM)
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than in vintage cultivars (6 to 8 cM), which revealed the strong selection cost that modern breeding
induced in processing and fresh market tomato varieties (Robbins et al. 2011).

More recently, Lin et al. (2014), sequenced 360 tomato genomes: 333 representing the
diversity of types and varieties from the red-fruited clade (S. pimpinellifolium, S. lycopersicum var.
cerasiforme and S. lycopersicum) including 166 big-fruited S. lycopersicum. They detected two main
groups in S. lycopersicum: the first including accessions of S. lycopersicum with big fruits paired with
the Non-South American S. lycopersicum var. cerasiforme and the second composed by the S.
lycopersicum var. cerasiforme that were originated from south America. With a higher resolution
(K=4) they could as well detect the processing tomato cluster. They focused on PIM (S.
pimpinellifolium), CER (S. lycopersicum var. cerasiforme) and BIG (S. lycopersicum) clusters and
observed domestication induced diversity decrease by measuring the number of sites that were
polymorphic in each group, from the close wild relative PIM (30.4% of the total 3.5 million SNPs) to
the BIG (2.8%) with the intermediate group of CER (6.6%). Following this polymorphism detection,
they showed a strong difference in linkage disequilibrium decay occurring between SNPs at physical
distance of 8.8 kb in PIM, 256.8 kb in CER and 865.7 kb in BIG (figure 3). The domestication and
improvement swept regions occupied nearly 25% of the assembled genome, these 25% of sweeps
experience a strong LD, costs of domestication, and will be limiting for future conventional tomato
improvement.

The 1,008 tomato accessions that were genotyped using 7,720 SNPs by Blanca et al.
(2015)completed the previous analyses. In this study, the heterozygosity expected and observed
were higherin PIM (He =0.21 /Ho = 0.042) than in CER (He =0.17 / Ho = 0.023) and in BIG (He = 0.12
/ Ho =0.012). Known introgressions were detected in modern cultivar compared to so-called vintage
ones, by measuring a higher heterozygosity due to the wild introgressions (He = 0.12 vs. 0.09). In a
recent paper, Sahu and Chattopadhyay (2017), detected 2,439 SNPs that were only polymorphic in
wild accessions, these wild variants being part of 1,594 genes (868 SNPs were located up- and
downstream of these genes). With this study they confirmed that chromosomes which were the most
affected by domestication and presented high diversity loss were the chromosomes 1, 2, 3, 8 and 10.
These chromosomes are including the chromosome 2 that is known since 1964 (Kerr and Bailey

1964)as bearing three of the few genes responsible for the fruit shape and size (LC, fw2.2 and Ovate).
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Figure 3. (from Lin et al. 2014): (a) The neighbour-joining tree of the population (331 accessions from
the red-fruited clade and 10 wild accessions) was generated using 20,111 SNPs at fourfold-
degenerate sites. The bars indicate the PIM (green), CER (orange) and BIG (blue) lines. The two
branches containing wild accessions are enlarged for visualization. Typical fruits of the species
studied are shown. (b) Model-based clustering analysis with different numbers of clusters (K =2, 3
and 4). The y axis quantifies cluster membership, and the x axis lists the different accessions. The
orders and positions of these accessions on the x axis are consistent with those for the neighbour-
joining tree. South American CER, non—-South American CER and processing tomato clusters are
separated by dashed red lines.

5. Genome-wide association approach extended the knowledge of the genetic

architecture of agronomical traits

In plants, the QTL approach has been largely used in biparental and multi-parental crosses
(i.e. MAGIC - Laura et al. (2014) - or NAM populations). However, this approach is restricted in allelic

diversity limiting the genomic resolution to map genetic determinants (Borevitz and Nordborg 2003).
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The genome-wide association approach (GWAS) was proposed to overcome the main limitations of
traditional gene mapping by (i) providing higher resolution using ancestral polymorphism at the
population level and (ii) using panels of individuals from populations in which commonly occurring
genetic variations can be associated with phenotypic variation. The availability of high-density SNP
arrays (Sim et al. 2012; Viquez-Zamora et al. 2013) and sequencing data allowed genome-wide scans
to test for significant associations between molecular markers and the quantitative trait variation.
While firstly applied in large studies of human disease, that successfully identified candidate loci
(Hindorff et al. 2009), GWAS was adopted in plants only a decade ago. Overall, these successful
studies identified loci that explain large portions of phenotypic variation (Brachi et al. 2011).

In major crop species, GWAS was applied to decipher the genetic architecture of complex
guantitative traits and benefited from statistical and technical developments. More precisely, the
implementation of mixed linear models (MLM) to account for population structure and kinship,
estimated in the studied panel, allowed detecting associations with a higher accuracy. Similarly,
correction for multiple testing (i.e. FDR or Bonferroni corrections) removed false positive associations
sorting out the most promising candidate loci. Additionally, the size of the GWAS datasets in major
crops followed the trend of the power of high-throughput genotyping and sequencing technologies.
From few SSR or SNP makers, a decade ago, actual genomic datasets rely on full length genome
sequence for hundreds of individuals. Tomato was not an exception with numerous GWA studies
conducted during the last decade, notably for agronomic traits such as fruit morphology,
metabolomic content or genotype by environment interactions (GxE). In more details, the first
association studies investigated fruit quality using limited sets of SNP (<100) spread over the
chromosome 2 (Ranc et al. 2012). Then, rapidly, with the development of the SOLCAP SNP genotyping
array (nearly 8000 SNPs), genome-wide level GWA experiment were conducted to decipher the
genetic basis of agronomical traits such as fruit morphology or fruit metabolite contents (Sauvage et
al. 2014; Ruggieri et al. 2014; Sacco et al. 2015; Zhang et al. 2015; Bauchet et al. 2017a, b). Then, low
coverage sequencing and full genome sequencing provided a broader coverage of the tomato
genome, increasing the power to detect new associations notably related to fruit colour (Lin et al.
2014), agronomical traits (Shirasawa et al. 2013; Ye et al. 2017), flavour components (Tieman et al.
2017) or extensive sets of primary and secondary metabolites (Zhu et al. 2018). However, within
these latter studies, the interactions between the genotype and its surrounding environment were
not considered until Albert et al. (2016) provided a GWAS study of the impact of drought stress onto

agronomical and fruit quality traits in tomato, opening the door to further GxE experiments, notably
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related to biotic and abiotic stress tolerance. Overall, these studies made an extensive use of the
combination of population genomics and germplasm collection. They deepened our knowledge on
tomato genome dynamics in terms of recombination patterns (through the study of the LD decay),
identified candidate loci that were functionally validated, proving the validity of the approach in this

species and more largely in plants.

However, in tomato, as in major crop species, limitations to sustain the discovery of new
candidate loci underlying complex traits remain. Breakthroughs have been made in the field of high-
throughput phenotyping, such as nano-sensors assisted phenotyping (Dalal et al. 2017) which
complement the production of population genomics data in this field of research. These latter
technologies would be easily transferred to decipher the genetic architecture of local adaptation
processes, for example, by providing large amounts of data for a reasonable cost. Another limitation
is the statistical correction applied for multiple testing that inherently lower the power of the
association approach towards low to medium effect loci. At this stage, population genomics will be
of great help to tackle this problem. Haplotype determination methods are more mature procedures,
thanks to the HapMap human project. However, these procedures have been sparsely applied in crop
species (Wang et al. 2013). Reports in maize, rice or soybean demonstrated the power of the
approach for adaptive traits such as flowering time (Van Inghelandt et al. 2012), sugar metabolism
(Lestari et al. 2011) or salinity resistance (Patil et al. 2016), respectively. Besides the identification of
promising candidate loci, the use of haplotypes provided further knowledge of the demographic or
selective history of these loci. The same approach can be applied in tomato that experienced drastic
changes in nucleotide diversity patterns along its domestication and modern breeding phases. Thus,
haplotype makers will strengthen biological interpretations obtained from quantitative genetics and
population genomics, offering a broader view of selective forces that acted on loci related to traits
of agronomical interest for which the molecular determinants have been identified by GWAS. Dealing
with the missing heritability is another limitation of the GWA approach (Brachi et al. 2011), that
limitation could be unveiled by population genomics based on the analysis of epi-markers. The
approach was successfully applied, notably in human for common diseases (Rakyan et al. 2011) as
epigenetic variation affects genes function and can contribute to common disease, and, in
Arabidopsis thaliana, for local adaptation (Dubin et al. 2015). Overall, there is a unique opportunity
to merge population genetics and population genomics to get the best of both worlds in sustaining

breeding efforts while deciphering the selective history of agronomical loci in crops, such as tomato.
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Part IV: Prospects for future research

a. Towards a pan-genome in tomato

Large scale genomic characterization of genetic diversity in plants is already ongoing,
especially with the re-sequencing of large sets of accessions. In 2018, over five hundred genome
sequences are publicly available in tomato and future projects aim to sequence up to thousands of
accessions. These data allowed the identification of domestication footprints and track hybridization
events, for example (Lin et al. 2014). Mining and leveraging the sequence data in such large-scale
projects require a pan-genomic approach. A pan-genome structure that describes the full
complement of genes in a single species, has multiple advantages over a single, linear reference
genome sequence for population genomics and plant breeding applications. The approach was
applied in crop and wild accessions of rice. Identifying conserved and variable regions allowed to
pinpoint new causal variants that underlie complex evolutionary traits (Zhao et al. 2018). In tomato,
a pan-genome that includes its wild relative species would provide a single coordinate system to
anchor known nucleotide variation (SNP, InDels and CNV, for examples) with phenotypic data. The
tomato genome reference was obtained from the Heinz1706 accession that experienced breeding
during its history that leaded to fix or remove nucleotide variation. Thus, using a single reference
genome is limiting the identification of novel genes from the available germplasm that are not
present in this reference genome, especially for genes of agronomical interest. Rare CNV were
already detected in the tomato genome demonstrating that structural variation exists in this species
(Causse et al. 2013). In this context, it makes sense to re-think the idea of a ‘reference’ genome. The
Pan-genome is also an opportunity to track chromosomal rearrangements between genotypes that
may have occurred over micro (i.e. domestication) and macro (i.e. species divergence) timescales.
While being computationally challenging, methodological approaches are available to construct, use

and visualize pan-genome (The Computational Pan-Genomics Consortium et al. 2016).

b. Modelling of demographic history and ecological niche

The genomes of contemporary crops contain considerable information about their history.
Although, the general contour of tomato history has been defined with the increasing amount of
available data (both SNP genotyping and sequencing) and sampling sizes, its resolution remains
elusive. Statistical inference methods, inherited from human genomic and based on coalescent

theory, have been developed to leverage information contained in these genome-wide sets of data
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and have proven their power to refine parameters of the species history. More precisely, from
observed footprints in DNA sequence variation, these methods aim at reconstructing the
evolutionary history and providing precise estimates of selective and demographic events (i.e.
population effective size growth or decline) that the species of interest experienced. Population
genetic summary statistics (i.e. Watterson’s Theta, Tajima’s D) provide such data to test for
demographic events. Numerous methods and models have been developed for demographic
inferences (see Schraiber and Akey (2015) for a review) with the most popular ones being the
principal component analysis (PCA), Structure (Falush et al. 2003) and Treemix software (Pickrell and
Pritchard 2012) that are very powerful towards identifying population structure and mixture. In
tomato, these methods have been largely applied and are the basis for further explorations of more
complex demographic models that describe events like population divergence, migration and
changes in demographic sizes. Towards this objective, methods based on site frequency spectrum
(SFS) modelling have been applied in both the crop tomato (Lin et al. 2014) and its CWR species to
unravel timings of population divergence for example (Beddows et al. 2017) but remain limited.
Furthermore, until now, despite the large amount of genomic data, no haplotype-based method has
been used to precisely measure coalescence between haplotype in a population to infer changes in
its effective size, for example. The sequentially Markov coalescent (SMC) method and its extensions
(PSMC (Li and Durbin 2011) and MSMC (Schiffels and Durbin 2014)), operating on full genome
sequences, would be precious tool to precisely decipher this species history.

In parallel, past climate change may have contributed significantly to population dynamics
and shaped patterns of nucleotide variation. Ecological niche modelling (ENM) building from current
bioclimate variables are projected to paleoclimates to predict the variation in population
geographical distribution over large time-scales. In tomato, the role of geography and ecology in
species divergence has been investigated using a combination of climatic, geographic, and biological
data from nine wild Andean tomato species to describe each species’ ecological niche and to evaluate
the likely ecological and geographical modes of speciation in this clade (Nakazato et al. 2008, 2010).
Both studies mainly demonstrated that the nine studied species experienced an ecological
adaptation that drove genetic and phenotypic divergence in association with one or more
environmental variables, leading to specific ecological niches following a recent divergence. All these
features turned these species into major source of biotic and abiotic stress-responsive genes and

genetic mechanisms of adaptation to climate change. Those genetic resources can directly sustain
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breeding efforts for elite germplasm that would grow under stressful or changing conditions without

being detrimental to traits of economic interest such as yield or fruit quality.

c. Adapting the tomato crop to climate change using genomic approaches

Food security may be threatened by a combination of events, such as increasing human
population and needs, climate change and by the lack of sustainable development. Evolutionary
adaptation has been proposed as a tool to understand how some species, such as the tomato,
overcome environmental changes by the understanding of local adaptation mechanisms (Mousavi-
Derazmahalleh et al. 2018). These changes act as selective pressures and are driven by climate
change. However, the success of evolutionary adaptation depends on various factors, one of which
being the extent of genetic variation available within the crop species. Many QTL studies have
involved crop wild relatives, but just a few wild accessions were used (less than 10 S. pimpinellifolium
and S. habrochaites and one or two of the other species, as reviewed by Grandillo and Cammareri
(2016)). Thus, a large natural diversity, including important alleles for the crop, remains to be
discovered and used to improve tomato adaptation. The genomic approaches provide a unique
opportunity to identify genetic variation that can be employed for its own breeding efforts programs.
The routinely use of genomic-based selection methods is a recent breakthrough facilitating the
assessment of genetic variation and discovery of adaptive genes in this species. While additional
information is needed, the current utility of selection tools indicates a robust ability to utilize existing
variation in the tomato to address the challenges of climate uncertainty. Thus the objective is to
properly use genomics to increase tomato yield, quality and stability of production through advanced
breeding strategies, enhancing the resilience of this crop species to climate variability as proposed in

Abberton et al. (2016).

d. Implementing genome-wide based Genomic Selection

Genomic selection (GS) is a promising approach exploiting the density of molecular markers
across genomes to offer advanced breeding designs (Goddard and Hayes 2007). More precisely, GS
refers to selection decisions based on genomic breeding values (GEBV, Hayes et al. (2009)). This
approach has the potential to be cost-effective (both in time and money) by reducing generation
time or phenotyping effort through its prediction. While being successful in dairy cow breeding, its

application in crops remains limited to major species such as maize (Crossa et al. 2013). This

-89 -



methodological approach benefits from the availability of large genotyping or sequencing datasets,
mainly obtained from GWA panels, to test its feasibility. The initial step, as described in Heffner et al.
(2009), relies on performing a cross-validation (or model training cycle) step where the effect of
parameters such as LD decay, size of the training population, density of markers on the correlation
between the predicted phenotype and the measured phenotype are evaluated (the so-called ‘r?
estimation). Using this knowledge, the most accurate prediction parameters and models can be
determined. The cross-validation step offers the best framework to start with and run a first round
of GEBV to select the best individual to reproduce.

In tomato, cross-validation studies have already been conducted providing an appreciation
about the potential of GS in this species. The studied phenotypic traits were mainly related to fruit
guality and showed a high predictability from a medium size GWA panel of nearly 160 individuals
(accuracy up to 0.89 for fruit weight, (Duangjit et al. 2016)) but were variable according to the trait
heritability: as expected, a low heritability trait was less predictable than high heritability trait.
Additionally, the potential of GS was evaluated and showed that (1) reliable phenotype prediction
models were constructed from simulation data leading to confident prediction for both yield and
flavour, with for example, an r? of 0.807 for Solid Soluble Content (Yamamoto et al. 2016) and (2)
quality traits improvement through GS can be reached for F1 hybrid genotypes (Yamamoto et al.
2017). However, these studies also revealed that GS will be difficult to apply in a breeding context in
tomato because of the number of traits to consider and the antagonism between fruit yield and
quality traits (sugar content vs fruit size for example) combined with the high level of LD in modern
varieties or the bottleneck of high-throughput phenotyping. But overall, tomato germplasm
collections remain precious material that should be maintained, deeply characterized and enriched

(notably with the addition of crop wild relative species) to support GS and GWA approaches.

e. Opportunities from data sharing in the tomato scientific community

The past decade has been really fruitful in producing data such as genome sequences,
transcriptomes and metabolomes. The type and quality of data may vary according to their
generation technology (e.g. HiSeq vs PacBio, or RNAseq vs genome sequencing), and therefore it
might be difficult to compare them within a same analysis. The real challenge is thus to develop
databases that are user-friendly and help scientist handling the amount of data available. The tomato
community with the creation of databases like Solgenomics Network (SGN -

https://solgenomics.net/), tomatomics (Kudo et al. 2017), the Tomato Expression Atlas (Fernandez-
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Pozo et al. 2017) and TomExpress (Zouine et al. 2017) has managed to acquire, collect and share most
of the data available. It remains essential for researchers to make the best use of accumulated
biological knowledge on tomato. In this context, the SGN database initiated a gathering of QTLs
analyses but the discrepancy of alighment made it nearly unusable. Using methods developed in
human in 2008 (Allen et al. 2008; Zeggini et al. 2008) and later applied in A. thaliana (Grimm et al.
2012), GWAS results were aggregated onto a cross-species platform to replicate results and share
data. In tomato, many GWA studies have been conducted, especially on traits related to fruit quality,
offering the opportunity to foster the genetic architecture of this trait through a GWA meta-analysis
and consequently discover new candidate loci and reducing the proportion of uncovered heritability.
This approach has notably been successfully applied in human (Tedja et al. 2018).

As we previously developed in this chapter, the higher nucleotide diversity from crop wild
relative species will continue to supply breeding improvement. The data from crop and wild tomato
species also represent an opportunity to expand scientific studies on plant biotic and abiotic stresses
responses. Indeed, wild tomato species, being locally well adapted to all kind of extreme
environments (from high altitude to arid areas), are a crucial resource for breeders to retrieve traits
for future cultivars retaining high quality and performance despite environmental changes.
Furthermore, high synteny revealed the common structure within families of plants such as for the
Solanaceae (Wang et al. 2008; Rodriguez et al. 2009; Peters et al. 2012; Rinaldi et al. 2016) opening
the possible diversity sources to the entire family. Therefore, useful discoveries in species like S.
melongena or S. tuberosum could be translated to the tomato crop genome. This was recently
demonstrated by the successful transfer of natural resistance from Pisum sativum to A. thaliana using
new gene editing methods, such as CrispR-cas9 (Bastet et al. 2018), showing the promise of
numerous future applications of this trans-specific process. At the opposite, another potentially
successful approach to sustain the development of high-yielding crops was recently proposed and
could be applied in tomato. This approach, called the ‘rewilding’, consists in furnishing crops that
carry lost properties that the ancestors once possessed to tolerate variable environmental conditions

(Palmgren et al. 2015).
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Further Major Readings We Recommend:

- Bauchet and Causse 2012 : ‘Genetic Diversity in Tomato (Solanum lycopersicum) and Its Wild

Relatives’ (Bauchet and Causse 2012)

- Haak et al. 2014 : ‘Merging Ecology and Genomics to Dissect Diversity in Wild Tomatoes and

Their Relatives’ (Haak et al. 2014)

- Peralta, I; Spooner, D; Knapp, S 2008 Taxonomy of wild tomatoes and their relatives (Solanum

sect. Lycopersicoides, sect. Juglandifolia, sect. Lycopersicon; Solanaceae) Amer. Society of Plant

Taxonomists, 2008 (Peralta et al. 2008)
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CHAPTER 2
Demographic inferences reveal a convergence of domestication

Solanaceae
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In the second chapter, we aimed to decipher the most likely domestication scenario for the
three crop and wild population pairs. We performed a comparative analysis of several demographic
models of increasing complexity to limit biases induced by making strong assumptions (Gaut et al.
2018). Comparing the crop and wild populations enabled us to evaluate the extent of biological
changes due to domestication. This knowledge is crucial to improve future breeding efforts, and we
bring valuable estimation of the impact of human selection on the crop effective population size and
gene flow with their wild relative (Zeder 2015). Inferring the demographic scenarios of these three
species is an unprecedented opportunity to further characterize each domestication event duration,
and therefore improve the inference of the demographic history that were hypothesized through

indirect means (human and cultivation history of the areas, ancient written records).

Results in brief:

The comparative study of the demographic inferences modeling the domestication of the three

species, revealed the convergence of the domestication processes in the Solanaceae family

e Detection of artificial selection footprints in the Solanaceae genomes
e Presence of a bottleneck corroborating with the domestication stage of cultivation, in the
three species
e Estimation of the divergence time between the crop and their wild relatives
o Eggplant domestication: 5,938-3,087 BCE
o Pepper domestication: 6,760-3,514 BCE
o Tomato domestication: 7,901-4,107 BCE

Conclusion and perspectives:

e By knowing the past behavior of our crops facing domestication events, we improve modern
breeding efforts to sustain future crop breeding and their innate barriers to human control

conditions

e Possible applications for producing de-novo domestication events
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Abstract

Domestication is a human-induced selection process that imprints the genomes of domesticated
populations over a short time scale. Deciphering whether these changes are convergent between
independent domestication histories needs to be ascertained. Reconstructing historical gene flow
and effective population size changes is therefore of fundamental interest to understand how
demography and human selection jointly shaped genomic divergence during domestication. Here we
used an extended modeling framework based on demographic divergence models that capture
temporal variation in effective population size and migration rate to explore the multiple facets of
domestication-with-gene-flow. We investigate the domestication history of three pairs of species of
Solanaceae (eggplant, pepper and tomato) characterized by distinct domestication history, including
geographic isolation from the wild progenitor for pepper and tomato and sympatry for eggplant.
RNAseq derived SNPs were used to document the extent of genetic differentiation in each species
pairs, and ten different models were fitted and compared based on the unfolded joint allele
frequency spectrum of each pair. We found evidence of bottleneck in the three species. Our results
also suggest that the timings of domestication of these three species are supported by the few
historical records available. This study thus provides a new retrospective insight into the historical
demographic process that shapes Solanaceae through domestication and further promotes the

hierarchical fitting of increasingly complex demographic models.

Keywords: demographic inference, site frequency spectrum, domestication, population genomics,

Solanaceae.
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1. Introduction

Domestication involves a few thousand years of human selection that represents a great
opportunity to understand evolution (Darwin 1868; Diamond 2002). The domestication process has
been described as following four stages (Meyer and Purugganan 2013). The process starts as a
management of wild populations favoring particular phenotypes (stage 1), followed by their
cultivation (stage 2) often resulting in a genetic bottleneck due to the separation of the cultivated
crops and their wild progenitor. The crop plants are then dispersed worldwide and need to adapt to
new local conditions, via introgressions from crop wild relative or new mutation fixations (stage 3),
and finally there is a deliberate breeding effort that includes crosses of modern cultivars (stage 4).
The main interest for modern breeding is to understand the crop responses to artificial selection, i.e.
the domestication syndrome (Hammer 1984; Vigne 2011). Especially the stage 2 of domestication is
of particular concern as it often results in a bottleneck in plants, especially in annuals (Miller and
Gross 2011). Indeed, a few wild plants with specific phenotypes were selected for traits such as
flowering time (Blackman et al. 2011), plant architecture (Clark et al. 2004) and fruit size (Frary et al.
2000). This selection for favorable alleles imprints the whole genome, as shown in maize (Hufford et
al. 2013), rice (Caicedo et al. 2007; Nabholz et al. 2014) and tomato (Koenig et al. 2013; Sauvage et
al. 2017). A better knowledge and dating of this stage 2 is directly linked to human history, as it
started with the settlement of human populations and the beginning of crop cultivation (Zeder 2015).

With the combined use of genomic resources and demographic inferences between crop and
wild progenitors, it becomes possible to detect and characterize these stages, by changes in the
effective population size and gene flow rate, and estimate their duration (Gaut et al. 2018). While
most demographic studies reconstruct the domestication events in a single species (Eyre-Walker et
al. 1998; Wright 2005; Zhu et al. 2007; Sabeti et al. 2007), the question of the convergence between
the domestication processes among different crop species received little attention so far. Here, we
took advantage of the common selected phenotypes in three domesticated species of the Solanaceae
family to evaluate the extent of convergence between independent domestication events. This
taxonomic family is composed of several species of major scientific and economical interest, such as
potato, tomato or tobacco, for which large genetic and genomic resources are available.

We selected three species (eggplant, pepper and tomato) with different geographical origins
and for which reference genome sequences are available. The crop eggplant, Solanum melongena L.,

was domesticated in Asia (Meyer et al. 2012b) and it is only recently that S. insanum was proposed
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as its wild progenitor (Aubriot et al. 2016; Ranil et al. 2016). Both species remain in sympatry within
Asia, but the range of eggplant production and consumption expanded worldwide (Davidar et al.
2015). The crop pepper, Capsicum annuum L., is bred and consumed worldwide and is native to
tropical Mesoamerica. It was domesticated in Mexico (Perry et al. 2007; Ibiza et al. 2012) before
being introduced in Europe (Andrews 1993). The supposed common wild progenitor, C. annuum var.
glabriusculum, shows high discrepancy in its phylogeny and remains not well defined (Hill et al. 2013;
Nicolai et al. 2013). The cultivated tomato, Solanum lycopersicum L., was domesticated from the wild
progenitor S. pimpinellifolium in Peru before experiencing two bottlenecks: first moving to
Mesoamerica (Jose Blanca et al. 2012) and then with few cultivars introduced to Europe from Mexico
(Atherton and Harris 1986; Blanca et al. 2012). These domestication events and further genetic
improvement led to specific genomic footprints in tomato (Lin et al. 2014).

As previous studies, we aimed to decipher the most probable domestication scenario for the
three crop and wild population pairs (Nabholz et al. 2014; Qi et al. 2017). We compared several
demographic models of increasing complexity to limit biases induced by making simplifying
assumptions while avoiding overfitting (Gaut et al. 2018). Comparing the crop and wild populations
enabled us to evaluate the extent of biological changes due to domestication. Indeed, it is crucial to
estimate the impact of human selection on the crop effective population size and gene flow with
their wild relative to bring insights into future breeding improvement efforts (Zeder 2015).
Furthermore, it is an unprecedented opportunity to further characterize the duration of each
domestication phase, and therefore improve the inference of the demographic history that were
hypothesized through indirect means (human and cultivation history of the areas, ancient written

records).

2. Materials and Methods

Plant Materials and RNA sequencing

To complete the RNAseq data available in Pease et al. 2016 (3 accessions of tomato) and
Sauvage et al. 2017 (8 accessions of tomato), we sampled crop and wild accessions for three species
within the Solanaceae family (eggplant, pepper and tomato). All accession details are given in the
Table S1. For each species, accessions were selected according to the literature to maximize
nucleotide diversity within the crop population and their wild relatives. Seeds were collected from

the INRA seed bank from the Genetic Resources Center
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(https://wwwé.paca.inra.fr/gafl_eng/Vegetables-GRC/). For eggplant we used seven crop accessions
(5. melongena) and 10 wild accessions (S. insanum) (Aubriot et al. 2016); for pepper we used 12 crop
accessions (C. annuum) and four accessions of the supposed common ancestor C. annuum var.
glabriusculum (Hernandez-Verdugo et al. 2001; Qin et al. 2014). For the tomato we used nine crop
accessions (S. lycopersicum — eight previously used in Sauvage et al. 2017 and one used in Pease et
al. 2016) and nine wild relative accessions from the close relative species S. pimpinellifolium (Blanca
et al. 2012, 2015). For the ancestral states, we used 2 outgroup accessions in eggplant (S.
campylacanthum), 4 outgroup accessions in pepper (C. microcarpum, C. baccatum and C. chacoense)
and 3 outgroup accessions in tomato (S. lycopersicoides and S. sitiens both retrieved from Pease et
al. 2016).

Three replicates of each accession were grown in greenhouses under normal conditions
during spring and summer 2012, in Avignon, France. The biological samples were pooled, and
composed of 15, 20 and 65% of flower, fruit and leaf tissues, respectively. Briefly, these different
tissues were chosen to catch the broader representation of gene expression levels for the entire
plant. Entire flowers and young leaves were sampled while fruits were harvested only at ripe stage
(40 days post anthesis). All tissues were flash frozen in liquid nitrogen prior to storage at -80°C and
subsequent RNA extraction using the Spectrum Plant Total RNA from SIGMA-ALDRICH (ref. STN50),
following manufacturer’s recommendations. RNA obtained was quantified and its quality was
checked using a bioanalyser 2100. RNAseq libraries were prepared and individually tagged (using 6
bp tags) at INRA SupAgro (Montpellier, France) using the TrueSeq kit and sequencing was performed
by the GetPlage Platform (INRA, Toulouse), using the HISEQ2500 protocol (150 bp stranded and

paired-ends reads were produced). The transcriptomic analyses are described in Arnoux et al. 2018.

Quality control, reads alignment and variant calling

We performed sequencing data quality control using FastQC and trimmed the adapters from
the sequences using Trimmomatic (Bolger et al. 2014b). The sequences of all accessions were aligned
to the respective reference crop transcriptome, for eggplant: S. melongena (The Eggplant Genome
Consortium 2017; Lanteri et al. 2014), for pepper: C. annuum (Qin et al. 2014) and for tomato: S.
lycopersicum (The Tomato Consortium 2012). We used a python pipeline (cf data availability section
- GitHub repository) to perform the mapping on the respective reference set of coding sequences
using BWA-MEM (Li 2013). GATK was used to call the variants (HaplotypeCaller), perform base quality

score recalibration, indel realignment and duplicate removal according to the GATK Best Practices
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recommendations (DePristo et al. 2011; Van der Auwera et al. 2013). VCFtools (Danecek et al. 2011)
was applied to filter the output variant calling file (vcf) and retained sites showing a minimal coverage
per individual of 20x and minimal mean coverage over the total set of accessions mapped of 10x.
Following the SNP calling, we used the approach implemented in reads2snp (Gayral et al. 2013) to
make a clean cut off of paralogous sites selecting for FIS under 0.5. As genetic linkage is increased
during domestication due to a higher selfing rate (Charlesworth and Wright 2001), Plink (Purcell et
al. 2007; Chang et al. 2015)was used to remove linkage disequilibrium (LD) by pruning the linked SNPs
(with a r? > 0.4). In tomato, we excluded the chromosome nine of any subsequent analysis as it was
almost entirely introgressed from a wild relative accession of S. peruvianum to bring resistance to
Tomato mosaic virus (Tm2.2 locus), and therefore would have biased our analyses (Ohmori et al.

1995; Koenig et al. 2013).

PCA and unfolded allele frequency spectrum

A principal component analysis (PCA) was performed using the filtered pedigree file (ped) on
the SNP genotype data from the wild and crop populations (Fig. 1). Then, the ancestral status of each
SNP was determined from the consensus of the outgroup accessions. The 4P software (Benazzo et
al. 2015) was subsequently applied to produce a unfolded joint allele frequency spectrum (jAFS) that
combines the unfolded AFS of the crop and wild populations of each species. As wild and crop seeds
were kept under greenhouse’ conditions for tens generations, the level of inbreeding coefficient (FIS)
was inflated. The presence of highly inbred individuals in our populations does not fit the
requirement of the demographic inferences. Thus, we circumvented this issue by selecting randomly
one of the two alleles of each individual, joining two random individuals together, and creating a
diploid-like population with all the genetic details but no inbreeding. All the scripts and bioinformatic
procedures are detailed in the depository on GitHub

(https://github.com/starnoux/arnoux et al 2019).

Demographic inferences

We estimated the joint demography of the wild and crop populations for each Solanaceae
species using the maximum likelihood approach implemented in a modified dadi version 1.6.3
(Gutenkunst et al. 2009). In total, we defined 10 demographic models to test: (i) the timing of gene
flow during divergence between wild and crop populations (absence of gene flow: SI, continuous and

asymmetric gene flow: IM, two periods (early and late) of continuous and asymmetric gene flow:
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IM2); (ii) the sequence of population size changes (constant population size: C, gradual growth or
decline: E, bottleneck: B); (iii) and their number (one, two or three periods). All models began with
the split of the ancestral population in two daughter populations, and then were followed by a
sequence of demographic events in the absence or presence of gene flow. A summary of the models
is given in the Figure S1, and the scripts used to define models in dadi are provided in the section
5.dadi_inference of the GitHub repository (see above).

For each model, we ran 50 independent runs from randomized starting parameter values,
and for each run we performed two rounds of optimization. A global optimization (“simulated
annealing” method) from the randomized starting values was followed by a local optimization
(“BFGS” method) starting from the optimized values in the previous step. To assess the relative
support of models with different number of parameters, we used the Akaike Information Criterion
(AIC), calculated as 2*k - 2*logL, where k is the number of parameters of the model, and logL its
maximum log likelihood value across the 50 independent runs. Model comparisons are described in
Table S2 and represented in the Figure S1.

We set the bounds of the prior for each parameter according to historical records in the three
species: population size changes, times, migration rates and proportions are detailed in the Table S3.
The inferred parameter values were scaled by the effective population size of the ancestral
population calculated as Na = theta / (4 * mu * L), where theta was inferred by dadi; mu is the
mutation rate per nucleotide per generation estimated to be between 1x10% (higher bound) and
5.20x10°° (lower bound) as suggested in wild tomato and higher plants (Moniz De S and Drouin
1996; Dvornyk et al. 2002; Roselius et al. 2005; Lynch 2010) and L is the length of sequenced DNA,
i.e. the filtered transcriptome length, equals to 19,468,437 bp in eggplant, 18,401,318 bp in pepper;
and 20,160,440 bp in tomato. Solanaceae species being annual plants, we consider a generation time
of 1 year in our duration estimations. The converted parameter estimates of the best model for each
Solanaceae species, and its 95% confidence intervals obtained with the Godambe methods (Coffman

et al. 2016) from 1000 conventional bootstraps over SNPs, are given in Table S4.

3. Results

Biological material and high-throughput sequencing

We generated RNAseq data for crops, wild relatives and outgroups of three Solanaceae

species: (i) eggplant: 7 crop accessions (S. melongena), 6 wild accessions (S. insanum) and 2 outgroup
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accessions (S. campylacanthum); (ii) pepper: 10 crop accessions (C. annuum), 4 wild accessions (C.
annuum var. glabriusculum) and 4 outgroup accessions (C. chacoense and C. baccatum); (iii) 9 crop
accessions (S. lycopersicum), 9 wild accessions (S. pimpinellifolium) and 3 outgroup accessions (S.
sitiens and S. lycopersicoides). No significant differences in the mapping quality was observed, with a
percentage of read mapped ranging from 74% to 81% in eggplant, from 68% to 75% in pepper and
from 76% to 85% in tomato (details of the mapping statistics are provided in Table S5). Reads were
assigned to 96.8% of the genes in eggplant (33,209 over 34,396), 97.9% of the genes in pepper
(34,610 over 35,336) and 95.8% of the genes in tomato (34,297 over 35,768). We obtained 727,629
SNPs in eggplant, 1,061,975 SNPs in pepper and 2,912,381 SNPs in tomato. After filtering for paralogs,
and LD pruning, we based our analyses on 16,955 SNPs in eggplant, 41,508 SNPs in pepper and 33,535

SNPs in tomato.

Genetic structure and Allele frequency spectrum

From the filtered SNPs, we assessed the genetic relationships between crop and wild
individuals in each species by performing a PCA based on the genotype data (Fig. 1). For the three
species, the crop accessions represented by colored diamonds were clustered together, and
separated from the wild accessions in grey circles. However, the crop and wild populations still have
an overall low level of genetic differentiation, as shown by the modest fraction of genetic variance
explained by the first PCA axes. Moreover, the genetic distance between the wild accessions is
consistently higher than for the crop accessions, whatever the pair of species considered (as shown
in the Chapter 3). Especially, the wild pepper population differs from the crop on the first three axes

of variance, and therefore it has a quite strong genetic structure.
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Figure 1. Graphical representation of the principal component analysis based on genetic covariance
among all accessions (crop: colored diamonds; wild: grey circle) for each species. The first three
principal components are represented with the fraction of variance explained.
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The unidimensional allele frequency spectrum of each species between the crop and wild
populations was produced from this same set of SNPs. And we observed a high level of inbreeding in
all the populations except for the wild tomato. This issue was solved by rearranging our data to
conform with the random mating assumption made in our inferences (see Material & Methods). By
using the consensus of outgroup sequences, we polarized 12,977 SNPs in eggplant (76.53% of the
filtered set), 38,296 SNPs in pepper (92.26% of the filtered set) and 26,135 SNPs in tomato (77.93%
of the filtered set). These oriented SNPs were used to produce a joint allele frequency spectrum (jAFS)
of the crop and wild populations for each species (Fig. 2b).

Using the 0adi approach, we explicitly modeled domestication in the three Solanaceae
species (Fig. 2). We first applied a model choice procedure between various demographic scenarios
to test whether (i) the crop population was connected to the wild population during its domestication
history, (ii) the crop population had experienced a strict bottleneck (strong reduction in the effective
population size at a time point) or a gradual reduction of its population size, (iii) the domestication
event was concomitant with the reduction in population size. Results are detailed in the Table S6
which reports the posterior estimates of the two best supported scenarios for each species (see Table
S2 for full details across all models). Some models better supported were corrupted and/or had
posteriors stumbling over boundaries due to overfitting, these were discarded. For all three species
we observed unambiguous support in favor of bi-directional gene flow during the whole divergence
history between the crop and wild populations (except during early divergence in tomato), and a
reduction of effective population size in the crop population (either a bottleneck (tomato and
pepper) or a gradual decrease (eggplant)). This period was followed by an effective population size

expansion in the crop populations of eggplant and tomato, but not in the pepper (Fig. 2a).
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Figure 2. Historical demography of the three Solanaceae species. (a) Best

model for each species,

with the parameter values estimated using the established mutation rate range (min=5.20x10°° and
max=1x10"8). Black: effective size of the ancestral population; green: effective size of the crop and

wild populations; purple: timing of the demographic events (in years); blue:

migration rate from wild

to crop (migrants per generation); orange: migration rate from crop to wild (migrants per

generation). (b) Observed joint allele frequency spectrum (jAFS) for wild
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populations for each species. For each jAFS the color scale represents the number of SNPs falling in
each bin defined by a unique combination of the number of derived alleles observed in crop and wild
populations. (c) Predicted jAFS of the best model for each species. (d) Histogram of the residuals

between the best model and the data for each species. (e) Graphical repre

sentation of the changes

in the effective size (y axis, log scale Ne) over time (x axis), with parameters averaged between the
upper and lower estimates using the range of mutation rate, for the crop population of the three

species.
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Demographic inferences and best scenario choice

For the three species, the best model was supported with a much higher AIC than the second best-
fitting model (Fig. 3), though posterior parameter estimates were comparable between each other’s
(Table S6). The best models were: (i) in eggplant, IM_C_E_E (Isolation with Migration, one period of
constant population size and two successive events of gradual change in population sizes, Fig. S1)
with an AIC of 845 (log-likelihood =-412.9164); (ii) in pepper, IM_C_BcCw_E (Isolation with Migration,
one period of constant population size followed by one period of bottleneck in the crop and a
successive event of gradual change in population sizes, Fig S1) with an AIC of 2361 (log-likelihood = -
1171.982); (iii) and in tomato, IM2_C_BcCw_E (the same model as pepper, except that migration was
negligible in the early divergence, Fig S1) with an AIC of 4499 (log-likelihood =-2239.9959). The Table
S7 provides the biological conversion of the parameters from the best and second-best supported

model estimates, and they are detailed in the Figure S2.

Parameter estimates and bootstrap of each species’ best model

We inferred the parameter estimates and their confidence interval (all bootstrap estimates are
detailed in the Table S4) under the best scenario for each species . The effective population size of
the ancestral population, from which the crop and wild populations diverged, was approximately
3,100-5,962 in eggplant, 23,372-44,946 in pepper and 4,214-8,105 in tomato; the two estimates
stand for the lower/upper bound of the probable range of mutation rates (see Material & Methods).
The wild populations in the three species experienced different demographic scenarios. The wild
eggplant experienced a strong reduction in the effective population size followed by an expansion
(Ne from 3,100-5,962 to 105-202 and then to 714-1,374). The wild pepper only experienced a single
reduction in the effective population size (Ne down to 7,471-14,368) and the tomato wild population

followed an expansion (Ne up to 7,587-14,591).

Concerning the crop populations, the three species experienced a strict bottleneck or a strong
reduction in the effective population size over species-specific duration. The decrease in the effective
population size in eggplant was almost instantaneous and was followed by an expansion during 754-
1,451 years (Ne from 3,100-5,962 to 268-516 and then to 378-728). In pepper, the split between the
crop and the wild populations was really old (199,230-383,134 years ago) and the first bottleneck
occurred 3,514-6,760 years ago and lasted for 3,000-5,770 years until a more recent decrease in the

effective population size occurred in the past 514-990 BCE (Ne from 23,372-44,946 to 1,621-3,117
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and then to 112-216). Similarly, tomato first experienced a severe bottleneck 4,108-7,901 BCE
followed by a constant period over 3,935-7,569 years, and then an expansion over 172-332 years (Ne
from 4,214-8,105 to 767-1,476 and then to 1,918-3,688). The crop and wild populations split time
was estimated to be 3,088-5,939 years in eggplant, 202,745-189,895 years in pepper and 4,108-7,901

years in tomato.

eggplant| pepper |tomato* eggplant| pepper |tomato*

2,797.85|18,652.915,486.1 IM_BcCw  |1,246.57(3,425.09|6,753.23

1,244.88|14,894.3|11,179.9 IM_ BcCw_E|995.841 |3,395.17|4,735.16

1,196.34 |3,400.14|6,159.45 IM_ 997.518 |2,361.97 |4,743.64
C_BcCw_E
IM2
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IM_C_E_E |845.833 2,364.96| ** ey " | 4,502
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** Corrupted models and/or posteriors stumbling over boundaries due to overfitting Worst -> Best

Figure 3. Heat-map of the AIC values for the 10 demographic models showing the best inference for
each species. The number of model parameters (k) is scaled from green for simple models to red for
complex models. Warmer colors indicate better models.

Gene flow between the crop and wild populations was ongoing during the whole divergence

history, and asymmetric: eggplant experienced a smaller level of gene flow from wild to crop (0.10
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vs. 0.98), while the contrary was true for the pepper (2.37 vs 1.30) and the tomato (negligible
migration during the early divergence and 2.20 vs 0.32 during the demographic expansion), in
agreement with their degree of geographic isolation.

Together our comparative analyses confirmed that the strong genetic diversity erosion
observed in the crop populations was due to a reduction in their effective population size during
domestication in all three species, though details of the demographic events differ between them.
Moreover, our results support the idea that domestication started during a comparable period in the
three Solanaceae species. This convergence in the domestication process is notable as the different

species were domesticated independently in different geographic regions.

4. Discussion

Our demographic analyses of more than 10,000 oriented SNPs of crop and wild populations,
clarified the domestication process of three Solanaceae species. We found strong evidence for
convergence in the demographic impact of domestication in the three species, and yet, divergent
scenarios of migration between crop and wild were inferred in agreement with their degree of
geographic isolation (allopatry vs. sympatry). Most importantly, our study is the forerunner of
comparative demographic inferences between species of the same clade (see also Jouganous et al.
2017 for a recent method that compares multiple population demographic history). The hierarchical
fitting of increasingly complex models allowed us to test different domestication scenarios and refine

the duration of the different domestication phases in eggplant, pepper and tomato.

Domestication footprints on Solanaceae genomes: impact of the artificial selection

Domestication in plants reduced the nucleotide diversity genome-wide through artificial
selection (Caicedo et al. 2007; Hufford et al. 2013; Koenig et al. 2013; Lin et al. 2014; Nabholz et al.
2014; Sauvage et al. 2017). This selection was paired with environmental and demographic changes,
that imprinted the genome. The best demographic model for each of the three species in our study
revealed a reduction in crop effective size, from 7% to 18% of the ancestral effective population size.
This drastic and rapid, almost instant, reduction referred as bottleneck is found in the domestication
events of the three species. The modern breeding following the dispersion of domesticates had
different effects in each species. In pepper the decrease in crop effective size seems to occur until
recently, as reported in sorghum where modern breeding deteriorates the genetic diversity

throughout the history of cultivation and this until present days (Smith et al. 2018). In tomato we
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removed the chromosome nine that was totally introgressed in some accessions (Young and Tanksley
1989; Lin et al. 2014). In both eggplant and tomato an increase in crop effective size arose most
probably due to introgressions and modern crosses with wild individuals (Atherton and Harris 1986;
Ibiza et al. 2010). This last point is important to better understand the evolution of domestication,
since bottlenecked populations undergoing demographic expansion are more likely to carry and even
fix slightly deleterious alleles (Luikart 1998; Excoffier et al. 2013; Peischl et al. 2013; Lohmueller
2014). Often referred as the cost of domestication, it was first described as the increase in non-
synonymous substitutions in domesticated compared to wild lineages of rice (Lu et al. 2006; Glémin
and Bataillon 2009; Moyers et al. 2018).

In the case of eggplant, we detected migration from the crop to the wild population mostly due to
their high level of outcrossing and them being in sympatry (Meyer et al. 2012b). The human-mediated
selfing of crop plants to retain phenotype of interest in garden could enhance their isolation, and
explain this asymmetric gene flow (e.g., Brandvain et al. 2014). Domestication is increasing
inbreeding in crops, and this recurrent artificial selection would act as a barrier to natural
introgressions from the wild.

During domestication of both tomato and pepper, the environmental conditions for crop
landraces has been totally shifted. The landraces moved to man-controlled environment, which were
non-native and characterized by totally different environmental conditions (Loaiza-Figueroa et al.
1989; Blanca et al. 2012). The fitness associated with their developmental traits changed
consequently, and modern breeding is mostly responsible for the asymmetric gene flow that they
both experienced. This gene flow from wild to crop seemed to be the detectable footprint of human-

mediated introgressions (Atherton and Harris 1986; Ibiza et al. 2010; Chitwood et al. 2013).

A convergent bottleneck revealed by the comparative analysis of three Solanaceae species

In the past, inferences on domestication often relied on a predetermined demographic model
with simplifying assumptions about duration and effective size changes, as pointed out in Gaut et al.
(2018). Here, using the jAFS as a summary statistic of genome-wide differentiation, we compared 10
scenarios of increasing complexity that model the demographic process of domestication in our three
species. To increase the power of the method and generate asymmetric distributions of derived
variants around the jAFS diagonal, each jAFS was oriented with wild related species as outgroup.
Concerning the temporal variation in effective size, we did not force the reduction to be

instantaneous (though bottlenecks were also implemented). In eggplant, the models implementing
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bottlenecks were consistently corrupted, while the best model included a drastic reduction in
effective size over a short duration (i.e. similar to a bottleneck). This confirm the hypothesis of a
“second stage domestication” (i.e. cultivation) (Meyer and Purugganan 2013) occurring in a rapid
time frame (Ladizinsky 1987; Zohary 1989). In annual plants, and especially in our three species, this
stage follows a bottleneck model that leads to the fixation of domestication alleles (Doebley 1989a;
Miller and Gross 2011).

So far, few efforts were made to implement the possibility of migration between the crop and
the wild populations, except recent studies in cereal crops (Caicedo et al. 2007; Molina et al. 2011;
Beissinger et al. 2016). Following these attempts, we implemented models including an asymmetric
migration rate constant through the entire process of domestication and modern breeding. The
isolation with migration (IM) scenario provided best fit to the observed data for the three species
pairs. To this model we add the option of a second migration rate, modelling the specific exchanges
between the crop and wild populations, during the first demographic event. This relaxation of
assumptions reveals that crop tomato was totally separated from its wild compartment at first, and
then, migration from wild to crop population occurred in the last 172 to 332 years, which
corroborates perfectly with modern efforts for breeding improvement based on wild introgressions
that intensified with modern breeding since the beginning of the 20t century (Pimentel et al. 1997;
Brozynska et al. 2015). Another feature detected is the high genetic divergence between wild and
crop pepper populations. Unexpectedly, the wild species is way more divergent than a wild
progenitor and it reveals a lack in our botanical knowledge of the wild progenitor of C. annuum from

our samples. A clarified and strongly supported phylogeny of the C. annuum remains needed.

Timing of the different stages in the domestication process

In addition to providing a better knowledge of domestication our results also imply a deeper
look at human history. In this demographic study we focused on the domestication stages starting
from the cultivation to the modern breeding. Surprisingly the duration of domestication remains
unclear for most plants until now (Gaut et al. 2018). Accounting for temporal variation in migration
rate and effective size allowed us to better estimate the duration of the different stages of
domestication, with a quite high certainty, by assuming a range of possible mutation rate. A critical
guestion was to know if the bottleneck, and therefore the cultivation stage of domestication,

occurred directly after the split between crop and wild populations, or if we could detect a protracted
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period of management before the cultivation as it was shown in African rice and grape using similar
demographic inference methods (Li and Durbin 2011; Schiffels and Durbin 2014; Terhorst et al. 2017).

In our case, from the splitting time between the crop and the wild population, tomato shows
a direct bottleneck and no protracted period. In pepper, having wild species further apart than the
wild progenitor removes the possibility of testing. Only the eggplant has a clear protracted period
preceding the bottleneck, which suggests that human management favored particular phenotypes
before the separation of the domesticated and the wild genotypes. Though, we were not able to
detect a second domestication event with our analysis as previously proposed (Meyer et al. 2012b).
When other plants, such as maize, have archeo-botanical records (Piperno et al. 2009; Ranere et al.
2009), in Solanaceae the seed storage doesn’t allow a conservation of sufficient quality and only few
papers related such records in Capsicum spp. without ascertaining the species (Duncan et al. 2009;
Kraft et al. 2014). Therefore, our parameter estimations are of first importance. In eggplant, the
protracted stage started around 5,938-3,087 BCE, which corroborate with old writing records already
describing crop phenotypes of eggplant 3,200-2,600 BCE (Susruta and Bhishagratna 1907). Then, the
cultivation period that follows the deep decrease in effective size 1,451-754 BCE would support the
cultivation and export of eggplant towards Japan and middle-east in the 8" century BC and the strong
gene flow with wild populations (Daunay and Laterrot 2007). Pepper was domesticated probably in
eastern/central Mexico or in the Yucatan Peninsula region (Aguilar-Melendez et al. 2009), among the
lima beans (Martinez-Castillo et al. 2007) and upland cotton (Brubaker and Wendel 1994). At the
opposite of other plants such as eggplant and tomato, pepper populations seem to have strongly
reduced in size over the recent hundred years 990-514 BCE. This might be the result of a strong world-
wide extensive selection for specific phenotypic traits such as pungency level (Pickersgill and Heiser
1977), and likely to have occurred after the discovery of the new world (Eshbaugh 1993). We estimate
the first cultivation event and bottleneck to occur around 6,760-3,514 BCE. This timing corroborates
the estimate of the age of the Mayan and Oto-Manguean languages (about 6,000 BCE), that already
used names to designate pepper ca. 80 (Kaufman 1994). It also agrees with pepper seed remnants
found in caves at Tehuacan, Mexico that dated about 7,000 BCE but without certainty about the
species (Yamaguchi 1983). The tomato domestication center is located in Peru (Blanca et al. 2012),
even though it was imported into Mexico further increasing the bottleneck effect due to cultivation.
We estimated this bottleneck to date 7,901-4,107 BCE which would fit the first area cultivation
records for maize in Peru 6,775-6,504 BCE (Grobman et al. 2012) and in Mexico 7,300 BCE (Pohl et

al. 2007). Unfortunately, we would need further sampling specific from Peru to evaluate if the

-113 -



geographic origin of the first domestication event occurred in Peru or in Mexico (Jose Blanca et al.
2012). This type of approach has been successfully applied in the African rice using spatially explicit
coalescent simulation and whole-genome sequences to shade light on the geographical origin of the

crop , thus deciphering the domestication center (Cubry et al. 2018).
Conclusion

Overall, our study provides insights into the convergence of the domestication processes in
the Solanaceae family. While the geographic and demographic dimensions might differ among the
different annual species, we observed convergent bottleneck events produced by the domestication
stage of cultivation. Our results also point out the relevance of such comparative demographic
inferences to decipher the estimates of population sizes, migration rates and timings at the
intraspecific level between the crop and wild populations. Together, these inferences bring new
details about the timing of domestication and therefore about human history. It confirms the
importance of understanding how plant species respond to human manipulation. By knowing the
past behavior of our crops facing domestication events, we improve modern breeding efforts to

sustain future crop breeding and their innate barriers to human control conditions (Zeder 2015).
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Supplementary Figures
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Figure S1. Graphical representation of the 10 demographic models implemented in this study. The
grey box shows the simple model of strict isolation (SI), while the yellow box represents various
models of Isolation with Migration (IM). Briefly, Ne correspond to the effective population size (Ne
W: wild, Ne C: crop, Ne cB: crop after bottleneck, Ne cW: wild after growth/decline, Ne cE: crop after
growth/decline), migration is shown by orange (from crop to wild) and blue (opposite direction)
arrows, and the number of model parameters (k) is scaled from green for simple models to red for
complex models.
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Figure S2. Representation of the two fittest models for each species. Parameter estimates are
indicated using the established mutation rate range (min=5.20x10-09 and max=1x10-08). The
number of model parameters (k) is scaled from green for simple models to red for complex models.
Other details match Figure 2.
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Supplementary Tables

The supplementary tables are available in the appendix 2 and are composed of the following tables:

Table S1: Detailed data about the studied accessions. The species and the location of origins are listed
in separated tables for the three accessions: a. the eggplant accessions, b. the pepper accessions and
c. the tomato accessions. The accessions in white background are the crop species, the ones in grey
background are the wild species and the ones in green background are the outgroups.

Table S2: The best of the 50 runs is selected according to the log likelihood and the detailed posterior
parameters are listed, for each species, for the 10 models. The models in green are the best models,
and the pink values are the posteriors stumbling over boundaries due to overfitting. k is the number
of parameters of the model; n is the number of finished inferences of the 50 independent runs; AIC
is the Akaike Information Criterion (calculated as 2*k - 2*loglL); Ne correspond to the effective
population size relative to the Nref (Ne W: wild, Ne C: crop, Ne cB: crop after bottleneck, Ne cW: wild
after growth/decline, Ne cE: crop after growth/decline); m correspond to the migration rate (mCW:
migration rate from wild to crop, mW(C: migration rate from crop to wild); T represents the times in
generations relative to the Nref (Ts: duration of the first epoch from the split to next demographic
event, Th: duration of the second epoch, Te: duration of the third epoch); Theta is related to the Nref,
the length of the sequences used to obtain the jAFS and to the mutation rate.

Table S3: Detailed boundaries and prior probabilities are listed for each parameter for each species.
All other details match Table S2.

Table S4: Detailed bootstraps results (x1,000) of the Godambe method, on the two best models of
each species. For each parameter, the best estimate and its standard deviation obtained by bootstrap
is provided. The best model is indicated in the first row, the second-best in the second row. All other
details match Table S2.

Table S5: Mapping summary statistics on mapped, properly paired and singletons reads of all the
studied accessions aligned to their reference genome, in the three species. The accessions in white
background are the crop species, the ones in grey background are the wild species and the ones in
green background are the outgroups.

Table S6: Detailed posterior parameters of the two best models for each species. The best model is
indicated in the first row, the second-best in the second row. All other details match Table S2.

Table S7: Biological conversion of the estimated parameters for the two best models for each species.
All dadi output parameters are given in the white backgrounded table. All parameter conversions or
estimates are given in a range of two possible mutation rate (min=5.20x10"°° and max=1x1078) in the
yellow backgrounded table. For each parameter, the best estimate and its standard deviation
obtained by bootstrap is provided. The estimated effective size is given as population size and not as
ratio and the duration are estimated in generation (in annual plants: 1 generation = 1 year). All other
details match Table S2.
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CHAPTER 3
Domestication footprints reveal a convergence of both nucleotide diversity

and gene expression in cultivated Solanaceae
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In the third chapter, the hypothesis is a convergent modification of gene diversity and gene
expression during domestication. Comparing crop and wild relative accessions enabled to estimate
gene expression differences and detect genomic selection footprints. Annotations of the targeted
genes (selected and differentially expressed) identified the biological processes altered during
domestication. The hypothesis relies on the orthologs shared within the trio of species and their
modification. We hypothesize that mechanisms of regulation and adaptation that have been
triggered by domestication of crop species are convergent. Therefore, for the three independent
domestication process the expectation is to highlight parallel changes induced in crops compare to

their wild relatives.

Results in brief:
The study of orthologs highlighted a convergence of the molecular changes for the three species,

e at the genetic level:
o Relaxation of selection: transcription initiation, translational initiation and tolerance
to abiotic stresses
o Direction selection: plant growth and fruit development
e at the gene expression level:
o Down-regulation: regulation of abiotic responses and drought tolerance
o Up-regulation: plant-growth, cell expansion, leaf growth, fruit development and

ripening

Conclusion and perspectives:

e Pathway impacted by domestication are global and therefore impact more polygenic
pathways than local genes

e Deeping the study could lead to detect specific genes co-expressed involved in domestication

e Possible applications for retrieving adaptive traits such as drought tolerance from the wild
populations

e Real concern to conserve wild populations as diversity sources

-120 -



Domestication footprints reveal a convergence of both
nucleotide diversity and gene expression in cultivated

Solanaceae

Manuscript to be re-submitted,
The review from Genome, Biology and Evolution are provided in the appendix 4

Stéphanie Arnoux, Renaud Duboscq, Mathilde Causse and Christopher Sauvage*

INRA UR1052 GAFL, Centre de Recherche INRA PACA, Domaine Saint Maurice, 67 Allée des Chénes,
CS60094, 84140 Avignon Cedex 9, France

* Corresponding author

-121 -



Chapter 3

Domestication footprints reveal a convergence of both nucleotide diversity and

gene expression in cultivated Solanaceae -119-
Abstract -123-
1. Introduction -125-
2. Material and Methods -126 -
PIANT IMALEITAIS ...ttt ettt b e bt e bt et e eat e sateeb e e s be e beeateeabesuaesbaesbeeabeebeesesanesaeenee -126-
AlIZNMENT PIPEIINE 1ottt e st e st esabe e st b e e saaeesateesase e sseessse e sseassse e sbeessseesseansseesseansseans -127 -
N[0T F=To e [ e [1 7T 5] o PRSP -128 -
Differential @XPresSion @NalYSES........ii it ittt sb e s e e et e e st e et e e e st e e ateesateeaeeenaaeereas -128 -
Annotations and orthology analyses across the three SPECIES ......ccueeviiiiieiiiieiieece e -129-
SEALISTICAl ANAIYSES. .. utiiiiiecteeeee et s e st e et e st e e st e e s beesabe e e bt e eabee e bee e bee e beeabeeebaeebeeenreeenreeans -129 -
Data AVAIlAbiliTy ....eveeeeeiee et e e et e e e e e e e bb e e e e tbe e e eebaaeeabaeeeatbeeeeaabaeeeatbaeeeatreeeaannaeas -130-
3. Results -130-
STTo)[o = Tor | Iy o T =Y - | OSSPSR -130-
Identification of genetic diVErsity SHIfLS ......iiiii i e e e e e raaeebeas -132-
Identification of differentially @XPressed SENES .........iovuiiiiiiiiiiiiese e sate e s e e e sabe e s aeenenes -133 -
ANnnotations and eNFIChMENT ANAIYSES ......uiicuiiiiiicee et e s be e s be e sbeeebeesabaesnbeesbeesareean -134 -
SEALISTICAl ANAIYSES. .. utiiiiiecteeetie et s e et e st e st e e st e e e be e e be e e bee e be e e beeebee e beeenbeeebaeebeeenraeereeans -137 -
4. Discussion -139-
Acknowledgements -143 -
Author contributions -144 -
Supplementary Figures -145 -
Supplementary Tables -147 -

-122 -



Abstract

The conscious and unconscious selection induced during the domestication and modern breeding
stages of crop history led to considerable phenotypic and genetic changes. Studies focused on major
effect genes associated to domestication by studying polymorphisms or gene expression. In the
present study we explore the convergence of both processes in three cultivated Solanaceae. To
identify domestication convergence, we compare the genetic diversity and gene expression levels
between crop and wild accessions in a trio of species. We analyze the transcriptomes of 47
genotypes, including wild and landraces of tomato (cult. Solanum lycopersicum; wild S. peruvianum),
eggplant (cult. S. melongena; wild S. insanum) and pepper (Capsicum annuum; wild C. chilense and
C. frutescens). Across the three species, the magnitude of differential expression levels revealed a
convergent rewiring of genes during the domestication that are in congruence with the ones targeted
by selection. In addition, the expressed genes log fold change variation was significantly correlated
with the nucleotide diversity variation, in the three species. While our transcriptomic analyses
confirmed the changes in expression of numerous domestication related genes, the novelty of our
study is the highlight of the convergence of domestication footprints acting on both nucleotide

diversity and gene expression.

Key words: Evolutionary transcriptomic, modern breeding, domestication, Solanum lycopersicum,

Solanum melongena, Capsicum annuum.
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1. Introduction

Domestication of plants and animals appeared with the settlement of human populations and
the beginning of farming (Zeder 2015). A few wild plants were selected according to their phenotype
such as flowering time (Blackman et al. 2011), plant architecture (Clark et al. 2004) and fruit size
(Frary 2000) commonly called domestication syndrome (Hammer 1984; Vigne 2011). This selective
process is a rich model to study evolution and adaptation. At the molecular level, the selection for
favorable alleles induced a genetic bottleneck that imprinted the whole genome, as shown in maize
(Hufford et al. 2013), rice (Caicedo et al. 2007; Nabholz et al. 2014) and tomato (Koenig et al. 2013;
Sauvage et al. 2017). This selection was paired with a relaxation of natural selection on traits that lost
importance in the crops (Innan and Kim 2004). The changes in nucleotide diversity due to selection,
came with a rewiring of gene expression levels, as observed in maize (Wright 2005), tomato (Koenig
et al. 2013; Sauvage et al. 2017) and common bean (Bellucci et al. 2014). Studies demonstrated the
magnitude of the induced perturbation expanding to complete pathways shutdown (ltkin et al. 2013)

to remove anti-nutritional compounds.

Two types of footprints can be tracked, shifts in nucleotide diversity and gene expression level
changes. The question of their correlation and convergence through domestication events received
little attention. AlImost no studies properly tested this convergent hypothesis, especially in related
species. To test for convergent trans-specific signatures of selection on nucleotide diversity and gene
expression levels, we took advantage of the parallel history of domestication in the Solanaceae
family. This family is composed of several species of major scientific and economical interest, such as
potato, tomato or tobacco. We chose three species, eggplant, pepper and tomato for which highly
colinear and syntenic genomes are available (Wang et al. 2008). They all experienced similar
phenotypic selection during independent domestication and modern breeding stages and have
different geographical origins. Eggplant is originating from Africa where wild species are still present
(Knapp et al. 2013; Meyer et al. 2015). Wild species of eggplant moved to Asia where Solanum
melongena L. was domesticated (Meyer et al. 2012b). Though, it is only recently that S. insanum was
proposed to be the closest common ancestor or wild progenitor of the crop eggplant (Aubriot et al.
2016; Ranil et al. 2016). Both species remain in sympatry within Asia, but the range of eggplant
production and consumption expanded worldwide (Davidar et al. 2015). The pepper crop, Capsicum

annuum L. is bred and consumed worldwide and is native to tropical Mesoamerica. It was
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domesticated in Mexico (Perry et al. 2007; Ibiza et al. 2012) before being introduced in Europe
(Andrews 1993). The complex of cultivated species C. chinense and C. frutescens was used as
outgroup to the C. annuum crop in Hill et al. (2013) because the supposed common wild progenitor
(C. annuum var. glabriusculum) shows high discrepancy in phylogeny (Hill et al. 2013; Nicolai et al.
2013). These two species are commonly considered as admixing and sharing the same locations in
the lower Andean region (Pickersgill 1971; Walsh and Hoot 2001; Guzman et al. 2005). Both were
used in C. annuum breeding as source of resistance to diseases (Polston et al. 2006; Ibiza et al. 2010)
and pests (Fery and Thies 1997). The cultivated tomato, Solanum lycopersicum L. was domesticated
in Peru before experiencing two bottlenecks, first moving from Peru to Mesoamerica (Blanca et al.
2012) and then through the introduction of a few cultivars from Mexico to Europe (Atherton and
Harris 1986; Blanca et al. 2015). Even if tomato has been domesticated from the wild progenitor S.
pimpinellifolium, the wild relative species from the peruvianum Clade (Pease et al. 2016) have been
used and remain source of genetic diversity especially for disease resistances (Ohmori et al. 1995; Lin

et al. 2014).

Using these Solanaceae species, we investigate the convergence induced by domestication
and modern breeding at the molecular level. Comparing crop and wild relative accessions enables to
estimate gene expression differences, detect genomic selection footprints and test for their
correlation. Annotations of the targeted genes identify the biological processes altered during
domestication. Indeed, it is crucial to decipher the induced changes in crops and the remaining
sources of wild relatives’ diversity. Comparing three species is an unprecedented opportunity to
decipher convergent mechanisms of regulation and adaptation that have been triggered by

domestication of crop species.

2. Material and Methods

Plant Materials

To conduct our comparative genomics approach, we sampled crop and wild accessions
(hereafter called population pairs) for three species within the Solanaceae family, eggplant, pepper
and tomato. All accessions were selected according to the literature and description in the seed bank
of the genetic resources to get a range representing the nucleotide diversity within the crop and the

wild populations. For eggplant we used seven crop accessions (S. melongena) and 11 wild accessions
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(S. insanum) (Aubriot et al. 2016), for pepper we used 11 crop accessions (C. annuum) and four
accessions of close relative species that were source of diversity for improvement of C. annuum and
are both well clustered phylogenetically further apart from C. annuum (C. frutescens and C. chinense)
(Carrizo Garcia et al. 2016) and for the tomato we used eight crop accessions (S. lycopersicum —
previously used in Sauvage et al. 2017) and six wild relative accessions from 3 species of the
Peruvianum clade (S. peruvianum. S. huaylasense and S. corneliomulleri) as defined in Pease et al.)
(see Table S1 for the detailed description of the sequencing data).

The plants were grown under glasshouse’s conditions with three replicates per accession. The
biological samples were composed of sampled tissues pooled according to respectively a 15, 20 and
65% proportion of flower, fruit and leaf tissues to get the broadest representation of gene expression
levels for the entire plant. Fruit samples were harvested at the ripe stage (40 DPA), while entire young
leaves were sampled. All tissues were flash frozen in liquid nitrogen before storage at -80°C and
subsequent RNA extraction using the Spectrum Plant Total RNA from SIGMA-ALDRICH (ref. STN50),
following manufacturer’s recommendations. RNAseq libraries were prepared and individually tagged
(using 6 bp tags) at INRA SupAgro (Montpellier, France) using the TrueSeq kit and sequencing was
performed by the GetPlage Platform (INRA, Toulouse), using the HISEQ2500 protocol (150 bp

stranded and paired-ends reads).

Alignment pipeline

We performed sequencing data quality control using FastQC and trimmed the adapters from
the sequences using Trimmomatic (Bolger et al. 2014b). The sequences of each species, crop and wild
populations, were aligned to the respective crop reference genome, for eggplant: S. melongena
(Lanteri et al. 2014; The Eggplant Genome Consortium 2017), for pepper: C. annuum (Qin et al. 2014)
and for tomato: S. lycopersicum (The Tomato Genome Consortium 2012). We used a python language
pipeline to perform the mapping on the respective reference set of CDS using BWA-MEM (Li 2013).
The Haplotype caller from GATK (HaplotypeCaller) called the variants according to GATK Best
Practices recommendations (DePristo et al. 2011; Van der Auwera et al. 2013). The VCFtools
(Danecek et al. 2011) filtered the output variant calling file to retain sites showing a minimal coverage
per individual over the total set of accessions mapped of 20x. We used the approach implemented

in reads2snp (Gayral et al. 2013) to make a clean cut off of paralogous sites.
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Nucleotide diversity

Once the paralogous sites were filtered, we produced principal component analysis (PCA) on
the SNP genotype data with the R package ‘SNPRelate’ (Zheng et al. 2012; R Core Team 2016). Using
DNAsp (Rozas et al. 2017), we estimated the total nucleotide diversity (rt) per gene within each
populations of the 3 species which is a relative measure of the degree of polymorphism within a
population that can be used to detect balancing selection and hard sweeps (Hohenlohe et al. 2011).
The mt estimates of each population were plotted genome-wide, and the values were smoothed over

50 genes with the ‘rollMean’ function in R.

We removed outlier nucleotide diversity values considered as remaining paralogous sites.
This extreme nucleotide diversity limits were set at 5% of the tail of the distribution. Then, we plotted
for each species the mcropr against the mwip of all the filtered genes. We examined if genes
experienced severe shifts of nucleotide diversity between the crop and the wild population, hereafter
denominated shifted genes. To detect these shifted genes, we defined two thresholds, (i) one
filtering the highest rt values using the 0.95 quantile (in eggplant: high mt values thresh.crop: 1.2x1073,
thresh.wip: 1.8x1073; in pepper: thresh.crop: 2.1x10°3, thresh.wip: 6.4x1073 ; in tomato: thresh.crop:
9.8x104, thresh.wip: 6.2x103) and the second (ii) filtering the lowest 1t values using a 1x1073 of the
maximum value in the crop population as it is the lowest non-null value (low 1t values in eggplant
thresh.: 1.8x10%; in pepper thresh.: 1.1x 10#; in tomato thresh.: 7.8x10). Once these thresholds
were defined, the 1t shifted groups of genes were split into: (i) the group A with genes highly diverse
in the crop population, showing a relaxation of selection or diversifying selection in the crop, and (ii)
the group B with genes with almost no nucleotide diversity in crop but with a high nucleotide diversity

in wild population, indicating directional selection in the crop group.

Differential expression analyses

The estimation of the raw read counts (RC) per gene was obtained using the Samtools idxstats
option (Li 2011) and the table of RC per accession and per gene (Table S2a., b and c for each species)
was produced using a homemade R script (c.f. paragraph on Data availability). RC were normalized
with a regularized log transformation for each accession to get gene expression levels for the
subsequent analyses. A PCA was performed on normalized gene expression data transformed by the
variance stabilization to show global patterns of gene expression between groups of individuals. To

identify significantly differentially expressed genes (DEG) between the crop and the wild population
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for each species, we used the statistical framework implemented in the R package DEseq2 (Love et
al. 2014) with a false discovery rate of 1%. Thus, the up- and down-regulated genes (defined as the
ratio of gene expression levels of the crop over the wild population) were detected and Log Fold

Changes (LFC) were assigned to each DEG for each pair of species.

Annotations and orthology analyses across the three species

To reduce the inherent bias due to the heterogenous functional annotation quality, we
reannotated transcriptomes following an identical approach. The Interproscan annotation system
(Jones et al. 2014) was followed to retrieve the gene ontologies (GO) from the Pfam library (Finn et
al. 2016) of the three reference transcriptomes, allowing a consistent comparison of gene ontologies
between species. For each species, we used the gene ontologies to detect biological processes (BP)
over-represented in the set of DEG and shifted genes (crop-diverse and wild-diverse groups treated
separately) compared to the total expressed genes. We used the Wallenius non-central
hypergeometric distribution implemented in the R/Bioconductor package ‘goseq’ (Young et al. 2010)
and used the ‘eval.go’ function as described in Sauvage et al. (2017). P-value thresholds of 0.1 was
applied to test for the enrichment in shifted genes and 0.05 for DEG genes. In each species, for both
sets of tested genes, the gene space used was the entire set of expressed genes for which a GO term

was assigned. All the parameters are detailed in the GitHub {cf. Scripts and detailed parameters}.

We identified the 1:1 (across a pair of species) and the 1:1:1 (across the three species)
orthologous genes with the software ‘proteinortho’ (Lechner et al. 2011). Similarly, from these sets
of 1:1 and 1:1:1 orthologs, we performed GO enrichment analyses using test sets of genes composed
of the DEG and the shifted genes (groups crop- and wild-diverse) that overlapped the set of orthologs.
By this means, we tested whether genes orthologous in each of the three species and differentially

expressed (between crop and wild) or shifted were enriched in any GO.

Statistical analyses

For each expressed gene, using a GLM procedure, we tested the correlation between the
pressure of selection and the gene expression changes induced by domestication in the three species.
We used generalized linear models (GLMs) as they can handle non-normal responses by using the
variance of each measurement, as an attribute of the response, as a linear function of covariates.

With GLMs we could consider the chromosome effects as a regression factor and detect the actual
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relationships between Am and LFC. Thus, we used Am(my;.p — Tcrop) (@ proxy for changes in
selective pressure, only with non-zero values) and correlated these with LFC estimates. The
regression estimates for each chromosome were compared between each other, using the first
chromosome as reference, in order to detect chromosomes that would have experienced a different
nucleotide diversity change. We tested the correlation between (i) the changes in gene expression
levels and the changes in nucleotide diversity and (ii) the reciprocal model. Following are the linear

models we used:

(i) At (mty ;.o — Tcrop) ~ LEC + Chromosome

(ii) LFC ~ Am + Chromosome

We used the ‘Gaussianize’ function from the R package LambertW (Goerg 2011) to transform
the Am data and LFC that were expected to deviate from normal distributions. In our four models,
the GLM tested the chromosome effect and then took it into account if significant (p<0.05). We ran
the GLM models under R (version 3.3.3) using the package Ime4 (Bates et al. 2015). Additionally, for
each species, we used a pairwise Fisher’s exact test (p<0.05) to detect if the proportion of DEG or
shifted genes per chromosome was significantly different from the proportion of DEG (or shifted

genes) in the genome.

Data availability

All the procedures and scripts (packages and software versions) used for the study are in the
GitHub repository (https://github.com/starnoux/arnoux_et_al_2018). Raw sequences data used in

these analyses are hosted at the European Nucleotide Archive under project number PRIEB26324.

3. Results

Biological material

We generated RNAseq data for crops and wild relatives of the three pairs of species: seven
and 11 accessions of crop (S. melongena) and wild (S. insanum) eggplant, 11 and four accessions of
crop (C. annuum) and wild (C. frutescens and C. chinense) pepper and eight and six accessions of crop
(S. lycopersicum) and wild (Peruvianum clade: S. peruvianum, S. huaylasense and S. corneliomulleri)

tomato. No significant differences in the mapping rate was noticed with a percentage of read
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mapping ranging from 74% to 81% in eggplant, from 68% to 75% in pepper and from 76% to 85% in
tomato (Detailed mapping statistics are provided in the Table S3). Reads were assigned to 96.8% of
the genes in eggplant, 97.9% of the genes in pepper and 95.8% of the genes in tomato. The table S4
is providing both the number of genes where at least one raw read was mapped and the number of

CDS we used for subsequent analyses.

The variant caller detected 727,629 SNPs in eggplant, 1,061,975 in pepper and 2,912,381 in
tomato. After quality and paralog controls, we based our analyses on 112,773 SNPs in eggplant,
213,683 in pepper and 950,036 in tomato. These sets of SNPs were located in 17,545, 18,047 and
19,628 genes in eggplant, pepper and tomato. We found 12,655 genes that were common orthologs
(2:1:1) across the three species (Table S5 provide the list of all 1:1 orthologs for all pairs of species

and all 1:1:1 orthologs).
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Figure 1. Graphical representation of the PCA plots based on: A. genetic covariance and B. expression
level relationships, among all individuals of crop (colored diamonds) and wild (grey circle) individuals
for each species. Each dot represents an accession.
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Identification of genetic diversity shifts

From the SNPs, we assessed the genetic distance separating the individuals in each species
by performing a PCA (figure 1A). The domesticated populations of the three species clustered
together which means they have high similarities in their genotypes and less diversity than the

accessions from the wild populations that presented greater dispersion within their populations.

The genome-wide nucleotide diversity difference between crop and wild populations was
significant for the three species (p-value 9.66x10° with the Welsh test in eggplant and p-values
<2.2x107%in both pepper and tomato), with 7 estimates of 4.14x10°%* and 6.52%x10° for crop and
wild eggplant, respectively, 6.40x10°% and 2.61x10°2 for crop and wild pepper and 2.20x10% and
2.76x10™ for crop and wild tomato. The mean of the genome-wide nucleotide diversity estimates
and the results of the statistical tests are detailed in Table S6. Overall, we observed a reduction of
nucleotide diversity in crop populations compared to their wild counterparts at the genome-wide

scale, in the three species that were significant according to test of Kolmogorov-Smirnov (<2.2x10°

16).

The eggplant experienced a decrease in nucleotide diversity that was similar for all
chromosomes, but in pepper and tomato, some chromosomes showed significant differences. In
pepper, chromosomes 9, 10 and 11 had significantly different regressions of diversity shift according
to their expression than chromosome 1 (p-values between 0.0135 and 0.0196). In tomato,
chromosomes 6 and 9 were significantly different from chromosome 1 (p-value: 0.0289 and 4.21x10"
08). The figure S1 is providing a genome-wide representation of the smoothed nucleotide diversity of

each species showing its variation.

We plotted the nucleotide diversity in the crop vs wild  estimates in each species (figure 2)
and focused on the shifted genes. In eggplant, we detected 185 shifted genes in the crop-diverse
group (i.e. only polymorphicin the crop population) and 369 genes in the wild-diverse group (i.e. only
polymorphic in the wild population), 247 and 520 genes in the crop- and wild-diverse groups in

pepper, and 64 and 605 genes in the crop- and wild-diverse groups in the tomato, respectively.
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Eggplant Pepper Tomato
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Figure 2. Distribution of the nucleotide diversity between the crop population and their wild relatives
for each gene. The dots represent the microp plotted against the miwip for each gene. The colored dots
represent the genes that are part of the crop-diverse group (A: top-left) and the wild-diverse group
(B: bottom-right).

Identification of differentially expressed genes

A total of 33,209 CDS showed expression levels (96.5% of the total known CDS) in eggplant,
34,610 CDS (97.9%) in pepper and 34,297 CDS (95.9%) in tomato. In each species, the filtering of
paralogous genes reduced the data sets to 17,545 CDS in eggplant, 18,047 CDS in pepper and 19,628
CDS in tomato that we used for the subsequent analyses. Overall within these three sets of expressed
genes, the mean of raw read counts per gene ranged from 5.17 to 134,700 (mean = 1,364) in
eggplant, from 5.6 to 160,000 (mean = 1,360) in pepper and from 0.85 to 131,400 (mean = 1,041) in

tomato.

The PCA analysis, performed on the transformed normalized gene expression levels of each
accession (figure 1B), showed a clear separation between the crop and the wild populations for each
species. After FDR adjustment, the DEG analysis revealed 8,344 DEGs between populations in
eggplant (47.6% of the total filtered expressed genes) with an LFCicrop : wiLp) ranging from -7.02 to
6.04, 987 DEGs between populations in pepper (4.5%) with an LFC ranging from -5.49 to 4.25 and
4,948 DEGs between populations in tomato (25.2%) with an LFC ranging from -5.78 to 6.89 (Table
S7). Additionally, for each species, we detected the up- and down-regulated genes (ratio of
expression CROP/WILD) with 3,924 up- and 4,420 down-regulated DEGs in eggplant, 561 up- and
426 down-regulated DEGs in pepper and 2,170 up- and 2,778 down-regulated DEGs in tomato. Within
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the set of 12,655 orthologous genes across the three species, 43 and 48 were systematically up- and

down-regulated DEGs.

Annotations and enrichment analyses

Over Number in Number in
GO category represented Term
o-value Group gene space
Crop-diverse
16480 3.21x10 1 1 negative regulation of transcription from
RNA polymerase Ill promoter**
6413 3,40x10 1 11 translational initiation
5992 4,84x107? 1 14 trehalose biosynthetic process
Wild-diverse
3333 2,48x10™%? 1 16 amino acid transmembrane transport*
9690 3,46x10% 2 3 cytokinin metabolic process**
6817 1,08x102 1 1 phosphate ion transport
30001 1,34x107°? 3 46 metal ion transport
9435 2,15x10? 1 2 NAD biosynthetic process
6471 2,16x10? 1 2 protein ADP-ribosylation
9733 3,19x10 2 26 response to auxin
55114 3,85x10 11 555 oxidation-reduction process
DEG down
6597 1,12x10°%2 1 3 spermine biosynthetic process*
8295 1,12x10°%2 1 3 spermidine biosynthetic process
30001 1,38x10™ 2 46 metal ion transport
55085 1,91x10 4 267 transmembrane transport
DEG up
6886 3,25x10°3 3 42 intracellular protein transport*
6817 6,68x1003 1 1 phosphate ion transport
6098 1,32x10°%2 1 2 pentose-phosphate shunt
9733 1,45x10 2 26 response to auxin
6571 2,12x1070? 1 3 tyrosine biosynthetic process
48193 2,71x107? 1 4 Golgi vesicle transport
42545 3,00x10? 2 38 cell wall modification
6694 4,63x10? 1 7 steroid biosynthetic process
6270 4,90x107? 1 7 DNA replication initiation

*Common to the 3 species 1:1:1
**Common to at least 2 species 1:1

Table 1: Gene ontology enrichment analyses results for orthologs of 2 or 3 of our species. The group

crop-diverse represents the genes more diverse in the crop population and the wild-diverse the

genes more diverse in the wild population. The DEGs UP represent the up-regulated genes in crop

populations and the DEGs DOWN the one down-regulated.

The Interproscan gene ontology annotation procedure retrieved a total of 81,698 GOs for

eggplant, 89,072 GOs for pepper and 85,606 GOs for tomato. When selecting only the Pfam library,
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we obtained GO annotations for 18,283 genes (55.05% of the total reference CDS) for eggplant,
17,695 (51.12%) for pepper and 18,093 (50.05%) for tomato. From these GOs, we tested for any
significant enrichment in biological processes within (i) the shifted genes (genes that experienced a
major loss or gain in nucleotide diversity) and (ii) the DEGs (up- and down-regulated being tested
separately).

Firstly, for the shifted genes, at p<0.01 threshold, we found only two over-represented GOs
in the wild-diverse group of pepper (response to auxin and microtubule-based process) and two GOs
in the crop-diverse group of tomato (GO: response to wounding and photosynthesis, light reaction)

(For all results at 0.05 significance threshold see figure 3) (extended results are detailed in Table S8).

Secondly, we separately tested the enrichment of the down- and up-regulated sets of DEG
for each of the three species (Table S9 for the complete list of GOs per condition). At p<0.01
threshold, nine GOs were associated with the down-regulated genes (e.g. DNA replication and
cellular regulations, microtubule-based movement and protein modifications) and associated with
13 GOs in up-regulated genes in S. melongena (e.g. protein modifications, response to auxin and
oxidation-reduction process). In pepper, five GOs were associated with the down-regulated DEG (e.g.
cellular transport and oxidation-reduction process) and 10 and eight GOs respectively in down- and
up-regulated DEG in S. lycopersicum (e.g. down- translation and protein changes; up- oxidation-

reduction process and response to auxin).

Then, for the sets of 1:1 (across two species) and 1:1:1 (across three species) orthologs, the
enrichment tests revealed that the 1:1 orthologs in the crop-diverse group (n=41) were enriched for
three GOs and the 1:1 orthologs (N=147) in the wild-diverse group were enriched in seven GOs.
However, no significant enrichment associated with the only one 1:1:1 ortholog gene of the crop-
diverse group, while one over-represented GO was assigned to the 1:1:1 ortholog genes (N=17) in
the wild-diverse group. Finally, when testing for any BP enrichment within the 43 orthologous up-
regulated DEG across the three species, we found four over represented GOs. For the 48 orthologs
down-regulated DEG, nine GOs were significantly over-represented. Within the set of 1:1 ortholog
genes (across two species), enrichment analyses revealed 10 GOs over-represented in the up-
regulated DEGs (mostly linked to translational elongation and terpenoid biosynthetic process) and
13 GOs over-represented in the down-regulated DEGs. Figure 3 shows the numbers of shared

orthologs 1:1 and 1:1:1 for the subcategories of shifted genes from the group crop- and wild-diverse
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and for the DEGs up- and down-regulated and all GO categories are listed in Table 1. All GO terms

are represented in the figure S2.
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Figure 3. Numeric results of the orthology analyses between the three species of Solanaceae. A is a
global orthology analysis on the filtered genes of the three species. B and C are both the results of
the orthology analysis on the nucleotide diversity shifted genes group A (crop-diverse) and group B
(wild-diverse). D and E represent the results of orthology analysis on DEG down- and up-regulated in

crop populations.
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Statistical analyses

We used a pairwise Fisher’s exact to reveal no significant difference in the number of DEG
carried per chromosome in pepper and tomato. In eggplant though, the chromosomes three and five
showed a significant higher proportion of DEG compared to the proportion of DEG in the genome (p-
value=5.43x1092 and 1.92x107°2), the chromosome three having more down-regulated DEGs and the
chromosome five more up-regulated DEGs, but the chromosome seven presented a lower proportion

of up-regulated DEGs (p-value=2.69x10703).

Similarly, the proportion of shifted genes per chromosome compared to the total genome
proportion in crop-diverse group (proxy for recent selective pressure in the wild population but
diversified in the crop population) was not significant for all the chromosomes in pepper and tomato.
In eggplant, the chromosome eight showed a discrepancy of shifted genes (p-value=7.11x10793).
However, the proportion of shifted genes from the wild-diverse group (proxy for directional positive
selection in the crop population and relaxation in the wild population) was significantly different for
the chromosome six (p-value=3.66x10°2) in eggplant with a higher proportion of selected genes
compared to the proportion of shifted genes in the genome, while the chromosome two (p-
value=3.72x10"%) in pepper and chromosomes four and nine (p-values=9.01x10 and 4.87x102) in
tomato showed a significant lower proportion (the results from the Fisher’s exact tests are detailed
in the Table S10). At p<0.1 threshold, we noted that the proportion of shifted genes from the wild-
diverse group was significantly higher in eggplant and pepper only for chromosome nine, while

significantly lower in tomato.

The figure 4 provides the graphical representations of the Am (mwiwp - cror) and the LFC for
each gene, for the three species. To better understand the relationship between the gene expression
levels and the nucleotide diversity, we performed generalized linear models (GLM) for each species
considering the chromosome effects. Thus, for each pair of populations, the Am of each gene was
modeled as a dependent variable with the LFC of the differences in gene expression levels (ratio of
gene expression levels in crop over gene expression levels in wild) and the chromosomes as predictor

variables (see model (i) in the materials and methods).
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For the Am as dependent variable, we observed significant chromosome predictor variables:
in pepper, chromosomes nine, 10 and 11 showed significant differences in regression coefficients (p-
value<0.05) compared to chromosome one (used as reference). In tomato, we found two
chromosomes with significant differences in regression coefficients (chromosome six, p-
value=0.0289 and chromosome nine, p-value=4.21x107). In eggplant, the regression coefficients
were not significantly different between chromosomes. When these differences in regression
coefficients were considered, the model detected that the LFC was a significant predictor variable for

each of the three species (p-value=6.64x10"° for the eggplant and p-value <2x10 in pepper and

tomato). The detailed p-value outputs are listed in Table S11.

In the reverse GLM model (ii), we aimed to detect if the 'Am + Chromosome’ was a predictor
variable of the dependent variable LFC, in each species. We detected significant differences in
regression coefficients in pepper for the chromosomes four, five, 12 (p-value<0.05) and
chromosomes seven and 10 (p-value<0.01); in tomato for the chromosomes six, 10 (p-value<0.05)
and 12 (p-value<0.01) but no significant differences between chromosomes in the eggplant. The
chromosome effects considered, we found that Am was a significant predictor variable in eggplant

(p-value=0.034), pepper and tomato (p-value<2x1071¢),
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Figure 4. Distribution of the genes according to their loss in diversity and to their expression level
changes between the crop and the wild population.
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4. Discussion

Our comparative analysis of the three Solanaceae species provides an in-depth view of the
changes induced by domestication and modern breeding on gene expression levels and nucleotide
diversity patterns between crop and wild populations. We tested for both the trans-specific
signatures of selection and species-specific signatures by taking advantages of the high level of
synteny between the species genomes of this family. While our transcriptomic analyses confirmed
the changes in expression of numerous domestication related genes, the novelty of our study is the
highlight of the convergence of domestication footprints acting on both nucleotide diversity and gene

expression.

For the three species, we detected genes showing directional selection in the wild (crop-
diverse group) or in the crop (wild-diverse group) and examined in details the biological functions
associated to them. The proportion of genes from the crop-diverse group was only significantly
different among the chromosomes in eggplant, where the chromosome eight showed a lower
proportion of genes under diversifying selection compared to the other chromosomes. This lower
proportion can be interpreted as the consequence of selective sweeps that occurred during
introgression events to confer the monogenic resistances to fusarium and bacterial wilt in this species
only (Mutlu et al. 2008; Mutegi et al. 2015). We detected a higher proportion of genes under
directional selection in the crop (wild-diverse group) located on the chromosome nine in eggplant
and pepper. This stronger selection corroborates with the presence of resistance genes located on
this chromosome as previously shown by synteny in tomato (Kortstee et al. 2007; Verlaan et al. 2013;
Lin et al. 2014; Zhu et al. 2018). At the opposite, on chromosome nine in tomato, the well described
introgression from the wild tobacco mosaic virus resistance to the crop buffers the detection selected

in crop (Ohmori et al. 1995).

The gene ontology enrichment analysis allowed the identification, in the three species, of a signature
of selective sweep on the circadian clock regulation as previously discovered in tomato with the light-
conditional clock deceleration in crop plants (Mdiller et al. 2018). We found a large number of genes
that are associated with general categories such as light and photosynthesis, including genes that
experienced diversifying selection across the three crop (crop-diverse group) and genes that

experienced stabilizing selection in the pepper crop only (wild-diverse group).
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We observed a strong selection acting on genes related to response to wounding, response to biotic
stimulus, defense response to bacterium and fungus (i.e. genes of wild-diverse group) in eggplant
and tomato but not in pepper. The response to wounding has long been shown in tomato to activate
plant defense mechanisms against biotic or abiotic stresses (Conconi et al. 1996; Orozco-Cardenas et
al. 2001; Chico et al. 2002). In addition, it has been recently shown that divergence in cis-regulatory
sites and, subsequently, transcription factor binding specificity contribute to stress-responsive
expression divergence, particularly between wild and domesticated species of tomato (Liu et al.
2018). The defense responses to biotic stresses have been targeted by breeding selection in response
to diseases in crop species (Barchi et al. 2011; Verlaan et al. 2013) and clearly identified as driver of
transcriptional variation among crop species such as in tomato (Koenig et al. 2013). At the opposite,
these enriched GO categories related to defense response to bacteria and fungi are under diversifying

selection in the crop pepper population.

Additionally, across the three species, 13 GO categories related to translation were enriched only in
the crop population selected genes (wild-diverse group). This enrichment suggests that
domestication impacted entire pathways of translation regulation in a similar manner as it negatively
regulated the biosynthesis pathway of antinutritional alkaloids in tomato and potato (Itkin et al.

2013).

To test whether we could identify incipient domestication at the mRNA transcript level, we
compared patterns of gene expression in the crop and the wild population. Evidences are
accumulating that domestication rewires gene expression levels of many crop populations such as
cotton (Rapp et al. 2010). maize (Hufford et al. 2013), common bean (Bellucci et al. 2014) and tomato
(Koenig et al. 2013; Sauvage et al. 2017). For each of the three Solanaceae species, the gene
expression levels of all the expressed genes clearly split into two groups, composed of the crop and
the wild population. With various percentage of DEG, with 4% in pepper (808 genes), 14% in tomato
(2511) and 25% in eggplant (8344), domestication and subsequent selection have profoundly altered
the transcriptional landscapes in these three species but at a variable degree. However, these
percentages should be cautiously interpreted, as the nucleotide divergence is relatively different

between the crop and the wild population within these three species.

In parallel to the enriched categories of genes selected in the crop populations, we found 20

biological processes across the three species whose GO were related to translation mechanism and
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for which genes had rewired their levels of gene expression in the crop population. Both eggplant
and tomato had the translation GO category enriched with respectively 29.8% and 27.2% of genes
from this specific category that were down-regulated. The up-regulated genes in the pepper and
tomato crop population were enriched for genes related to tRNA splicing and production, both
involved in translation mechanisms recruiting the amino acid and complementing the mRNA to
initiate translation (Gruissem 1989). One of the categories that recurrently appeared enriched across
the three species (both in the selected genes and the DEG genes) is related to the microtubule-based
movement. This category might be affected in crop populations as microtubules are known to be
involved in mitoses processes, that could impact any cell developmental processes from the plan
vigor to the fruit growth regulation by cell expansion in tomato (Verbelen et al. 2001; Musseau et al.
2017). Knowing phenotypic trait selected during the domestication, these over-represented GO
confirm that domestication has imprinted the genome of crop populations both with mutations in

coding regions and with modification of gene expression of related genes.

The heterogeneity in the regression coefficients supported the chromosomal differences in
nucleotide diversity between crop and wild populations (4m) across the three species. Once these
chromosomal differences fixed in the model, we detected a significative correlation between the
expressed genes LFC variation and the nucleotide diversity variation. Using the generalized linear
model, we tested whether diversity loss and therefore selection induced by domestication was
correlated with expression changes. We found that most of the genes experiencing diversity loss are
not experiencing strong changes in expression, though the few that have correlation between this
selection and the shifts in expression level change significantly the regression coefficient of the GLM.
Therefore, the changes due to domestication are impacting both expression and diversity level and
these changes when correlated are the proof a common selection on metabolism variability by
controlling the nucleotide changes and the gene expression both at the same time. It corroborates
with recent studies on wild and domesticated tomato that show the regulatory selection in wound-
responsive genes through cis-regulatory components (Liu et al. 2018). We suggest that nucleotide
diversity and gene expression levels diversity evolved in correlation under the selection induced by
the domestication and modern breeding. At the molecular level, the underlying mechanisms at play
might be related to the alternative splicing that has been shown in Sorghum as a main driver of the
canalization of gene expression in this species (Ranwez et al. 2017). However, this hypothesis and its

convergence across the Solanaceae have to be tested.
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From the genetic and the transcriptomic comparative analyses, we evaluated the convergence in the
genomic footprints of domestication and breeding, by detecting the 1:1 orthologs across two species
and the 1:1:1 orthologs across three species that were unique in each genome (no duplicates) and
therefore very conserved. Thus, the results presented here are restricted to genes that have not
experienced gene duplication events since the divergence of our species. Any common changes
occurring on these conserved genes stresses the role of selection acting on nucleotide diversity and
changes in gene expression levels, specifically induced by domestication and modern breeding.
Across the crop populations, the surprising yet strongly targeted general category is related to

translation as inferred by the DEG and nucleotide diversity analyses.

From the orthologous analyses, we could observe a greater number of genes under positive
selection than under a relaxed selection in both the 1:1 and the 1:1:1 orthologs identified (44 in crop-
diverse group; 188 in the wild-diverse group). This proportion of genes under selection (188:232,
81%) supports the hypothesis that purifying selection played a major convergent role in shaping the

patterns of nucleotide diversity.

We found that these Solanaceae crops displayed genes under diversifying selection
associated with functional categories related to negative regulation of transcription. The
convergence of this accumulation of polymorphism is counter-intuitive but documented as a direct
evidence of the cost of domestication (non-removal of slightly deleterious alleles by purifying
selection) on transcriptional regulatory elements (Swinnen et al. 2016). Similarly, the biosynthetic
process of trehalose evidenced the cost of domestication with enrichment in genes with higher
diversity in crop. This sugar is involved in tolerance to abiotic stress, which is less prominent in crop

fields than in the wild (Cortina and Culiafiez-Macia 2005).

The orthologs selected in crop populations were enriched in GO categories related to the
domestication syndrome phenotypes. The response to auxin drives the fruit development (De Jong
et al. 2009). The cytokinin metabolism regulates leaf and plant growth, therefore the resources to
control fruit ripening in tomato (Mapelli 1981; Shani et al. 2010; Greco et al. 2012). The phosphate
transport modulates the phosphorus as a major macronutrient limiting plant growth (Clarkson and
Scattergood 1982; Daram et al. 1998). These results show that fruit and plant growth related traits

were preferably selected in our species.
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Between the list of DEG established in each species, we searched for orthologous
genes that were up or down-regulated to provide an additional proof of selective convergence across
the species. Within the orthologous up-regulated genes, one of the over-represented GO categories,
the response to auxin, is related to fruit development in tomato (De Jong et al. 2009). Not only the
genes of this specific category are differentially expressed, but they show strong signatures of
selection as well. Another GO category is related to the cell wall modification that acts upon the
tomato cell expansion and fruit ripening (Rose and Bennett 1999). Both of these previous categories

support the convergent tuning of biological functions involved in fruit development.

When focusing on the orthologous down-regulated genes, four GO categories were over-
represented across the three species: two are general functional categories related to the metal ion
transport and the transmembrane transport, limiting the interpretation. But both the spermine and
the spermidine biosynthetic processes category are over-represented, acting as growth hormone
(Fromm 1997) and playing a key role in the regulation of abiotic stresses in plant (Gill and Tuteja

2010).

Our study uncovered the major molecular consequences of the domestication and modern
breeding improvement. Across the three species, the magnitude of differential expression levels
revealed a convergent rewiring of genes during the domestication that are in congruence with the
ones targeted by selection. In addition, the expressed genes LFC variation was significantly correlated
with the nucleotide diversity variation, in the three species. Our study of the Solanaceae family is at
the edge of the potential of evolutionary transcriptomics to deepen our knowledge about the
molecular consequences of domestication. Similar studies have been proposed to demonstrate

convergent signatures in perennial plants (Wu et al. 2018) and in mammals (Alberto et al. 2018).
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Supplementary Figures
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enrichment in shifted genes from group A (crop-diverse) and B (wild-diverse) and to 0.01 for the
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Supplementary Tables

The supplementary tables are available in the appendix 3 and are composed of the following tables:

Table S1: Detailed data about the studied accessions. The species and the location of origins are listed
in separated tables for the three accessions: (a) the eggplant accessions, (b) the pepper accessions
and (c) the tomato accessions.

Table S2: Raw gene expression for all mapped genes of the studied accessions. The gene expression
levels were already filtered for minimum quality. The three species are detailed in separated tables
(a) the eggplant accessions, (b) the pepper accessions and (c) the tomato accessions (available on
demand or in the published excel file online).

Table S3: Mapping summary statistics on mapped, properly paired and singletons of all the studied
accessions aligned to their reference genome. The three species are detailed in separated tables (a)
the eggplant accessions, (b) the pepper accessions and (c) the tomato accessions.

Table S4: Summary of numeric results of expressed genes and SNPs detected with the variant calling
for the three species. All details are given before and after filtering for paralogs.

Table S5: List of genes that are orthologs between the three species. (available on demand or in the
published excel file online)

Table S6: Detailed per chromosome and global mean of nucleotide diversity for both populations of
our three species.

Table S7: Summary results from the DESEQ analyses that detected up- and down-regulated levels of
gene expression in crop population compare to the wild population. The summary is detailed for each
of the three species.

Table S8: Gene ontology analyses results for the nucleotide diversity shifted genes of the three
species. The crop-diverse group A represent the genes more diverse in the crop population and the
wild-diverse group B the genes more diverse in the wild population.

Table S9: Gene ontology analyses results for DEG down- and up- regulated separately for the three
species.

Table S10: Detailed results from the Fisher test on distribution of the (a) DEG and (b) shifted crop-
diverse genes A and wild-diverse genes B across the different chromosomes of the three species.

Table S11: Detailed results from the generalized linear models modeling the regression of A and
LFC (i) for the three species, and its reciprocal models (ii).
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GENERAL DISCUSSION
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This thesis work aimed at conducting a comparative analysis between three Solanaceae crops
and their wild relatives, namely the eggplant, pepper and tomato. Such comparative analysis on more
than one duo of crop and wild species has not yet been reported in plant science. By studying the
convergence of the domestication process we wanted to highlight the crucial potential of wild
relatives as a reservoir of adaptive capacity for agricultural systems. With the use of a wide range of
bioinformatic methods and tools, the two scientific papers present the PhD work and the answers to
the scientific questions that were stated in the introduction. The papers focused on domestication
induced changes that impacted the demographic history, and imprinted the molecular scale through
gene expression and nucleotide diversity changes. This general discussion will consist in (a)
addressing the relevance of the chosen biological material, (b) identifying the advantages and the
limitations of the likelihood method to infer demographic models, (c) demonstrating the power of a
comparative analysis between crop and wild populations, and its potential outlook of further studies,
(d) using the domestication framework to decipher the evolutionary transcriptomic changes, and
finally (e) proposing a critical view on the limitation of the domestication studies when neglecting
the implementation of environmental conditions. Finally, a general conclusion and outlook is

proposed.

a. Choice of the biological material: does a subset of accessions represents a species?

Sample choices were made with the available knowledge at the project beginning in 2012.
Their limited number was also defined according to the sequencing capacity and costs at the time.
Since 2012, many advances were made and the cost of genotyping were greatly reduced offering the
opportunity to study a greater number of genomes. Indeed, following the crop tomato genomes (The
Tomato Genome Consortium 2012), the wild S. pennellii reference genome was sequenced (Bolger
et al. 2014a), the crop eggplant S. melongena draft genome was proposed in 2014 (Hirakawa et al.
2014) and a new version is currently in progress. The reference genome of crop pepper C. annuum
was sequenced three times (Kim et al. 2014; Qin et al. 2014; Hulse-Kemp et al. 2018) and the wild
relative chiltepin C. annuum var. glabriusculum was sequenced too (Qin et al. 2014). These efforts in
annotating reference genomes are necessary to provide a reference to potential future comparative
genome analyses, such as for the 84 accessions of crop, landraces and wild tomato whose whole-
genomes were sequenced to decipher the genetic variation available in the he Solanum clade section

lycopersicum (Aflitos et al. 2014).
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In the current context, the genomic variation within the three species is better understood,
but at the time, the samples were expected to represent a wide range of genetic diversity within the
wild relatives and modern cultivars. The accessions were sampled in different geographical origins.
The variation in phenotypes and the previous genetic analyses, based on SSR, guided this choice (cf.
Introduction). The analyses rely on a small number of accessions and any hypothesis on the
domestication events stand on the assumption that the accession panels are representative of the
entire species. What appears to be an issue on the analyzed accessions is that some of them were
not well annotated and botanically identified, notably for eggplant and pepper. The current
sequencing methods could be of use to improve the quality of sampling by using better molecular
markers to decipher the accessions annotations, and determine their belonging species. Despite the
use of phenotypes, the genetic markers remain more powerful to distinguish species from one
another.

The link between the phenotype and genotype was introduced with Gregor Mendel work that
developed the principle of heredity, that was the first theory implying that parental phenotypes were
transmitted to the descendants (Mendel 1866). Following this principle, the first phylogenetic trees
were performed using phenotypic traits with a phenetic method championed by the average distance
method UPGMA (Sokal and Michener 1958) and then with molecular and morphological traits using
the cladistic method with the neighbor-joining method using operational taxonomic units (Saitou and
Nei 1987). It is only with the neutral theory of molecular evolution, that molecular changes were
acknowledged to play a key role for most of the variation within and between species (Kimura 1983).
The neutral theory of evolution applies only to the molecular markers when phenotypic evolution
results from natural selection. Thereafter, when using genotypic data, different phylogenetic
methods were used to decipher the plant family taxonomies but neglected the gene flow between
species. Whereas phylogenetic methods assume an almost inexistent migration rate between two
species, in the framework of domestication studies, using the crop and the wild species pair, the
model-based inferences do. While studying domestication, the crop and the wild species remain
closely related. During the domestication process, the gene flow between the two compartments has
to be considered. Thus, the development and use of model-based inferences have been a great
opportunity to improve the studies on the relation between the crop and the wild relative species.

In eggplant, the first taxonomic studies on wild accessions were performed according to
morphological traits but were insufficient to classify all the species (Lester, 1986). The total taxonomy

of the clade was deciphered in a recent publication on 42 of the 56 recognized species of the clade
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(Aubriot et al. 2016). The crop species experienced several taxonomic changes and was structured in
3 morphoforms (group E, G, H) in a study on crop and wild relatives using cpDNA for phenetic and
cladistic methods (Sakata and Lester 1997). The groups were considered as artificial and the wild
relative progenitor was suggested in a study on S. melongena, S. incanum and S. insanum from
Karihaloo in 1995 (Karihaloo and Gottlieb 1995). The wild progenitor S. insanum was recently
ascertained, after being long debated, in a review of taxonomy from 2016 (Ranil et al. 2016). This
work confirms the close relationship between the crop eggplant S. melongena and its wild relative S.
insanum. The PCA on eggplant accessions represent the gradient of differentiation between the crop
and the furthest wild accessions. Such gradient is great opportunity to study the process of
domestication but it increases the structure and induces difficulties to perform demographic
inferences. Following this observation, the closest wild accessions had to be excluded for the
demographic inference analyses.

In tomato, the wild accessions have been phenotypically characterized as soon as they were
introduced in Europe, by Tournefort (de Tournefort 1694). The tomato being a model plant was
studied thoroughly and its taxonomy was proposed by Miller (Miiller, 1940) and Luckwill (Luckwill
1943), Child (Child 1990). On molecular data, phenetic (Miller & Tanksley, 1990) and cladistic (Palmer
and Zamir 1982; Spooner et al. 1993) analyses helped deciphering the relationships among wild
tomato species. The crop wild progenitor of the tomato is S. pimpinellifolium and the relationships in
the tomato clade were ascertained by a recent entire RNAseq data set (Peralta and Spooner 2000;
Pease et al. 2016). This work confirms the previous analyses and pursues the previous effort to
understand the modifications due to domestication in tomato.

In pepper, the choice of the biological material is more discussable as shown by the PCA
results that revealed C. annuum var. glabriusculum not being a direct wild progenitor species but
form a structured species strongly differentiated from the crop species. This observation was
supported in the present study by the demographic model that estimated the most likely the split
between both species as far as 200,000 years old, which is more consistent with a speciation event
than any domestication event. Nevertheless, the demographic inferences were powerful enough to
detect the bottleneck that stroke the crop population, and, represents most likely the domestication
event. It remains unclear which species is the wild progenitor of the C. annuum and an accurate
identification of such species would increase the power of demographic inferences to decipher
parameters of the pepper domestication events. As for other species, eggplant is hypothesized to

have been domesticated in several locations (few domestication centers in India and China). A wider
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range of accessions (compared to the present study) would permit the detection of genetic structure
within the crop species and thereafter, conduct a more detailed/refined demographic inference on
multiple species (Jouganous et al. 2017).

While focusing on the inference analyses, the samples even reduced in number were
sufficiently informative to allow the inference of demographic parameters with good confident
intervals. Therefore, Increasing the number of accessions sampled would not necessary improve the
results on the demographic inferences, a good example was the inference study in Maize that used
60 haplotypes out of the 80 samples because of a too high inbreeding (Li et al. 2017). In the chapter
2, the species were represented by 4 to 10 accessions with ~16k filtered SNPs in eggplant, ~41k
filtered SNPs in pepper and ~33k filtered SNPs in tomato. Despite the low number of accessions per
populations, the work presented remains consistent with recent analyses. Indeed, dadi was used in
few studies to infer domestication events using ~2,000 filtered SNPs for 16 to 20 accessions per
species in rice (Molina et al. 2011), ~31,000 filtered SNPs for 11 to 40 accessions per species in
Brassica rapa (Li 2017) and ~32,000 filtered SNPs for 60 haplotypes per population in maize (Li 2017).

The number of accessions would improve the analyses up to 20 or 30 accessions per
populations but most importantly the analyses could benefit from a better representation of the
different subset of modern cultivars, landraces and wild relative species that represent the different
stages of domestication.

In this context, the work performed here highlights the importance of genotyping crop wild
relatives to detect if they are the real wild progenitor as expected (Zeder 2006). The sampling is
important especially in species such as wild pepper that remain difficult to differentiate and for which
species annotations, relying on phenotypes only, are not powerful enough to decipher the species
structures. Therefore, the sampling is one limiting factor to include while analyzing the results of the
comparative analyses. Despite the possible improvement of the analyses, the work presented in this
thesis already improve considerably the understanding of domestication in the Solanaceae family.
The study of the human impact on domesticated plants remains essential to better understand how
human societies managed the crop over time, from the cultivation until the modern breeding stages.
To decipher the molecular changes, it is necessary to complement phenotypic data by genotypic data.
For methods that use phenotype-genotype interactions such as QTL or GWAS, they are the reflection
of major effect genes/QTLs and neglect the polygenetic effects (Korte and Farlow 2013). Therefore,
using genomic or transcriptomic data seems to be a real alternative to decipher evolutionary changes

of pathways at the molecular level (Langridge and Fleury 2011; Koenig et al. 2013).
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b. Advantages and limitations of the likelihood vs Bayesian methods for inferring demographic

models.

The demographic inferences performed on the polymorphisms differentiating our crop
species from their wild relative progenitors were based on the maximum likelihood approach, namely
0adi (Gutenkunst et al. 2009). Such method had been proven to be efficient in case of deciphering
the domestication process in Asian rice (Molina et al. 2011) and in cucumber (Qi et al. 2013), where
demographic parameters were estimated with dadi, notably, the population effective size, the
migration between both species, and the duration of the bottleneck and following demographic
events. One could argue that an approximate Bayesian computation would have been more suitable
for the more complex models (Cubry and Vigouroux 2018), but dadi allows the use of two populations
and requires less computational time. Moreover, both approaches are model-based inference and
they are the best methods to understand the origin and spread of our domesticated species. Using
the comparison of different models was necessary to assess the confidence of each given hypothesis
and ascertain the most probable scenario for each species (Gerbault et al. 2014).

Regardless of the approach, the demographic inferences require that the data fit
assumptions, e.g. the SNPs need to be independent from each other. In the case of self-crossing
plants, some part of the linkage disequilibrium (LD) is not necessarily due to selection but can be
caused by selfing (Ellegren and Galtier 2016). In this study the linked loci were pruned to remove the
selfing bias and to ensure the SNP details were not redundant. Moreover, by inferring models with
heterogeneous migration and heterogeneous effective population size along the chromosomes, we
tested for linked selection and differential introgressions (Roux et al. 2013; Sousa and Hey 2013). As
both heterogeneities are difficult to dissociate, both categories, i.e. heterogeneous migration and
heterogeneous selection, were implemented in our models too, but the data set didn’t fit the models
with heterogeneity across loci. These results of non-heterogeneity imply that introgressions from
wild to crop were not local (on short segments of chromosomes) but globally diffused across the
genome in our three species.

In the case of tomato, the crop was known to have several introgressions from S. peruvianum
located on the chromosome 9. Thus, it was removed for the analyses to ensure it didn’t bias the
effective population size in the crop. Indeed, most of the introgressions in crop tomato were
imported from distant wild species (e.g. S. habrochaites, S. peruvianum), but the model infers only

introgressions from the wild relative tested (i.e. S. pimpinellifolium). Therefore, for the three species,
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only a linked selection or differential introgression from the wild tested to the crop, or opposite
direction, was tested in our models, and both had poorer likelihood results than homogeneous tests.

These results highlight the global genomic changes due to domestication, it corroborates the
previously demonstrated global reduction in nucleotide diversity or the selection on entire genetic
pathways and not only on major genes involved in the domestication syndrome.

Additionally, the demographic inferences on domestication are limited to short time scale
population differentiation process. The differences in selection are quite strong too, as one of the
populations is under natural selection when the other experiences a strong artificial selection.
Therefore, following a previous study on Madeiran Arabidopsis thaliana, we confirmed our best
scenario by assessing the two most probable scenarios, assuming that even with different
hypotheses, for two different models, they would have convergent demographic parameters
(Fulgione et al. 2018). This comparative method improves the power of the demographic inference
by confronting several hypotheses that are the two models that best fit the data. For the
interpretation of the results, the models corrupted or with posterior parameters stumbling over
boundaries due to overfitting were removed. The corrupted model usually performs better regarding
the likelihood but to do so, it infers only part of the data and is consequently unreliable. The best
model infers posterior parameters that can be biologically translated according to the mutation rate.
The use of a range of mutation rate is necessary here because (i) the mutation rate varies across the
genome, and (ii) the mutation rate of the three species, at the genome level, has not been yet
estimated. The use of a range of biological estimations prevents an over-interpretation especially in
term of dating estimations (Roselius et al. 2005; Lynch 2010).

Moreover, given the hypothesis of multiple domestication events in eggplant, it would be
interesting to test a double-founder model as used for the analyses on domesticated rice. Indeed
they had three distinct groups of accessions, possibly two domesticated sub-species Oryza sativa ssp.
indica and O. sativa ssp. tropical japonica, and a wild progenitor Oryza rufipogon, and with the use
of Bayesian model-based method, they ascertained the two events of domestication (Molina et al.
2011). In the case of eggplant, the sampling would need to be established in separate sub-species to
confirm such multi-founder hypothesis. The use of these several sub-species could help deciphering
the domestication of crop eggplants, especially for the later stages. Such analyses would be possible
with the new methods implementing the software dadi (Gutenkunst et al. 2009) for multiple species,
namely the software named moments (https://bitbucket.org/simongravel/moments) and momi

(Kamm et al. 2017). Another alternative was the use of a model with secondary contact but the power
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is restricted on such short time scale as domestication, and was not relevant for this work. Thus, the
sampling and the theoretical methods are a limiting factor for the detection of multiple
domestication centers in eggplant with the data set available.

With genomic and not RNAseq data, we could also use pairwise sequentially Markovian
coalescent (PSMC)(Li and Durbin 2011) or multiple sequentially Markovian coalescent model
(MSMC)(Schiffels and Durbin 2014). These methods translate the estimation of coalescence rate with
recombination, into effective population size. The precision of these methods remains low for short-
time scales, and new approaches were proposed for short-term inferences, such as the stairway plot
(Liu and Fu 2015) or SMC++ (Terhorst et al. 2017). With the complement of both short- and long-
term methods, a recent study disentangled African rice history, proving that the 15,000 years old
bottleneck of Oryza glaberrima (Meyer et al. 2016) and the following long period of low effective
population size was present in the crop and in the wild, and correlated with the drying of the Sahara
(Cubry et al. 2018). Therefore, the comparative analyses between crop and wild helped
understanding that domestication occurred around 2,800 years BCE and that the previously detected
bottleneck was indeed a remaining of the crop wild progenitor demography (Cubry et al. 2018).

In this context, the obtaining of genomic data would have improved greatly the precision in
estimating the population effective size changes. These approaches combined with the presented
demographic inferences would add precious knowledge to decipher the different stages of

domestication in our three species with a higher resolution.

c. Crop and wild comparative analyses are powerful to decipher domestication footprints, the

case of the PhD work and further outlook.

The analyses on African rice confirm that comparative analyses are required for deciphering
domestication, as the comparison between crop and wild allows to focus on changes due to
domestication and not due to natural selection imprinted in the genome since ancestral ages (Cubry
et al. 2018). Thus, the analyses performed in this thesis work focus only on the selection footprints
present in the crop due to domestication as we assume that evolution did not change much the wild
population during the short evolutive time that lasted domestication. To detect selection we focused
on the reduction in nucleotide diversity in the crop compared to the wild (i.e. selective sweep)(Smith
and Haigh 1974). One concern pointed out by reviewers on the transcriptomic analyses, is that
synonymous and non-synonymous SNPs were not differentiated. Knowing that a selective sweep is

the change of frequency of neutral alleles at loci that are linked to selected locus, it seems necessary
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to differentiate the nucleotide diversity that is neutral (synonymous) to the one that is positively
selected (non-synonymous)(Kimura 1983). Three signatures of selective sweep can be detected
(Alachiotis and Pavlidis 2018): the local reduction in nucleotide diversity (Smith and Haigh 1974), the
shift towards low- and high-frequency derived variants on the SFS (Braverman et al. 1995), and the
localized pattern of LD level (Kim and Neilsen 2004). Overall, software focused on one of these
signatures at the time, but a recent RAISD (Raised Accuracy in Sweep Detection) test combines the
three statistics and seems promising (Alachiotis and Pavlidis 2018). Despite the global reduction in
nucleotide diversity in the crop species highlighted in the chapter 3, the two other methods could
improve the detection of selective sweep. The RAISD methods was developed on genome-wide
sequenced data but if it is reliable on the RNAseq data, it could confirm the directional selection
observed on the genes targeted by domestication in the chapter 3.

Concerning the SNPs status, the use of an annotation software, such as VEP (MclLaren et al.
2016), that perform the analyses to distinct between synonymous and non-synonymous SNPs,
require good annotation files such as for tomato (McCarthy et al. 2014). This issue was challenging
for both pepper and eggplant, and will need further bioinformatic efforts to improve manually the
reference annotation. So far, our analyses focused on the general nucleotide diversity shift between
wild and crop species, the results we present are significantly different between both species. Thus
when the nucleotide diversity drops to almost null within a crop gene, one can assure that it is a
signature of selective sweep, thus positive selection due to domestication (Smith and Haigh 1974).
Another statistical focus could have been on analysis of single-marker Fs: (Lewontin and Krakauer
1973; Chen et al. 2010) calculating the differentiation index between crop and wild and the Tajima’s
D (Tajima 1996) estimating the selection from the population site frequency spectrum, but
unfortunately, the presence of structured populations in our wild species (several species in the wild
pepper compartment) did not fulfil the requirement of such statistics. While detecting selective
sweeps in crop species, a major concern is the presence of severe bottleneck or introgression that
obscure the evolutionary and selective history of a locus (Meyer and Purugganan 2013), without
mentioning the strong LD increase due to inbreeding within crop lineages (Ellegren and Galtier 2016).

Concerning the demographic inferences, the data set could, as well, be improved by both
ancient DNA and archaeobotanical records. In Solanaceae, until now only few published records of
archaeobotanical analyses on Capsicum spp. are available (Yamaguchi 1983; Duncan et al. 2009; Kraft
et al. 2014). The absence of ancient DNA is a pitfall in any demographic inference method as it

reduces the possible estimation of an ancestral time point. Despite the high rate of SNPs polarization
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produced thanks to the outgroups species, an archeological record would offer a genetic time point.
The assumption mentioned earlier that the wild population didn’t change from TO would not be
necessary as the archeological record would offer a time point of the real evolutionary state in the
past. Such records were used in the Hawaiian petrel populations giving a genetic time point (Welch
et al. 2012). Domestication correlates with the cultural development of civilized human populations,
and in this work, the use of language and written records served to complement the demographic
analyses. Indeed, the oral or written descriptions of crop species are useful thanks to the precise
timing of the corresponding archeological records. Translational analyses involving anthropology of
the domestication and the dispersion areas could as well improve and complete the global picture
on the domestication process as was proven in African rice or pepper (Kraft et al. 2014; Cubry et al.
2018). Therefore, using multiple crop species to perform comparative analyses highlights the
convergent aspects of domestication and the species specificity.

Thus a better understanding of the convergence of crop domestication is essential, especially
when it comes to produce new domesticates (Stetter et al. 2017). Indeed, neo-domestication are
essential to answer societal issues such as energy production or food production, especially in a
context of global warming. Producing bioenergy crop is important to avoid the use of fossil fuels, one
of the promising species is the Miscanthus that can grow in suboptimal land without conflicting with
food production. The Miscanthus is currently under neo-domestication with a selection that targets
yield improvement and other morphological traits (Clifton-brown et al. 2007; Clifton-Brown et al.
2018), genetic diversity (Sang 2011) but as well co-expression patterns (Xing et al. 2018). The neo-
domestication of Coffee trees (Coffea canephora) was accelerated by gene editing to produce trees
that are stress tolerant and resistant to pathogens (Breitler et al. 2018). And in an effort to improve
food and nutritional security in Africa (Ofori et al. 2014), two trees producing edible fruits and
adapted to the sub-Saharan Africa are currently being domesticated (stage of cultivation). A
participatory neo-domestication involving farmers and scientists was performed on the African pear
and plum (Prunus africana and Dacryodes edulis)(Simons and Leakey 2004), by targeting an increase

in yield and in fruit traits, such as fruit size (Anegbeh et al. 2005).

d. Studying evolutionary transcriptomics reveals that domestication induced modifications in

different mechanisms of gene expression regulation.

For the RNAseq analyses, all accessions were conserved and grown in controlled conditions

reducing the maternal effect (Marshall and Uller 2007). Indeed, responding to the environmental
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conditions the plant induces a maternal provisioning that modifies the offspring gene expression
(Videvall et al. 2016) via transgenerational epigenetic regulation with embryonic siRNA for example
(Autran et al. 2011). Thus, avoiding the maternal effect, by producing plants in similar conditions
before to study their offspring, allows to reduce the variation in gene expression level between the
accessions.

Moreover, the mix of different tissues in controlled conditions allowed to decipher a large
fraction of the expressed genes. This allowed differential expression analyses, but limited our study
to the changes at the exome level. It is relevant to study the convergence of the transcriptional
regulation and gene structure modification due to domestication, as both mechanisms are involved
in the adaptation of crop to domestication. A previous study on tomato had led the path, showing
the rewiring of gene co-expression due to domestication (Sauvage et al. 2017). This study greatly
inspired the analysis of evolutionary transcriptomics that are presented in this thesis. By studying,
both nucleotide diversity shift between crop and wild and differentially expressed genes, the
correlation of their modification highlighted the convergence of the regulatory mechanism
modification due to domestication.

The ortholog analyses between the genes of the three species revealed that domestication
process induced convergent modifications at both gene structure (nucleotide modification) and
gene expression levels regardless of the species. But most of all, the results highlighted that
biological processes selected during domestication (e.g. domestication syndrome related traits)
came with a rewiring of their gene expression. And in addition, the biological processes counter-
selected were related to biotic and abiotic stresses tolerance.

In previous studies, while focusing on a set of genes selected during and after domestication
in multi-species (e.g. maize, rice, tomato, wheat, pea, etc.), 55 to 63% of these genes were described
as transcription factors. Also when half of the mutations are annotated as a loss of function (non-
synonymous change), 30 to 43% are annotated as regulatory changes (Doebley et al. 2006; Meyer
and Purugganan 2013). These results reinforce the hypothesis that one of the mechanisms of plant
evolution relies on the transcriptional regulation. The results presented in the chapter 3 corroborate
with this hypothesis as well while highlighting convergent gene expression changes due to
domestication. Indeed the modification of cis-regulatory elements of transcriptional regulators
allows phenotypic changes but reduces the potential pleiotropic impact (Doebley and Lukens 1998).

In 2013, a review highlighted that several phenotypic changes in domesticated plants were

potentially due to genomic structural variations, namely changes in copy number variation and in
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presence/absence variation (Olsen and Wendel 2013). Following this hypothesis, they also pointed
out the major effect of transposable elements within crop species, constituting between 22% and
85% of the total genomic contents of 11 crops (Morrell et al. 2011). The transposon activity has the
potential to provide an increased phenotypic diversity, by direct effect through mutagenesis or by
indirect effect on the gene expression, the wider range of traits can afterwards be selected during
domestication, as for the well-known example of crop maize (Hollister et al. 2011). This type of
markers has been neglected so far in the study of Solanaceae domestication, and it would be
important to develop further the detection of genomic structural variations in our crop genomes.

Further analyses on intronic regions related to the differentially expressed genes would allow
the detection of trans- and cis- regulations as it was done in maize, where they discovered that most
of gene expression changes due to domestication were cis- rather than trans-regulated (Lemmon et
al. 2014). In tomato, studies found two cis-regulatory mutations regulating the fruit size (Swinnen et
al. 2016) but few studies focused on the (cis- and trans-) regulation of domestication phenotypes
apart for the regulation of few wound-responsive gene expression (Liu et al. 2018). Therefore,
knowing that cis-regulatory mutations impact traits that were selected during domestication, it
seems necessary to further study the gene regulation modified during the domestication process.

A recent study in tomato highlighted the importance of epigenetic regulation, in this precise
case microRNA regulation, to modulate the expression of targeted genes involved in the biotic stress
sensitivity via the production of anthocyanins and a-tomatine. Such results underline the importance
to deepen the study of epigenetic regulations, especially while focusing on rapid immune responses
to cope with threat of pathogens (Chen et al. 2018). Another trait that could be deeper studied is the
flowering regulation. Indeed, in rice flowering was proved to be controlled by several chromatin
modifiers that are as well mark of epigenetic regulations. This epigenetic regulation allows a complex
gene network to integrate environmental signals and plant hormone cues (Albani and Coupland
2010; Shrestha et al. 2014). The epigenetic might be a first mechanism to respond quickly to
environmental changes, and deciphering further the epigenetic regulations seems to be promising
for adaptive evolution to human-controlled cultivation conditions. With the strong erosion of the
genetic diversity, epigenetic diversity emerges as a potential source of phenotypic variation. Plant
improvement could rely on it, to increase the crop adaptation to changing environment and to

maintain the acquired production performances (Gallusci et al. 2017).
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e. The next improvement to infer domestication might involve the implementing of if the

variation in environmental conditions over time.

In these comparisons between crop and wild species, as discussed previously, the consistency
of environmental conditions since the beginning of the domestication process is quite a strong
assumption. It would be interesting to investigate records and estimate the climatic conditions that
possibly changed and induced possible supplementary stresses to the domesticates. This parameter
implemented could improve the accuracy in estimating the most likely demographic scenario. During
climate change responses, phenotypic plasticity and adaptive evolution contribute to advancing
flowering phenology for example with directional selection in Brassicaceae (Anderson et al. 2012).
This is consistent with the domestication changes that are related to light sensitivity, such as the
postdomestication day-length adaptation that modified the maize and prompted its spread to
temperate zones (Hung et al. 2012). This is a good example on how using rapid directional selection
could offer possible alternative for future modern breeding. Indeed, recent studies on tomato
revealed as well the impact of domestication on the adaptation to day length with the loss of day-
length-sensitive flowering (Soyk et al. 2017). This adaptation to day length is required to increase the
geographical range of crop cultivation. In this context of world-wide cultivation of the crops,
implementing the environmental condition as a fluctuating variable could considerably increase the
accuracy of our models.

The range of possible phenotypic acclimation within a crop species is another parameter that
could improve the model-based methods. The high phenotypic plasticity can help crop to adapt to
new or changing environment at the individual level without imprinting directly the genome, though
a selection of specific phenotypes can induce genomic footprints over generations, falling into the
protracted theory (Allaby 2010). In maize, a recent paper highlighted the different phenotypes, as
commonly accepted, of both crop and wild current accessions when they were grown under the early
domestication conditions (Lorant et al. 2017). Therefore, implementing the environmental condition
into the modeling could refine our understanding of the domestication process. The ecology reveals
itself already essential to decipher domestication centers such as for the C. annuum, where they used
complementary data spatially located such as the archeology records, the linguistics, the genetic
distance analyses, and, including the ecological data corresponding to the paleoclimatic conditions
during the mid-Holocene (Kraft et al. 2014). In our analyses we detected in eggplant a bottleneck in

both crop and wild populations, this could be the signal of a few years of highly stressed conditions
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during a climatic crisis [drought / fires] that would have affected both crop and wild populations
imprinting their genomes as was found for the bottleneck in African rice during the drying of the
Sahara (Cubry et al. 2018).

Another important aspect of the plant physiology that would need to be implemented to fulfil
the domestication model is the metabolomic diversity. Indeed, understanding the metabolomic
changes due to domestication could highlight pathways of future improvement. While most of crop
breeding focused on genetic diversity so far, new approaches relying on transcriptomic and
metabolomic changes offer new opportunities to elicit yield and nutritional traits enhancement
(Harrigan et al. 2007). Recently, a metabolomic profile of crop and wild Soybean revealed metabolites
that were involved in the tolerance to salt stress in the wild Soybean but had been lost during the
domestication (Zhang et al. 2016a). The study of metabolomic profile in tomato was performed
recently and highlighted the rewiring of the fruit metabolome (Zhu et al. 2018). These analyses are
precursor to metabolome-assisted breeding programs. In this context, such study would have
complemented the overview we intended to obtained on the molecular footprints of domestication

in the crop of the Solanaceae family.
General conclusion and outlook

e What was the wild progenitor species of the current crop?

The first question concerning the wild progenitor of each species seemed to be answered
when the samples were chosen. With our analyses we can ascertain, once again, that Solanum
melongena was domesticated from the wild progenitor S. insanum, and that S. pimpinellifolium is the
wild progenitor of S. lycopersicum. Capsicum annuum var. glabriusculum, the supposed wild
progenitor of the crop pepper, needs to be further studied as our results ascertain the strong
discrepancy of the species. The crop pepper was surely domesticated from a sub-species of C.
annuum var. glabriusculum but the species structure has to be disentangled for further analyses on
domestication.

e How much domestication impacted genomes and transcriptomes of crop species?

The study focused on RNAseq, thus on the expressed part of the genome. By comparing crop
and wild relative species, in the three Solanaceae species, we could detect considerable changes in
nucleotide diversity and in gene expression level due to domestication. The correlation between
these changes (genetic diversity and gene expression variation) revealed the convergence of the

mechanisms of regulation at the genome and transcriptome scale while adapting to domestication.
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Further study on metabolome experiments could lead to a more complete understanding of each
level of molecular regulation.

e What were the genes and pathways targeted by selection?

The ortholog study, that revealed common genes targeted by domestication within the three
species, revealed a convergence in selection due to domestication. Domestication positively
impacted traits that were related to the domestication syndrome while altering pathways involved
in stress tolerance and in diseases resistance.

e And finally, what can be retrieved from the wild relative species to improve modern

cultivars?

While identifying domestication-target genes and pathways within the crop species, with the

comparative analyses, the wild relative species reveals its potential as genetic resource for the
recovery of the identified selected traits. The genetic diversity that remains in wild relatives is an
opportunity to improve greatly the weaknesses of the crop species or modern cultivars, e.g. to
recover disease resistances or environmental stress tolerance.
This work confirms the necessity to conserve wild relatives and landraces in more representative core
collections. Especially, in a context where landraces, that were maintained for thousands of years,
are slowly disappearing with the rural flight of indigenous populations, such as for indigenous
Amerindian populations that were the conservation center of most of the old landraces (Smith et al.
1992).

This thesis focused on the common and divergent features of the crop and wild relative
species. The comparative methods on RNAseq were a great opportunity to decipher the changes in
expression and in nucleotide polymorphism due to domestication. The results presented here,
provide, from the demographic inferences, an estimation of the domestication events duration, and,
from the transcriptomic analyses, an overview of the genetic and transcriptomic consequences of
the domestication process. Both papers confirm the loss of adaptive diversity and the loss in genetic
diversity within crop species.

Overall, these results offer the opportunity to foresee future improvements related to the
loss of adaptability genes within crop species that remain in the wild relative species. In the late 20«
century (since 1945), more than 30% of the increased crop yields can be attributed to the use of
CWRs in plant breeding programs (Pimentel et al. 1997). In this context, the direct implication of this
work highlights the necessity to support the conservation of wild relative species in wild locations

and in seed stock center. The analyses in domestication changes reveal, notably, traits of interest
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remaining in the wild gene pools. The landrace and wild species could be used as part of the reference
population for future genome wide analyses to detect regions potentially source of improvement.
The detected regions could then be introgressed into modern cultivars to improve their tolerance to
stresses and resistances to pathogens. In parallel, epigenetic and metabolomic variations are both
sources of phenotypic diversity. Thus, using emerging biotechnology the modification in gene
regulation and in metabolic composition could lead to essential yield and nutritional traits
improvements for crops (Harrigan et al. 2007; Gallusci et al. 2017). Eventually, the modern breeding
efforts would increase considerably phenotypic and genotypic data allowing the use of genomic
selection. This method connects the known phenotypes and genotypes, and uses them as prior to
model and predict phenotypes from the genotypes (Morrell et al. 2011).

Such work provides a backbone platform to modern breeding programs by providing a list of
genes that were communally targeted during domestication in the three Solanaceae species. The
convergence of these changes, offers a considerable opportunity to use transversal knowledge to
improve crops, for example, using trans-species gene editing (Bastet et al. 2018). Especially when
considering the high synteny present within the Solanaceae family and that offers the opportunity to
transfer knowledges to other species (Rinaldi et al. 2016).

This thesis work confirms what Darwin suggested more than a hundred years ago already that
studying the domestication process has a great potential to better understand artificial selection and

convergent evolution as much as to bring valuable insights for improvement and breeding effort.
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APPENDIX 1: Detailed description of the 92 accessions available for the
studies

EGGPLANT

Name species Country Location Chapter 2  Chapter 3
MMO0014 S. melongena Greece EU Crop
MMO0498 S. insanum Japan ASIA

MMO0620 S. melongena India ASIA Crop
MMO0668 S. campylacanthum Zimbabwe AFR. Out

MMO0669 S. insanum India ASIA wild
MMO0675 S. melongena India ASIA

MMO0686 S. insanum Indonésie  ASIA Wild
MMO0693 S. insanum Sri Lanka ASIA Wild
MMO0694 S. melongena India ASIA

MMO0703 S. campylacanthum Kenya AFR. Out

MMO0709 S. insanum Malaysia ASIA Wild
MMO0710 S. insanum Thailand ASIA wild
MMO0730 S. melongena India ASIA Crop
MM1192 S. insanum Madagascar AFR. Wild
MM1407 S. insanum Sri Lanka ASIA wild
MM1572 S. melongena Thailand ASIA Crop
MM1592 S. melongena India ASIA

MM1678 S. insanum Thailand ASIA wild
MM1789 S. insanum Vietnam ASIA wild
MM1803 S. melongena Egypt AFR. Crop
MM1826 S. melongena China ASIA Crop
MM1831 S. melongena China ASIA Crop
MM1838 S. insanum Vietnam ASIA Wild
MM1900 S. insanum Thailand ASIA wild
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PEPPER

Name species Country Location Chapter 2  Chapter 3
PMO0076 C. annuum France EU Crop
PMO0441 C. baccatum South Amerii AFR. Out

PM0549 C. annuum Hungary EU Crop
PMO0568 C. annuum Italy EU Crop
PMO0609 C. annuum Mexico Am.C Crop
PM0641 C. annuum glabriusculum Copsta Rica Am.C Wild

PMO0647 C. annuum Mexico Am.C Crop
PMO0648 C. annuum glabriusculum USA (Florida US wild

PM0663 C. annuum glabriusculum Mexico Am.C wild

PMO0669 C. annuum glabriusculum Panama Am.C Wild

PMO0702 C. annuum Mexico Am.C Crop
PMO0828 C. annuum NA X Crop
PM0910 C. annuum Turquey EU Crop
PM0952 C. frutescens Guatemala Am.C Wild
PM1022 C. baccatum Chili Am.S Out

PM1093 C. chinense Mexico Am.C wild
PM1100 C. annuum Cuba Am.C Crop

PM1219 C. frutescens Nepal ASIE Wild
PM1269 C. chacoense Bolivia Am.S Out

PM1272 C. chacoense Bolivia Am.S Out

PM1565 C. annuum China ASIA Crop

PM1573 C. annuum Sudan AFR. Crop

PM1600 C. annuum Mexico Am.C Crop

PM1621 C. chinense Cameroun  AFR. wild
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TOMATO
Name
LACMVSel
LASS1
LA0107
LAO444
LA1269
LA1274
LA1283
LA1358
LA1360
LA1364
LA1365
LA1552
LA1969
LA2744
LA2933
LA2964
LA3475
LA4117
LASC1
LASC10
LASC2
LASC3
LASC4
LASC5
LASC6
LASC7
LASC8
LASC9
LASS10
LASS2
LASS3
LASS4
LASS5
LASS6
LASS7
LASS8
LASS9
LA0407
LA0429
LAO436
LAO716
LA1028
LA1223
LA1297
LA1316
LA1321
LA1322
LA1367
LA1401
LA1412
LA1447
LA1777
LA1840
LA2133
LA2172
LA2325
LA2548
LA2680
LA2951
LA3124
LA3778
LA3863
LA3909
LA4116
LA4126

Species

S.
8
S.
S.
S
S.
S.
S.
S.
S
S.
S.
S.
i3
S
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S.
S,
S.
S.
S.
S.
S.
S.
S.
S.
S
S.
S.
S.
S.
S.
S.

»

peruvianum
pimpinellifolium
peruvianum
peruvianum
pimpinellifolium
peruvianum
corneliomulleri
huaylasense
huaylasense
huaylasense
huaylasense
corneliomulleri
chilense
peruvianum
lycopersicum
peruvianum
lycopersicum
chilense
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
pimpinellifolium
pimpinellifolium
pimpinellifolium
pimpinellifolium
pimpinellifolium
pimpinellifolium
pimpinellifolium
pimpinellifolium
pimpinellifolium

. habrochaites
. chesmanii

galapagense
penelli

. chmielewskii
. habrochaites
. penellii

. chmielewskii

neorickii
neorickii

. penellii

. chesmanii

. chesmanii

. chesmanii

. habrochaites
. chmielewskii

neorickii

. arcanum

neorickii

. arcanum
. chmielewskii

lycopersicoides

. chesmanii
. penellii
. habrochaites

galapagense
sitiens
lycopersicoides

LAHirsutumeg S. habrochaites

LAPI247087

S.

habrochaites

Clade
peruvianum
Esculentum
peruvianum
peruvianum
Esculentum
Peruvianum
Peruvianum
Peruvianum
Peruvianum
Peruvianum
Peruvianum
Peruvianum
Peruvianum
Peruvianum
Esculentum
Peruvianum
Esculentum
Peruvianum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Esculentum
Hirsitum
Esculentum
Esculentum
Hirsitum
Arcanum
Hirsitum
Hirsitum
Arcanum
Arcanum
Arcanum
Hirsitum
Esculentum
Esculentum
Esculentum
Hirsitum
Arcanum
Arcanum
Arcanum
Arcanum
Arcanum
Arcanum
outgroup
Esculentum
Hirsitum
Hirsitum
Esculentum
outgroup
outgroup
Hirsitum
Hirsitum

data from

Pease et al.
Pease et al.
Pease et al.

Pease et al.
Pease et al.

Pease et al.
Pease et al.
Pease et al.
Pease et al.
Pease et al.

Pease et al.
Pease et al.
Pease et al.

Pease et al.

Pease et al.

Pease et al.

Pease et al.

Pease et al.
Pease et al.
Pease et al.

Pease et al.
Pease et al.
Pease et al.

LA - name Country Location Chapter 3
LACMVSel ? ?

LA1589 Peru La Libertad Wild
LA0107 Peru Lima

LAO444 Peru Ica

LA1269 Peru Lima

LA1274 Peru Lima

LA1283 Peru Lima S. corneliomulleri
LA1358 Peru Ancash S. huaylasense
LA1360 Peru Ancash S. huaylasense
LA1364 Peru Ancash S. huaylasense
LA1365 Peru Ancash S. huaylasense
LA1552 Peru Lima S. corneliomulleri
LA1969 Peru Tacna S. chilense

LA2744 Chile Arica-Parinacota

LA2933 Ecuador Manabi

LA2964 Peru Tacna

LA3475 or M-82 Modern Culti / Crop
LA4117 Chile Antofagasta S. chilense

Levovil Modern Culti /

LA0409 Ecuador Guayaquil

Stupicke Polni Rane Modern Culti /

Plovdiv 24A Modern Culti /

LA1420 Ecuador Lago Agrio

Criollo Modern Culti /

LA0147 Honduras  Tegucigalpa

Cervil Modern Culti /

FERUM Modern Culti /

LAO767 Guatemala Quetzaltenango

LA1245 Ecuador El Oro Wild
LA1478 Peru Piura Wild
LA1582 Peru Lambayeque Wwild
LA1593 Peru La Libertad Wild
LA1602 Peru Lima Wwild
LA1729 Peru Ica Wwild
L.pimpi.site10(F300( ? ? Wwild
732292 ? ? Wild
LAO411 Ecuador Los Rios

LA0407 Ecuador Guayas

LA0429 Galdpagos Is. Santa Cruz

LA0436 Galdpagos Is. Isabella

LAO716 Peru Arequipa

LA1028 Peru Apurimac

LA1223 Ecuador Alausi

LA1297 Peru Pucara

LA1316 Peru Ayacucho

LA1321 Peru Curahuasi

LA1322 Peru Apurimac

LA1367 Peru Santa Eulalia

LA1401 Ecuador Isabella

LA1412 Ecuador San Cristobal

LA1447 Ecuador Santa Cruz

LA1777 Peru Rio Casma

LA1840 ? ?

LA2133 Ecuador Ona

LA2172 Peru Cajamarca

LA2325 Peru Above Balsas

LA2548 Peru La Moyuna

LA2680 Peru Apurimac

LA2951 Chile Tarapaca

LA3124 Galdpagos Is. Santa Fe

LA3778 Peru Ica

LA3863 ? ?

LA3909 Galdpagos Is. Bartolome

LA4116 Chile Antofagasta

LA4126 Chile Antofagasta

LAHirsutumB ? ?

LAPI247087 ? ?
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Wild
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Wild

Wild
Wild
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Crop
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APPENDIX 2: Supplementary tables related to the chapter 2

Table S1: Detailed data about the studied accessions. The species and the location of origins are listed in
separated tables for the three accessions: a. the eggplant accessions, b. the pepper accessions and c. the
tomato accessions. The accessions in white background are the crop species, the onesin grey background
are the wild species and the onesin green background are the outgroups.

Sla

S1b

Name

MMO0014
MMO0620
MMO0668
MMO0669
MMO0686
MMO0693
MMO0703
MMO709
MMO0730
MM1192
MM1407
MM1572
MM1803
MM1826
MM1831

Name

PMO0076
PM0441
PMO0549
PMO0568
PMO0609
PMO0641
PMO0648
PMO0663
PMO0669
PMO0702
PMO0910
PM1022
PM1100
PM1269
PM1272
PM1565
PM1573
PM1600

Species IDs
S. melongena

S. melongena

S. campylacanthum
S. insanum

S. insanum

S. insanum

S. campylacanthum
S. insanum

S. melongena

S. insanum

S. insanum

S. melongena

S. melongena

S. melongena

S. melongena
Species IDs
C. annuum

C. microcarpum

C. annuum

C. annuum

C. annuum

C. annuum glab.

C. annuum glab.

C. annuum glab.

C. annuum glab.

C. annuum

C. annuum

C. baccatum

C. annuum

C. chacoense

C. chacoense

C. annuum

C. annuum

C. annuum / re-defined

POP

Crop
Crop
Out

wild
wild
wild
Out

wild
Crop
wild
wild
Crop
Crop
Crop
Crop
POP

Crop
Out

Crop
Crop
Crop
wild
wild
wild
wild
Crop
Crop
Out

Crop
Out

Out

Crop
Crop
Crop

Country Extracted from paper:
Greece
India
Zimbabwe
India
Indonésie
Sri Lanka
Kenya
Malaysia
India
Madagascar
Sri Lanka
Thailand
Egypt

China

China
Country
France
South America
Hungary
Italy

Mexico
Copsta Rica
USA (Florida)
Mexico
Panama
Mexico
Turquey
Chili

Cuba

Bolivia
Bolivia
China

Sudan
Mexico

Extracted from paper:

-192 -



Slc

Name
LASS1
LA3475
LASC1
LASC10
LASC2
LASC3
LASC4
LASCS
LASC8
LASC9
LASS10
LASS2
LASS3
LASS4

LASS5
LASS6
LASS7
LASS8
LA2951
LA4116
LA4126

Species

S. pimpinellifolium
. lycopersicum

. lycopersicum

. lycopersicum

. lycopersicum

. lycopersicum

. lycopersicum

. lycopersicum

. lycopersicum

. lycopersicum

S. pimpinellifolium
S. pimpinellifolium
S. pimpinellifolium
S. pimpinellifolium
S. pimpinellifolium
S. pimpinellifolium
S. pimpinellifolium
S. pimpinellifolium
S. lycopersicoides
S. sitiens

S. lycopersicoides

nhuhLhururununuounounon

IDs pPoP
LA1589 Wild
LA3475 or M-¢ Crop

Levovil Crop
LA0409 Crop
Stupicke Polni Crop
Plovdiv 24A  Crop
LA1420 Crop
Criollo Crop
FERUM Crop
LAO767 Crop
LA1245 wild
LA1478 Wild
LA1582 wild
LA1593 wild
LA1602 wild
LA1729 Wild

L.pimpi.site10; Wild

732292 Wild
LA2951 Out
LA4116 Out
LA4126 Out

Country

Peru

Modern Cultivars
Modern Cultivars
Ecuador

Modern Cultivars
Modern Cultivars
Ecuador

Modern Cultivars
Modern Cultivars
Guatemala
Ecuador

Peru

Peru

Peru

Peru

Peru

?

?

Chile

Chile

Chile
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Table S3: Detailed boundaries and prior probabilities are listed for each parameters for each species. All other details

match Table S2.

bound min bound max Start / prior
Parameters Eggplant l Pepper I Tomato Eggplant | Pepper | Tomato
NeC 12 1,00E-04 1
NeW 12 1,00E-04 1
NeCb 1 1,00E-05 | 1,00E-06 0,1
Ts 12 0 0,5
Tb 12 0 0,5
Te 12 0 0,5
mCW 8 10 5 0 1
mWC 8 10 5 0 1
o] 1 0 0,8
NeCe 20 1,00E-04 1
NeWe 20 1,00E-04 1
mCW2 10 5 0 1
mWC2 10 5 0 1
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Table S5: Mapping summary statistics on mapped, properly paired and singletons reads of all the studied accessions aligned to their reference genome, in the three
species. The accessions in white background are the crop species, the onesin grey background are the wild species and the onesin green background are the

EGGPLANT
MM0014
31456707 + 0 mapped (80.25% : N/A)

28100798 + 0 properly paired (72.02% :

2575196 + 0 singletons (6.60% : N/A)
MMO0620
27511008 + 0 mapped (81.05% : N/A)

24958758 + 0 properly paired (73.86% :

1984248 + 0 singletons (5.87% : N/A)
MMO0668
28148339 + 0 mapped (80.27% : N/A)

25256560 + 0 properly paired (72.35% :

2233806 + 0 singletons (6.40% : N/A)
MMO0669
22070060 + 0 mapped (80.33% : N/A)

19840690 + 0 properly paired (72.54% :

1724537 + 0 singletons (6.30% : N/A)
MMO0686
32088427 + 0 mapped (79.94% : N/A)

28979926 + 0 properly paired (72.52% :

2411486 + 0 singletons (6.03% : N/A)
MMO0693
34481776 + 0 mapped (76.66% : N/A)

30847302 + 0 properly paired (68.86% :

2779315 + 0 singletons (6.20% : N/A)
MMO0703

23081420 + 0 mapped (80.81% : N/A)
20740570 + 0 properly paired (72.93%
1758606 + 0 singletons (6.18% : N/A)
MMO0709

24708645 + 0 mapped (80.92% : N/A)

22230632 + 0 properly paired (73.17% :

1807917 + 0 singletons (5.95% : N/A)
MMO0710
26753971 + 0 mapped (80.16% : N/A)

23919582 + 0 properly paired (72.11% :

1905102 + 0 singletons (5.74% : N/A)
MMO0730
22920320 + 0 mapped (81.47% : N/A)

20687624 + 0 properly paired (73.86% :

1673126 + 0 singletons (5.97% : N/A)
MM1192
32686082 + 0 mapped (81.31% : N/A)

29054800 + 0 properly paired (72.77% :

2345442 + 0 singletons (5.87% : N/A)
MM1407
23825171 + 0 mapped (80.41% : N/A)

21619368 + 0 properly paired (73.29% :

1674289 + 0 singletons (5.68% : N/A)
MM1572
22589726 + 0 mapped (74.69% : N/A)

20419022 + 0 properly paired (67.80% :

1667793 + 0 singletons (5.54% : N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

:N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

outgroups.
PEPPER
PM0076
34351236 + 0 mapped (73.04% : N/A)

30761560 + 0 properly paired (65.57% :

2726499 + 0 singletons (5.81% : N/A)
PMO0441
27237790 + 0 mapped (69.46% : N/A)

23646072 + 0 properly paired (60.46% :

2710531 + 0 singletons (6.93% : N/A)
PMO0549
38684906 + 0 mapped (68.97% : N/A)

33682080 + 0 properly paired (60.19% :

3894904 + 0 singletons (6.96% : N/A)
PM0568
22848497 + 0 mapped (73.28% : N/A)

20372920 + 0 properly paired (65.50% :

1962187 + 0 singletons (6.31% : N/A)
PM0609
25152847 + 0 mapped (72.97% : N/A)

22244024 + 0 properly paired (64.70% :

2265063 + 0 singletons (6.59% : N/A)
PM0641
15082082 + 0 mapped (73.00% : N/A)

13340574 + 0 properly paired (64.72% :

1397850 + 0 singletons (6.78% : N/A)
PM0648

21881252 + 0 mapped (69.81% : N/A)
19313966 + 0 properly paired (61.76%
2076065 + 0 singletons (6.64% : N/A)
PM0663

21198832 + 0 mapped (75.60% : N/A)

19134438 + 0 properly paired (68.41% :

1555594 + 0 singletons (5.56% : N/A)
PM0669
20979962 + 0 mapped (68.88% : N/A)

18136590 + 0 properly paired (59.70% :

2202693 + 0 singletons (7.25% : N/A)
PMO0702
25549332 + 0 mapped (71.72% : N/A)

22715908 + 0 properly paired (63.93% :

2197797 + 0 singletons (6.19% : N/A)
PM0910
28314720 + 0 mapped (71.97% : N/A)

25392088 + 0 properly paired (64.70% :

2293676 + 0 singletons (5.84% : N/A)
PM1022
27020074 + 0 mapped (73.91% : N/A)

23922574 + 0 properly paired (65.61% :

2366338 + 0 singletons (6.49% : N/A)
PM1100

27838757 + 0 mapped (72.72% : N/A)

24681030 + 0 properly paired (64.63% :

2475860 + 0 singletons (6.48% : N/A)
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N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

:N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

TOMATO
LA2951
22789761 + 0 mapped (78.21% : N/A)

21365802 + 0 properly paired (73.48% :

1053564 + 0 singletons (3.62% : N/A)
LA3475
27161841 + 0 mapped (81.51% : N/A)

25422756 + 0 properly paired (76.46% :

1385123 + 0 singletons (4.17% : N/A)
LA4116
23356001 + 0 mapped (71.97% : N/A)

21649454 + 0 properly paired (66.83% :

1336193 + 0 singletons (4.12% : N/A)
LA4126
17367668 + 0 mapped (78.52% : N/A)

16325154 + 0 properly paired (73.95% :

786754 + 0 singletons (3.56% : N/A)
LASC10
16150482 + 0 mapped (81.47% : N/A)

14660212 + O properly paired (74.29% :

1028254 + 0 singletons (5.21% : N/A)
LASC1
23577221 + 0 mapped (84.88% : N/A)

21490774 + 0 properly paired (77.72% :

1436160 + 0 singletons (5.19% : N/A)
LASC2

18644911 + 0 mapped (85.10% : N/A)
17040114 + O properly paired (78.12%
1077622 + 0 singletons (4.94% : N/A)
LASC3

19515571 + 0 mapped (84.22% : N/A)

17820406 + 0 properly paired (77.23% :

1170354 + 0 singletons (5.07% : N/A)
LASC4
13095682 + 0 mapped (84.36% : N/A)

12015946 + 0 properly paired (77.74% :

728235 + 0 singletons (4.71% : N/A)
LASC5
17897038 + 0 mapped (84.61% : N/A)

16433892 + 0 properly paired (78.04% :

951286 + 0 singletons (4.52% : N/A)
LASC8

7419023 + 0 mapped (76.23% : N/A)
6664180 + 0 properly paired (68.76% :
496526 + 0 singletons (5.12% : N/A)
LASC9

13514836 + 0 mapped (82.72% : N/A)
12227882 + 0 properly paired (75.15%
926345 + 0 singletons (5.69% : N/A)
LASS10

36652930 + 0 mapped (82.04% : N/A)
32308550 + 0 properly paired (72.50%
3367547 + 0 singletons (7.56% : N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

N/A)

:N/A)

N/A)

N/A)

N/A)

N/A)

:N/A)

:N/A)



EGGPLANT

MM1803

25541703 + 0 mapped (81.54% : N/A)
23083828 + 0 properly paired (74.03%
1868910 + 0 singletons (5.99% : N/A)
MM1826

29975267 + 0 mapped (81.04% : N/A)
27060626 + 0 properly paired (73.50%
2232206 + 0 singletons (6.06% : N/A)
MM1831

33789446 + 0 mapped (81.55% : N/A)
30613360 + 0 properly paired (74.22%
2417573 + 0 singletons (5.86% : N/A)

:N/A)

:N/A)

:N/A)

PEPPER
PM1269
24730583 + 0 mapped (73.94% : N/A)
22056866 + 0 properly paired (66.11%
2091304 + 0 singletons (6.27% : N/A)
PM1272
19263819 + 0 mapped (66.83% : N/A)
16726842 + 0 properly paired (58.16%
1999721 + 0 singletons (6.95% : N/A)
PM1565
25595710 + 0 mapped (73.55% : N/A)
22736268 + 0 properly paired (65.49%
2227599 + 0 singletons (6.42% : N/A)
PM1573
25258354 + 0 mapped (75.19% : N/A)

22615560 + 0 properly paired (67.48% :

2054664 + 0 singletons (6.13% : N/A)
PM1600
20632797 + 0 mapped (73.24% : N/A)

18284918 + 0 properly paired (65.11% :

1601419 + 0 singletons (5.70% : N/A)
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:N/A)

: N/A)

:N/A)

N/A)

N/A)

TOMATO
LASS1
27369583 + 0 mapped (81.77% : N/A)

24535978 + 0 properly paired (73.46% :

2213925 + 0 singletons (6.63% : N/A)
LASS2

23929543 + 0 mapped (81.52% : N/A)
21299560 + 0 properly paired (72.71%
2058219 + 0 singletons (7.03% : N/A)
LASS3

20816204 + 0 mapped (81.33% : N/A)

18485840 + 0 properly paired (72.39% :

1764936 + 0 singletons (6.91% : N/A)
LASS4

27709461 + 0 mapped (83.04% : N/A)
25035364 + 0 properly paired (75.19%
2047140 + 0 singletons (6.15% : N/A)
LASS5

33926248 + 0 mapped (83.34% : N/A)
30672836 + 0 properly paired (75.51%
2437870 + 0 singletons (6.00% : N/A)
LASS6

36133532 + 0 mapped (81.94% : N/A)

32507760 + 0 properly paired (73.86% :

2715814 + 0 singletons (6.17% : N/A)
LASS7
52613039 + 0 mapped (81.95% : N/A)

47327874 + 0 properly paired (73.87% :

4111115 + 0 singletons (6.42% : N/A)
LASS8
32318677 + 0 mapped (79.30% : N/A)

28910540 + 0 properly paired (71.08% :

2601733 + 0 singletons (6.40% : N/A)

N/A)

:N/A)

N/A)

:N/A)

:N/A)

N/A)

N/A)

N/A)
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APPENDIX 3: Supplementary tables related to the chapter 3

Table S1: Detailed data about the studied accessions. The species and the location of origins are
listed in separated tables for the three accessions: a. the eggplant accessions, b. the pepper
accessions and c. the tomato accessions.

Sla Name
MMO0014
MMO0620
MMO0669
MMO0686
MMO0693
MMO0709
MMO0710
MMO0730
MM1192
MM1407
MM1572
MM1678
MM1789
MM1803
MM1826
MM1831
MM1838
MM1900
Name
PMO0076
PM0549
PMO0568
PMO0609
PMO0647
PMO0702
PM0828
PM0910
PMO0952
PM1093
PM1100
PM1219
PM1565
PM1573
PM1621
Name
LACMVSel
LA1274
LA1283
LA1358
LA1365
LA1552
LASC1
LASC10
LASC2
LASC3
LASC4
LASC5
LASC8
LASC9

Sib

Sic

Species

S. melongena
S. melongena
S.insanum
S.insanum
S.insanum
S.insanum
S.insanum

S. melongena
S.insanum
S.insanum

S. melongena
S.insanum
S.insanum

S. melongena
S. melongena
S. melongena
S.insanum
S.insanum
Species
C.annuum
C.annuum
C.annuum
C.annuum
C.annuum glab.
C.annuum
C.annuum glab.
C.annuum

C. frutescens

C. chinense
C.annuum

C. frutescens
C.annuum
C.annuum

C. chinense
Species

S. peruvianum
S. peruvianum
S. corneliomulleri
S. huaylasense
S. huaylasense
S. corneliomulleri
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum
S. lycopersicum

Clade

Clade

Clade
peruvianum
peruvianum
peruvianum
peruvianum
peruvianum
peruvianum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum
lycopersicum

POP
Crop
Crop
wild
wild
wild
wild
wild
Crop
wild
wild
Crop
wild
wild
Crop
Crop
Crop
wild
wild
POP
Crop
Crop
Crop
Crop
Crop
Crop
Crop
Crop
Wild
Wild
Crop
Wwild
Crop
Crop
Wild
POP
Wild
Wwild
Wild
Wild
Wwild
Wild
Crop
Crop
Crop
Crop
Crop
Crop
Crop
Crop

Country
Greece
India
India
Indonésie
Sri Lanka
Malaysia
Thailand
India
Madagascar
Sri Lanka
Thailand
Thailand
Vietnam
Egypt
China
China
Vietnam
Thailand

Country

France

Hungary

Italy

Mexico

Mexico

Mexico

NA

Turquey
Guatemala
Mexico

Cuba

Nepal

China

Sudan
Cameroun
Country

?

Peru

Peru

Peru

Peru

Peru

Modern Cultivars
Ecuador

Modern Cultivars
Modern Cultivars
Ecuador

Modern Cultivars
Modern Cultivars
Guatemala
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IDs

IDs

IDs
LACMVSel
LA1274
LA1283
LA1358
LA1365
LA1552
Levovil
LA0409
Stupicke Polni Rane
Plovdiv 24A
LA1420
Criollo
Ferum
LAO767



Table S3: Mapping summary statistics on mapped, properly paired and singletons of all the studied accessions
aligned to their reference genome. The three species are detailed in separated tables a. the eggplant accessions, b.
the pepper accessions and c. the tomato accessions.

(a) Eggplant (b) Pepper (c) Tomato
MMO0014 PMO0076 LA1274
mapped 31456707 80,25% 34351236 73,04% 21194891 81,25%
properly paired 28100798 72,02% 30761560 65,57% 18919984 72,68%
singletons 2575196 6,60% 2726499 5,81% 1661057 6,38%
MMO0620 PM0549 LA1283
mapped 27511008 81,05% 38684906 68,97% 25934953 81,13%
properly paired 24958758 73,86% 33682080 60,19% 23134048 72,53%
singletons 1984248 5,87% 3894904 6,96% 2050713 6,43%
MMO0669 PM0568 LA1358
mapped 22070060 80,33% 22848497 73,28% 21563816 81,91%
properly paired 19840690 72,54% 20372920 65,50% 19024708 72,43%
singletons 1724537 6,30% 1962187 6,31% 2000279 7,62%
MMO0686 PMO0609 LA1365
mapped 32088427 79,94% 25152847 72,97% 25387084 80,70%
properly paired 28979926 72,52% 22244024 64,70% 22402578 71,35%
singletons 2411486 6,03% 2265063 6,59% 2393309 7,62%
MMO0693 PM0647 LA1552
mapped 34481776 76,66% 39553334 67,87% 31990784 83,36%
properly paired 30847302 68,86% 34391660 59,15% 28784368 75,17%
singletons 2779315 6,20% 4002601 6,88% 2486926 6,49%
MMO0709 PM0702 LACMVSel
mapped 24708645 80,92% 25549332 71,72% 25447071 82,29%
properly paired 22230632 73,17% 22715908 63,93% 22721950 73,63%
singletons 1807917 5,95% 2197797 6,19% 1977920 6,41%
MMO0710 PM0828 LASC10
mapped 26753971 80,16% 20214606 74,58% 16150482 81,47%
properly paired 23919582 72,11% 18170110 67,21% 14660212 74,29%
singletons 1905102 5,74% 1517960 5,62% 1028254 5,21%
MMO0730 PM0910 LASC1
mapped 22920320 81,47% 28314720 71,97% 23577221 84,88%
properly paired 20687624 73,86% 25392088 64,70% 21490774 77,72%
singletons 1673126 5,97% 2293676 5,84% 1436160 5,19%
MM1192 PM0952 LASC2
mapped 32686082 81,31% 21298147 75,37% 18644911 85,10%
properly paired 29054800 72,77% 19083514 67,70% 17040114 78,12%
singletons 2345442 5,87% 1723731 6,12% 1077622 4,94%
MM1407 PM1093 LASC3
mapped 23825171 80,41% 22679090 74,71% 19515571 84,22%
properly paired 21619368 73,29% 20035388 66,17% 17820406 77,23%
singletons 1674289 5,68% 1999307 6,60% 1170354 5,07%
MM1572 PM1100 LASC4
mapped 22589726 74,69% 27838757 72,72% 13095682 84,36%
properly paired 20419022 67,80% 24681030 64,63% 12015946 77,74%
singletons 1667793 5,54% 2475860 6,48% 728235 4,71%
MM1678 PM1219 LASC5
mapped 22114684 78,32% 21352302 74,76% 17897038 84,61%
properly paired 19646196 69,97% 19098706 67,04% 16433892 78,04%
singletons 1781309 6,34% 1775325 6,23% 951286 4,52%
MM1789 PM1565 LASC8
mapped 24731443 78,93% 25595710 73,55% 7419023 76,23%
properly paired 22036914 70,74% 22736268 65,49% 6664180 68,76%
singletons 1909981 6,13% 2227599 6,42% 496526 5,12%
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mapped
properly paired
singletons

mapped
properly paired
singletons

mapped
properly paired
singletons

mapped
properly paired
singletons

mapped
properly paired
singletons

(a) Eggplant

MM1803

25541703 81,54%
23083828 74,03%
1868910 5,99%

MM1826

29975267 81,04%
27060626 73,50%
2232206 6,06%

MM1831

33789446 81,55%
30613360 74,22%
2417573 5,86%

MM1838

32817699 79,13%
29530432 71,53%
2550808 6,18%

MM1900

23828994 80,58%
21317108 72,43%
1935638 6,58%

Table S3

(a) Eggplant
Accession mapped

MMO0014 80,25%
MMO0620 81,05%
MMO0669 80,33%
MMO0686 79,94%
MMO0693 76,66%
MMO0709 80,92%
MMO0710 80,16%
MMO0730 81,47%
MM1192 81,31%
MM1407 80,41%
MM1572 74,69%
MM1678 78,32%
MM1789 78,93%
MM1803 81,54%
MM1826 81,04%
MM1831 81,55%
MM1838 79,13%
MM1900 80,58%

(b) Pepper
PM1573
25258354
22615560
2054664
PM1621
28705000
25563916
2402262

(b) Pepper
Accession
PMO0076
PMO0549
PMO0568
PMO0609
PM0647
PM0702
PMO0828
PMO0910
PM0952
PM1093
PM1100
PM1219
PM1565
PM1573
PM1621
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75,19%
67,48%
6,13%

73,98%
66,05%
6,21%

mapped
73,04%
68,97%
73,28%
72,97%
67,87%
71,72%
74,58%
71,97%
75,37%
74,71%
72,72%
74,76%
73,55%
75,19%
73,98%

(c) Tomato
LASC9
13514836
12227882
926345

(c) Tomato
Accession
LA1274
LA1283
LA1358
LA1365
LA1552
LACMVSel
LASC10
LASC1
LASC2
LASC3
LASC4
LASC5
LASC8
LASC9

82,72%
75,15%
5,69%

mapped
81,25%
81,13%
81,91%
80,70%
83,36%
82,29%
81,47%
84,88%
85,10%
84,22%
84,36%
84,61%
76,23%
82,72%



Table S4: Summary of numeric results of expressed genes and SNPs detected with the variant
calling for the three species. All details are given before and after filtering for paralogs.

No filter Filtered Ml'n/mum Percen.tage Per'centage
Filter** quality Filtered
Eggplant 727629 112773 416927 57,30% 27,05%
Pepper SNPs 1061975 213683 597667 56,28% 35,75%
Tomato 2912381 950036 1945141 66,79% 48,84%
Raw mapped Filtered CcDS Percentage Per'centage
RC Filtered
Eggplant 33209 17545 34396 96,55% 51,01%
Pepper genes 34610 18047 35336 97,95% 51,07%
Tomato 34297 19628 35768 95,89% 54,88%

* Paralog filter

**(min-meanDP 10, minQ 20, remove-filtered-geno-all, remove-filtered-all, remove-indels)
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Table S8: Gene ontology analyses results for the Pi-shifted genes of the three species. The group
Arepresent the genes more diverse in the crop population and the group B the genes more
diverse in the wild population.

EGGPLANT
GROUP A
over Num. in
GO category represented Num. In gene  Molecular Function
p-value Group space
16311 1.48x1072 2 14 Dephosphorylation
6813 2.68x107°% 1 2 potassiumion transport
9435 3.99x1072 1 3 NAD biosynthetic process
9607 6.56x1072 1 5 response to biotic stimulus
9073 6.58x107% 1 5 aromaticamino acid family biosynthetic process
7018 7.26x107? 2 33 microtubule-based movement
45454 7.32x107%? 3 72 cell redox homeostasis
6629 9.59x1072 3 81 lipid metabolic process
GROUP B
30150 2.62x1072 1 1 protein importinto mitochondrial matrix
45132 2.64x107°2 1 1 meiotic chromosome segregation
7131 2.66x107°% 1 1 reciprocal meiotic recombination
16125 2.66x107°% 1 1 sterol metabolic process
469 2.69x107°% 1 1 cleavage involved in rRNA processing
9236 5.17x107? 1 2 cobalamin biosynthetic process
9298 5.17x107%? 1 2 GDP-mannose biosynthetic process
22900 5.24x1072 1 2 electron transport chain
9245 7.65x1072 1 3 lipid A biosynthetic process
6221 7.76x1072 1 3 pyrimidine nucleotide biosynthetic process
9611 7.84x1072 1 3 response to wounding
6260 9.62x1072 2 20 DNAreplication
PEPPER
GROUP A
over Num. in
GO category represented Num. In gene Molecular Function
p-value Group space
6401 1.58x107? 1 1 RNA catabolic process
16125 1.59x1072 1 1 sterol metabolic process
19348 1.60x107°2 1 1 dolichol metabolic process
34220 1.62x107°2 1 1 ion transmembrane transport
15986 1.69x107%2 2 13 ATP synthesis coupled proton transport
6207 2.92x1072 1 2 'denovo' pyrimidine nucleobase biosynthetic process
17004 3.02x107°2 1 2 cytochrome complex assembly
9972 3.17x1072 1 2 cytidine deamination
42742 4.57x107? 1 3 defense response to bacterium
50832 4.57x107? 1 3 defense response to fungus
9073 9.19x1072 1 6 aromaticamino acid family biosynthetic process
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PEPPER

GROUPB
9733 953x107%7 7 18 response to auxin
7017 6.64x107°* 3 6 microtubule-based process
42753 1.02x107°2 2 5 positive regulation of circadian rhythm
16485 1.49x107°2 2 6 protein processing
6414 2.05x1072 2 7 translational elongation
34508 3.30x107°2 1 1 centromere complex assembly

2000123 3.30x107°2 1 1 positive regulation of stomatal complex development
6412 5.31x107? 8 124 translation
6452 6.49%x107%% 1 2 translational frameshifting
45901 6.49x107% 1 2 positive regulation of translational elongation
45908 £ Aa.1nVe 1 7 nogitive reounlation ot franclational termination
6850 6.49x1072 1 2 mitochondrial pyruvate transport
7131 6.49x107? 1 2 reciprocal meiotic recombination
10167 6.49x107? 1 2 response to nitrate
15706 6.49%x107°% 1 2 nitrate transport
43043 6.49x1072 1 2 peptide biosynthetic process
43085 6.49x107°2 1 2 positive regulation of catalytic activity
42545 8.14x1072 3 31 cell wall modification
A397 0 c1.1nV4 7 15 mMmRNA nrocessing
6741 9.58x1072 1 3 NADP biosynthetic process
48278 958x1072 1 3 vesicle docking

TOMATO
GROUP A
GO category over Num.In Num.in Molecular Function

9611 4.55x10% 2 13 response to wounding
19684 8.87x10°% 1 3 Photosynthesis, light reaction
9767 1.10x107? 1 2 photosynthetic electron transport chain
6351 1.62x107? 2 51 Transcription, DNA-templated

GROUPB
6368 1.44x1072 1 2 transcription elongation from RNA polymerase Il promoter
16570 1.44x1072 1 2 histone modification
8033 589x1072 2 17 tRNA processing
42742 6.819x107°2 1 2 defense response to bacterium
50832 6.819x1072 1 2 defense response to fungus
32012 7.41x107? 1 6 regulation of ARF protein signal transduction
34227 7.88x107%? 1 2 tRNA thio-modification
6450 9.15x107 1 1 regulation of translational fidelity
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Table S9: Gene ontology analyses results for DEG down- and up- regulated separately for the three

EGGPLANT
GO Down-regulated in S.melongena vs
over Num. in
Num. In .
represented gene Molecular Function
category DEG
p-value space
5975  2.16x10"° 89 224 carbohydrate metabolic process
6486  8.46x10°° 25 54 protein glycosylation
6457  4.95x10%* 14 26 protein folding
6886  7.93x107* 28 71 intracellular protein transport
6260 1.67x107°3 12 23 DNAreplication
6270 2.16x107°3 6 8 DNAreplication initiation
51225  2.52x10°% 4 4 spindle assembly
16192 6.52x107 21 56 vesicle-mediated transport
7018 8.62x107 17 43 microtubule-based movement
226 1.10x107? 4 5 microtubule cytoskeleton organization
7020 1.10x107°? 4 5 microtubule nucleation
6412  1.10x107°2 56 188 translation
32012 2.47x107? 4 6 regulation of ARF protein signal transduction
6096 2.79x107? 13 34 glycolytic process
6887 2.96x107"? 9 21 exocytosis
8652 3.76x107? 3 4 cellular amino acid biosynthetic process
15689 3.85x10°%? 3 4 molybdate ion transport
6396  4.12x107°2 13 36 RNAprocessing
7030 4.61x107°% 2 2 Golgi organization
9082 4.76x107? 2 2 branched-chain amino acid biosynthetic process
7064 4.82x107 2 2 mitotic sister chromatid cohesion
71704 490x107 2 2 organicsubstance metabolic process
6303 496x107 2 2 double-strand break repair via non-homologous end
7059 4.98x107% 2 2 chromosome segregation
30150 4.99x107? 2 2 protein importinto mitochondrial matrix

GO Up-regulated in S. melongena vs S.
6468 2.18x10™ 273 728 protein phosphorylation

9733 2.53x107°° 28 50 response to auxin
55114 3.32x107°° 241 745 oxidation-reduction process
6950 7.20x107 32 62 response to stress
16567  9.22x107°° 24 42 protein ubiquitination
55085 2.75x107°° 110 309 transmembrane transport
48544  2.44x10" 17 30 recognition of pollen
6355 2.57x107* 145 446 regulation of transcription, DNA-templated
6952  2.65x107°3 12 22 defense response
42545  4,03x10 14 28 cell wall modification
9415 456x10 5 6 response to water
6810  7.22x10 54 158 transport
8152  1.05x10? 113 370 metabolic process
272 1.27x107°? 5 7 polysaccharide catabolic process
6511 1.49x107°? 17 41 ubiquitin-dependent protein catabolic process
15696 1.64x107°? 3 3 ammonium transport
6812 1.66x107°? 14 32 cation transport
6820 1.72x107? 4 5 anion transport

15 lipid biosynthetic process

6 transcription initiation from RNA polymerase Il promoter
11 sulfate transport

6 embryo developmentending in seed dormancy

4 sodium ion transport

8610  1.90x107?
6367 3.51x10°?
8272  3.76x10°%?
9793  3.96x10"%?
6814  4.90x10™?

w S O
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PEPPER
GO Down-regulated in C. annuum vs Wild (C. frutescens & C. chinense)

over Num. in
Num. In .
represented gene Molecular Function
category DEG
p-value space
6855 430x10° 5 35 drugtransmembrane transport
55114  4.44x10°% 37 747 oxidation-reduction process
7034 8.75x107 3 14 vacuolar transport
6508 9.29x107 12 176 proteolysis
15986 2.00x107? 3 19 ATP synthesis coupled proton transport
45087 3.02x107%? 1 1 innate immune response
9236 3.32x107? 1 1 cobalamin biosynthetic process
9446 3.38x10°%? 1 1 putrescine biosynthetic process
GO Up-regulated in C. annuum vs Wild (C. frutescens & C. chinense)
16226 2.24x107° 2 10 iron-sulfur cluster assembly
5991 2.34x10°%? 1 1 trehalose metabolic process
6188 2.42x107%? 1 1 IMP biosynthetic process
6432 2.46x107%? 1 1 phenylalanyl-tRNA aminoacylation
9058 2.70x107%? 5 71 biosynthetic process
8152 3.58x10%? 15 375 metabolic process
8033 3.67x1072 2 13 tRNA processing
19288 4.71x107? 1 2 isopentenyl diphosphate biosynthetic process
50992 4.71x107% 1 2 dimethylallyl diphosphate biosynthetic process
9086 4.78x107? 1 2 methionine biosynthetic process
6571 4.79x107% 1 2 tyrosine biosynthetic process
9072 4.80x107% 1 2 aromaticamino acid family metabolic process
TOMATO
GO Down-regulated in CROP vs Wild
GO over Num. In Num. in )
represented gene Molecular Function
category DEG
p-value space
6412 1.32x10712 68 250 translation
7018 8.43x107? 24 46 microtubule-based movement
9725  1.47x10%* 9 20 response to hormone
6075 2.75x107 5 10 (1->3)-beta-D-glucan biosynthetic process
5975 3.44x1073 42 245 carbohydrate metabolic process
6270  4.19x107 4 7 DNA-replication initiation

34968 7.63x1073 4 8 histone lysine methylation
7010 7.63x107°3 4 8 cytoskeleton organization
6364 8.26x10 7 22 rRNA processing
6468 937x1073 104 741 protein phosphorylation
5985 1.91x107? 4 10 sucrose metabolic process
9052 3.50x107°% 2 3 pentose-phosphate shunt, non-oxidative branch
I GO UP-regulated in CROP vs Wild
55114 1.78x10°"7 169 821 oxidation-reduction process

6629 571x107° 32 100 lipid metabolic process
7034  926x107* 7 13 vacuolar transport

8610 9.27x107* 9 20 lipid biosynthetic process
9733 1.44x10°% 16 51 response to auxin

6952 2.14x107° 15 48 defense response

6950 2.57x1073 18 63 response to stress

16311 9.41x107 7 18 dephosphorylation

10167 2.01x107%? 2 2 response to nitrate

15706 2.01x107? 2 2 nitrate transport

6631 2.02x10°%? 5 12 fatty acid metabolic process
6388 2.16x10°%? 2 2 tRNA splicing, via endonucleolytic cleavage and ligation
9607 2.18x10°%? 10 35 response to biotic stimulus
6812 2.78x10°%? 10 36 cation transport

42545 3.78x107°2 10 38 cell wall modification
6979 4,64><1()'02 14 61 response to oxidative stress
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Table S11: Detailed results from the generalized linear models modeling the regression of Delta Pi and

(i) = glm(formula = as,formula(formula_pi ~ GauLFC + chr), data = Pi_only_Delta)

eggplant Pepper

Estimate Std.Error Pr(>|t]) Estimate Std.Error Pr(>|t])

(Intercept) 4,47E-04 2,17E-04 0,039 * 1,36E-03 2,76E-05 <2e-16 Kok

GaulLFC -2,16E-04 1,02E-04 3,43E-02 2,42E-04 2,78E-05 <2e-16 ok
chr.02 4,42E-05 4,09E-04 0,914 4,58E-05 3,91E-05 0,2411
chr.03 1,98E-05 3,20E-04 0,9508 -1,48E-05  3,71E-05 0,6901
chr.04 4,57E-05 3,53E-04 0,8972 1,04E-05 4,32E-05 0,8098
chr.05 -1,42E-04 3,82E-04 0,7104 2,47E-05 4,55E-05 0,5881
chr.06 2,00E-04 3,41E-04 0,5582 7,76E-05 4,22E-05 0,0657
chr.07 -2,92E-04 3,57E-04 0,4137 5,06E-05 4,54E-05 0,2651
chr.08 -2,56E-04 3,74E-04 0,4942 -2,25E-05 4,13E-05 0,5864
chr.09 2,66E-04 3,86E-04 0,4897 -1,16E-04  4,70E-05 0,0135
chr.10 1,03E-05 3,54E-04 0,9767 -1,09E-04  4,49E-05 0,0155
chr.11 -3,59E-04  4,00E-04 0,3691 -1,09E-04  4,65E-05 0,0196
chr.12 -4,90E-05  3,85E-04 0,8986 -1,33E-05  4,44E-05 0,7645

(ii) = glm(formula = as,formula(GauLFC ~ formula_pi + chr), data = Pi_only_Delta)

eggplant Pepper
Estimate Std.Error Pr(>|t]) Estimate Std.Error Pr(>|t])
(Intercept) 0,0872 0,0261 0,0008 *Ax 0,0066 0,0097 0,4945

GaulLFC -3,1422 1,4843 0,0343 25,1014 2,8863 <2,00E-16 Ak
chr.02 -0,0179 0,0494 0,7166 -0,0219 0,0126 0,0814 ,
chr.03 0,0076 0,0386 0,8445 -0,0179 0,0120 0,1342
chr.04 -0,0919 0,0426 0,0310 -0,0315 0,0139 0,0234
chr.05 -0,0529 0,0460 0,2506 -0,0292 0,0147 0,0468
chr.06 -0,0614 0,0411 0,1355 -0,0255 0,0136 0,0608 ,
chr.07 -0,0466 0,0431 0,2793 -0,0388 0,0146 0,0080 *x
chr.08 0,0059 0,0451 0,8958 -0,0148 0,0133 0,2662
chr.09 -0,0483 0,0465 0,2988 -0,0288 0,0151 0,0574 ,
chr.10 -0,0310 0,0427 0,4677 -0,0439 0,0145 0,0024 ok
chr.11 -0,0593 0,0482 0,2193 -0,0288 0,0150 0,0551 ,
chr.12 -0,0775 0,0464 0,0951 , -0,0291 0,0143 0,0415
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APPENDIX 4: Reviewers comments and major questions for Genome, Biology
and Evolution

The reviews will be addressed during the first months of 2019, in order to proceed to a
submission in BMC Genomics.

Referee: 1

Comments to the Author
This manuscript by Arnoux et al. explores the relationship between expression differences and genetic
diversity differences among wild and domesticated species in three groups of Solanaceae.

The overall goals of the paper are interesting and the dataset is rich. However, there are analyses whose
absence is notable (synonymous vs. non-synonymous, and expanded GO term list). Additionally, the results
highlighted in the discussion (chromosomal binning and GO terms, in particular) draw quite broad conclusions
from more restricted results.

| believe the dataset is rich enough that a strengthened analytical framework and discussion that hews more
closely to the specific results could produce a strong study. However, in current form, | cannot recommend
this manuscript for publication.

Major questions

1) Chromosomal binning vs. linkage

One aspect of the results and discussion that was not clear was the biological relevance of binning by
chromosome. What was the purpose of chromosomal bins specifically? As opposed to linked sites or windows
of a certain physical size (related to recombination). Perhaps a window-based approach or something more
about linked sites? There was

2) Synonymous vs. non-synonymous

There was no mention of differentiating non-synonymous and synonymous variants. Why not? This seems
highly relevant to measures of genetic diversity from transcriptome data in particular. Selection is invoked
throughout based on the result of loss of nucleotide diversity alone, but no analyses of amino acid diversity
are discussed.

3) Sampling procedure
The greenhouse conditions were not given with much detail. Light regime, moisture, soil conditions, etc.
should be provided for an expression data.

4) Effect of tissue density (exp. fruit)

Are the proportions of the three tissue types by mass of original tissue or final concentration of cDNA?

If by mass, then species with less dense fruits would be under sampled for fruit mMRNA, which might introduce
a consistent bias in the underrepresentation of fruit mMRNAs w.r.t. leaf and flower. Much of the results depend
on group-specific patterns of evolution, but if the proportions of cDNA were consistently different due to tissue
density differences between the groups, this could be a confounding factor (though perhaps one of limited
effect). This is also a concern with the possible differentiation between the domesticated and wild species
(especially in tomato) where the domesticated species generally have larger and more metabolite-rich fruits.
(Again, if these proportions were normalized at the cDNA level, this comment is moot).

5) Use of SNPs and 1:1:1

On p.13 1.37: Were these 12,655 genes just those that were 1:1:1 orthologs and had SNPs in all three? Text is
unclear on this.

This appears again in pg. 15 .10. and pg.17. Why is it relevant to look at a set of 1:1:1 orthologs where all
three groups all have SNPs? Why not report the expression and GO overlap regardless of requiring SNPs in
all three?

-219 -



6) Restriction of GO terms to Biological Process. Why restrict the GO term to just Biological Process? No
rationale for this was presented.

7) Discussionary points drawn from GO terms

The conclusions drawn about translational mechanisms on page 21 and page 22 is tenuous and drawn only
from very general GO term categories of translational genes. The leap from generic GO terms to the very
specific functional adaptations given needs additional support. On pg. 25. I. 10 this is called "surprising," but is
not specific as to why. An expansion of GO terms beyond Biological Process might be helpful.

8) The discussion of the relationship between genetic variation and expression is also a bit unclear.
Particularly the sentence from pg. 23 1.10-16. This seems to skirt around the main result that there is no
correlation between diversity and expression shift and try to highlight that a few outliers (?) change the result?
Was this actually tested for significance ("p23. | 14)? The remainder of this paragraph seems equivocal on
what the expectation was. Were there expectations of a direct correlation between a gene's genetic diversity
and expression diversity? Certainly, the works cited would suggest the opposite, given their regulatory
complexity. Especially when the overrepresented categories just previously discussed were as putatively
pleiotropic as core mitotic function.

Referee: 2

Comments to the Author
Review of Arnoux et al, for GBE 2018

This paper describes an analysis of selection related to domestication in three different Solanaceae crop / wild
relative pairs: eggplant, tomato, and pepper. It is a potentially interesting topic but | have substantial concerns
with the analysis.

Major questions:

1) The stated goal of the paper is to look at the convergence of selection on gene expression and
polymorphisms. While this is an interesting question, it is a challenging one to address correctly. One major
challenge is that due to linkage one expects there to be a convergence even if variation in one of the two
processes is neutral. If there is a promoter mutation that leads to a change in gene expression that is
favorable in the crop species, then that will result both in a difference in gene expression between wild and
crop, AND a low pi in the coding region, even if no coding changes were selected for (basically a selective
sweep). The converse is also true: if there is neutral variation in gene expression but a coding polymorphism
is under selection, this will drive a change in gene expression between crop and domesticated via sweep.
Thus, a convergence between these processes is actually what is expected. The challenge, then, is to
determine if there is more convergence than expected. This paper does not address this issue.

2) p.6 . 27. If | understand the design correctly, different tissue types were pooled by weight, rather than RNA
amount. This makes differential expression analysis hard to interpret, because developmental differences
between species will influence the RNA composition of the pools and confound the analysis. For example, the
authors write that the pools contained 20% fruit. If a domesticated species has larger fruit because of (for
example) larger vacuoles, or more extra-cellular material, then the pool will likely have less fruit RNA. Fruit
expressed genes will then appear to be expressed lower in the domesticate species, not because there
cellular expression levels were lower but because the RNA concentration in fruit is lower.

3) p.7 I. 29. | don’t understand why reads2snp paralogous SNP removal was used in this study. The
reads2snp pipeline was developed for instances where there reference genomes are not available and
therefore collapsing of paralogous genes during de novo assembly is a major concern. Here, with reference
genomes available and 150bp PE reads, the vast majority of the reads should map to the correct gene. How
many SNPs were removed at this step?

4) p. 8 1. 20 — 36. Two groups of “shifted” genes were defined to be the focus of interest. These are the genes

that have the highest nucleotide diversity (pi) in the wild species and lowest in the crop, or vice versa. This
somehow assumes that only those genes that are most diverse in the wild (95th quantile) might have been
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subject to selection in the crop (or vice versa). This does not make sense; any gene with multiple alleles in the
wild could have been selected for in the crop. A more minor point, but why was a quantile threshold used for
the upper limit, but a % of maximum value used for the lower threshold?

5) p. 9 1. 40-46. Were p-values for GO categories corrected for multiple testing? It appears not from looking at
the code. They need to be.

6) p. 10-11 “Statistical Analyses”. The description an implementation of the GLM does not make sense. See 4
points following.

6A) The authors correctly note that GLMs can be used for non-normal responses. However: it does not make
sense to both “Gaussianize” the variables and then to use a GLM to handle non-normal data. If the
Gaussianization was successful then the GLM isn’t needed.

6B) To take advantage of the GLM’s ability to handle non-normal data, it is necessary to supply a link function
to the non-Gaussian distribution. Checking the code, this was not done. So the model that is fit is actually just
a linear regression. This is fine of the data is normal, but then don’t imply that you are doing something that
you aren't.

6C) The manuscript states that the GLM were fit using the Ime4 package in R. This does not match the code
in the github repository. The code uses the “glm” function which is part of the base “stats” package in R. The
function in Ime4 is “glmer”. If Imer4 is to be used then one would want to specify fixed and random effects.

6D) The glm models fit log fold change of gene expression as a function of difference in pi (or vice versa).
Because LFC can be negative or positive (indicating an decrease or increase in expression in the
comparison) there is a directionality implied in these fits that does not make sense. That is, the model tries to
associate high delta-pi with positive LFC (or low delta-pi with positive LFC if the regression coefficient is
negative). Consider a situation where delta-pi is high, suggestive of possible selection in the crop. If it is gene
expression that has been selected for there is no reason to favor the hypothesis that it was high gene
expression in the crop that was selected for over the hypothesis that it was low. So if multiple genes in the
genome have been subject to selection for differences in gene expression we expect that in some cases it will
be for higher gene expression and in some cases it will be low. These would cancel out in the model as
written. Perhaps taking the absolute value of LFC first would be a solution.

7) p.13 115 - 30. | don’t understand how the Welch test was performed. This is a non-parametric t-test and so
| would expect multiple samples per category. However for each species pair isn’t there only one observation
of pi for wild and one for crop?

8) P. 22 1.24. Sounds like you are implying that selection acted both on coding changes and gene expression
but you haven’t shown that. Selection on either would expect to reduce pi and potentially drag the other via
linkage.
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Merci a mes amis d’Avignon et a I'Explo de nous avoir accueilli a bras ouverts : Gilles , Flo et
Loick de I'’explo, Sandrine El Racoon, Isabelle La magnifique, les petites femmes de mes piliers Tiff et
MéIl, ma primprenelle parce qu’elle me fait vivre des aventures vers l'infini et I'au-dela, Cath pour
nos déclarations enflammées et les 32 histoires du soir, Névine pour sa générosité et sa
compréhension, Kévin le T. pour tous les souvenirs incontournables et les rencontres avec des chiens
errants, Max B. pour le week end a Gre et les belles discussions, Momy et ses mouchoirs, Caro pour
notre girl-team au baby, sans oublier les doctorants d’Avignon (dans I'ordre de disparition) Léandro
parce que son ame est sceur a la mienne et qu’il m’a fait découvrir le perchoir pour m’évader, Lucie
et Mariem pour leur musique et leurs sourires, Hussein pour ses gateaux et les meilleurs Mezzés au
monde, Aimeric pour le coup du siecle au baby : incontournable, Kévin B. pour nos discussions
philosophiques sur la place de la Femme dans la société et des Hommes dans le monde, Anne So
pour son soutien de co-thésarde et pour ses prévisions de date de soutenance, Pierre pour sa bonne
humeur, Zeid pour les mémoires oubliées, Coffi pour son amitié et sa présence, et al.

Merci a mes amis de I'impro, parce que ces aventures imaginaires m’ont permis de prendre
de belles bouffées d’air.

Un grand merci a ma grande amie Elo, parce que trouver une amie sapin ¢a n’a pas de prix.

- 225 -



Et enfin je tiens a remercier tout particulierement mon collégue de bureau, qui m’a supporté,
soutenu mais surtout coaché pendant ces 3 ans. Maintenant devenus amis, je suis heureuse que la
vie t’aie mis sur mon chemin I'lami Rémi, je ne te laisserai pas gagner au baby pour autant.

« There comes a day when you realize that turning the page is the best feeling in the world -
because you realize that the book is much more than the page on which you were stuck. »

Stéphanie Arnoux, 2017

Further reading listening:
Debussy - Arabesque No. 1, B. Engerer — Noctures de Chopin, H. Shore — Misty Mountains, V.

Morrison — Brown Eyed Girl, Fleetwood Mac — Everywhere/Landslide, Queen - Somebody to Love,
Fishbach - Un autre que moi, Parcels - Tieduprightnow , B. Carlisle - The eye, A. Franklin - Respect,
Ella & Louis - Cheek to Cheek, L. Bridges - Coming Home, Barbara - Vienne, Fayrouz - Ana La Habibi,
N. Al Saghira - Ana Baashaq El Bahr, Kokoroko — Abusey Junction//We out here, etc.
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Résumé substantiel de la thése en francais

La domestication des plantes a débuté il y a quelques milliers d’années quand
les hommes se sont sédentarisés. lls ont sélectionné les plantes sauvages portant des
caractéres phénotypiques d’intérét pour la consommation et production humaine. Ce
processus évolutif a par conséquent modifié le patrimoine génétique des especes
domestiquées. Cette thése se penche sur les traces génétiques induites par la
domestication chez trois espéces de Solanacées : I'aubergine (Solanum melongena), le
piment (Capsicum annuum) et la tomate (S. lycopersicum). En effet, si les caracteres
phénotypiques des plantes cultivées ont été sélectionnés depuis des milliers d’années,
les conséquences moléculaires d’une telle sélection restent peu étudiées a |I'échelle du
génome. Cette étude est basée sur des données de diversité et d’expression de génes
(RNAseq). En utilisant des méthodes comparatives entre des variétés cultivées et leurs
especes sauvages apparentées, j'ai étudié, a I’échelle intra-spécifique, d’'une part les
histoires démographiques de chacune des espéces, et d’autre part les changements de
diversité nucléotidique et d’expression des genes dus a la domestication. La
comparaison de ces trois événements indépendants de domestication, offre
I"'opportunité de décrypter les changements génétiques qui convergent chez ces trois
espéeces lors du processus de sélection humaine.

Suite a une introduction qui pose le cadre de cette étude et présente I'état de
I'art, le premier chapitre, s’inscrit dans un ouvrage portant sur la génomique des
populations d’especes modeles. Il propose une synthése des connaissances
accumulées en plus d’un siécle de recherche sur I'espece modeéle qu’est la tomate (S.
lycopersicum). Ce chapitre permet également de compléter le contexte scientifique
dans lequel cette thése s’inscrit, notamment, en retracant I'importance que les
especes sauvages apparentées ont eu dans I'amélioration de I'adaptabilité des variétés

cultivées actuelles.
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L’hypothese du deuxieme chapitre révele la convergence des changements
démographiques entre les trois especes malgré leurs événements indépendants de
domestication. L'étude comparée d’inférences de scénarios démographiques a
permis de reconstruire I'histoire démographique de chaque espeéece cultivée. Ces
inférences ont aussi facilité I’estimation des parameétres tels que les flux migratoires
entre les espéeces sauvages et cultivées, la force des goulots d’étranglement liés a
I'intensité de la sélection humaine et la durée des événements de domestication. Ce
chapitre permet de démontrer que les changements démographiques liés a Ia
domestication dépendent de I'état de sympatrie ou d’allopatrie des variétés cultivées
avec leurs sauvages apparentées. Les connaissances quant a la datation des
événements de domestication de nos trois especes restent trés faibles, et les
inférences ont permis d’établir des estimations de durée de domestication
relativement précise. Ces nouvelles connaissances apportent une plus-value a cette
étude pour nos trois especes et nous invitent a s’interroger sur les différents
compartiments du génome qui ont été sélectionnées et modifiées lors de la
domestication.

Le troisieme chapitre teste I'hypothése d’une convergence évolutive des
changements moléculaires, notamment transcriptionnels, induits par la domestication
et 'amélioration moderne. La comparaison des variétés cultivées a leurs espéeces
sauvages apparentées permet d’évaluer la convergence des mécanismes de régulation
et d’adaptation liés a la domestication. C’est en testant la corrélation entre les traces
génétiques (diversité nucléotidique) de sélection et les changements d’expression des
genes observés chez les variétés cultivées que I'hypothése de départ a été validée.
Cette analyse montre que la domestication, au-dela méme de changements
nucléotidiques, a modifié I'expression des genes chez les trois espéces. L'analyse des
genes orthologues des especes a confirmé que la domestication a sélectionné des

genes liés aux phénotypes de développement des fruits et la croissance de la plante
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alors gu’elle avait, au contraire, contre-sélectionné des genes liés a la défense des
plantes et a leur capacité a tolérer des stress environnementaux.

Enfin, en discussion, je réalise un bilan sur mon projet qui apporte de
nombreuses preuves de convergence dues a la domestication et des connaissances
utiles pour I'étude de I'histoire des Solanacées. De surcroit, des perspectives
d’analyses complémentaires sur la liste de nombreux genes candidats affectés par la
domestication, offrent un potentiel de transversalité, pour 'amélioration des variétés
cultivées et pour I’étude plus approfondie des conséquences biologiques et évolutives

de la domestication.
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CHAPITRE 1:

La tomate est une espece modele reconnue pour la recherche en génétique et en
génomique, sur le développement des fruits et la résistance aux maladies, mais elle
mérite également d'étre un modele pour la génomique des populations grace aux
vastes ressources génétiques et génomiques disponibles. L'amélioration de la tomate
dépend en grande partie des introgressions d’alleles utiles provenant d’especes
apparentées sauvages.

Depuis la premiere diffusion d'une séquence génomique de haute qualité d’une
tomate cultivée, en 2012, les génomes de plusieurs centaines d'individus cultivés et de
guelques especes sauvages apparentées ont été séquencés, permettant la découverte
de millions de polymorphismes a nucléotide simple (SNPs). Leur étude a confirmé la
nouvelle organisation phylogénétique et l'origine monophylétique de la section
Lycopersicum du genre Solanum, composée de 13 espéces. Les approches récentes de
la génomique écologique, utilisant notamment I'approche RNAseq, ont fourni de
nouveaux résultats sur la spéciation et les barrieres de reproduction interspécifiques.
Les mécanismes moléculaires d'adaptation au stress abiotique chez les tomates
cultivées et sauvages ont également été analysés et leur réle mis en avant en tant que
facteurs de spéciation et de diversification. La diversité des conditions écologiques des
especes apparentées sauvages a permis |'étude des mécanismes évolutifs et
moléculaires d’adaptation au stress abiotique chez les tomates cultivées et sauvages.
Des études génomiques ont permis de clarifier les deux étapes de la domestication de
la tomate et l'intensité des goulots d’étranglement dus a la domestication et a la
sélection plus poussée. Les empreintes de sélection et les grandes régions génomiques
introgressées des espéces apparentées sauvages ont été identifiées. Au niveau du
transcriptome, il a également été montré que la domestication et la reproduction
moderne modifiaient I'expression du génome, notamment pour les genes liés au

stress.
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Enfin, la disponibilité des séquences génomiques et des marqueurs SNPs a permis
d'étudier de grandes collections de variétés, de développer des GWAS et de faire
progresser nos connaissances sur la structure du génome (décroissance du
déséquilibre de liaison, distribution de la recombinaison), mais aussi de cartographier
les genes et les QTLs impliqués dans de nombreux caractéres pour la sélection de

nouvelles variétés.
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CHAPITRE 2 :

La domestication est un processus de sélection qui se produit sur une courte
durée évolutive et qui est induit par I'homme qui laisse des traces dans les génomes
des populations domestiquées. La convergence de ces changements pour des histoires
de domestication indépendantes reste incertain. Il est donc nécessaire pour le
déterminer, de reconstruire les changements historiques de flux génétique et de taille
efficace de population, pour comprendre comment la démographie et la sélection
humaine ont conjointement faconné Ila divergence génomique lors de la
domestication. Nous avons utilisé ici un ensemble de modeles étendu basé sur des
modeles de divergence démographique qui capturent la variation temporelle de la
taille efficace de population et du taux de migration afin d'explorer les multiples
facettes de la domestication avec le flux de genes. Nous étudions ['histoire de la
domestication de trois paires d'espéces de solanacées (aubergines, poivrons et
tomates) caractérisée par des antécédents de domestication distincts, notamment
I'isolement géographique du géniteur sauvage pour le poivron et la tomate et la
sympatrie pour l'aubergine. Des SNPs dérivés des données RNAseq ont été utilisés
pour documenter I'étendue de la différenciation génétique dans chaque paire
d'espéces, et dix modeles différents ont été ajustés et comparés en fonction du spectre
de fréquence allélique joint et déplié de chaque paire. Nous avons trouvé des preuves
d'un goulot d'étranglement chez les trois especes. Nos résultats suggerent également
qgue les quelques données historiques disponibles corroborent les périodes de
domestication de ces trois espéces. Cette étude fournit donc un nouvel apercu
rétrospectif du processus d’histoire démographique qui faconne les Solanacées par le
biais de la domestication et nous avons mis en avant les avantages d’effectuer la
comparaison de modeles démographiques de plus en plus complexes afin de

déterminer le modeéle le plus adapté aux données proposées.
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7 N\

Nous avons cherché a déchiffrer le scénario de domestication le plus probable
pour les trois paires de de populations cultivées et sauvages. Nous avons effectué une
analyse comparative de plusieurs modéles démographiques de complexité croissante
afin de limiter les biais induits par des hypothéses fortes. La comparaison des cultures
et des populations sauvages nous a permis d'évaluer I'ampleur des changements
biologiques dus a la domestication. Ces connaissances sont essentielles pour améliorer
les efforts de sélection futurs et nous apportons une estimation précieuse de I'impact
de la sélection humaine sur la taille de la population et le flux de génes d'une culture
efficace avec leur parent sauvage. L'inférence des scénarios démographiques de ces
trois espéeces est une occasion sans précédent de caractériser plus précisément la
durée de chaque événement de domestication, et donc d'améliorer la déduction de
I'histoire démographique qui a été supposée par des moyens indirects (histoire

humaine et de culture des zones, enregistrements écrits anciens).

Résultats en bref :
L'étude comparative des inférences démographigques modélisant la domestication des
trois espéeces a révélé la convergence des processus de domestication dans la famille
des solanacées
e Détection d'empreintes de sélection artificielles dans les génomes de
Solanaceae
e Présence d’un goulot d’étranglement corroborant le stade de domestication de
la culture chez les trois espéeces
e Estimation du temps de divergence entre I'espéce cultivée et leur espéce
sauvage apparentée :
o Domestication de 'aubergine : 5.938-3.087 Avant notre ére.
o Domestication du piment : 6.760-3.514 Avant notre ére.

o Domestication de la tomate : 7.901-4.107 Avant notre ére.
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Conclusion et perspectives :

e En connaissant le comportement passé de nos cultures face aux événements de
domestication, nous améliorons les efforts de reproduction modernes pour
soutenir la sélection future de cultures et leurs barrieres innées aux conditions
de contréle humain.

e Applications possibles pour la production d’événements de domestication de

novo
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CHAPITRE 3 :

La sélection consciente et inconsciente induite pendant les phases de domestication
et d’amélioration variétale moderne de I'histoire de la culture a conduit a des
changements phénotypiques et génétiques considérables. Les études ont porté sur les
genes a effet majeur associés a la domestication en étudiant les polymorphismes ou
les niveaux d’expression génique. Dans la présente étude, nous explorons la
convergence des deux processus chez trois solanacées cultivées. Pour identifier la
convergence de la domestication, nous comparons la diversité génétique et les niveaux
d'expression des génes entre les accessions cultivées et sauvages dans un trio
d'espéces. Nous analysons les transcriptomes de 47 génotypes, y compris des races
sauvages et des races locales de tomates (Cultivées: Solanum lycopersicum ;
sauvages : S. peruvianum), d’aubergines (Cultivées: S. melongena ; sauvages: S.
insanum) et de poivrons (Cultivées : Capsicum annuum ; sauvages : C. chilense et C.
frutescens). Chez les trois especes, I'amplitude des modifications des niveaux
d’expression différentielle des genes a révélé une convergente qui est directement liée
aux genes ciblés par la sélection. En outre, la variation de I'expression des genes était
significativement corrélée a la variation de la diversité des nucléotides chez les trois
especes. Alors que nos analyses transcriptomiques ont confirmé les changements
d'expression de nombreux genes liés a la domestication, la nouveauté de notre étude
réside dans la convergence des empreintes de domestication agissant a la fois sur la

diversité des nucléotides et sur I'expression des genes.

Dans le troisieme chapitre, I'hypothése est une modification convergente de la
diversité et de I'expression des genes lors de la domestication. La comparaison des
accessions relatives des cultures et des especes sauvages relatives a permis d'estimer
les différences d'expression génique et de détecter les empreintes de sélection

génomique. Les annotations des genes ciblés (sélectionnés et exprimés de maniere
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différentielle) ont permis d‘identifier les processus biologiques modifiés lors de la
domestication. L'hypothése repose sur les orthologues partagés au sein du trio
d'espéces et leur modification. Nous émettons I'hypothése que les mécanismes de
régulation et d'adaptation déclenchés par la domestication des especes cultivées sont
convergents. Par conséquent, pour les trois processus de domestication indépendants,
il est prévu de mettre en évidence des changements paralleles induits dans les cultures

par rapport a leurs parents sauvages.

Résultats en bref :

L’étude des orthologues a mis en évidence une convergence des modifications

moléculaires chez les trois espéces,

e Au niveau génétique :
o Relaxation de la sélection : initiation de la transcription, initiation de la
traduction et tolérance aux stress abiotiques
o Sélection de la direction : croissance de la plante et développement du
fruit
e Au niveau de lI'expression des genes :
o Régulation négative (baisse) : régulation des réponses abiotiques et de la
tolérance a la sécheresse
o Régulation positive (hausse) : croissance des plantes, expansion des

cellules, croissance des feuilles, développement des fruits et maturation

Conclusion et perspectives :

e Les voies touchées par la domestication sont mondiales et ont donc un impact

sur plus de voies polygéniques que de génes locaux.
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L’approfondissement de I'étude pourrait permettre de détecter des génes
spécifiques co-exprimés impliqués dans la domestication

Applications possibles pour retrouver des caractéristiques adaptatives telles que
la tolérance a la sécheresse chez les populations sauvages

Véritable souci de conserver les populations sauvages en tant que sources de

diversité
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CONCLUSION GENERALE

e Quelles étaient les espéces sauvages parentes des especes cultivées actuelles ?

La premiére question concernant le géniteur sauvage de chaque espece semblait avoir
une réponse lorsque les échantillons ont été choisis. Grace a nos analyses, nous
pouvons Vvérifier une fois de plus que Solanum melongena a été domestiqué a partir
de I'espéce sauvage S. insanum et que S. pimpinellifolium est le géniteur sauvage de S.
lycopersicum. Capsicum annuum var. glabriusculum, supposé géniteur sauvage du
piment cultivé, doit étre plus étudié car nos résultats démontrent la forte disparité de
I’espéce. Le poivron cultivé a sGrement été domestiqué a partir d'une sous-espéce de
C. annuum var. glabriusculum mais la structure de |'espece doit étre éclairci pour

permettre des analyses plus poussées de sa domestication.

e Quel impact a eu la domestication sur les génomes et les transcriptomes des

especes cultivées ?

L'étude s'est concentrée sur des données RNAseq, donc sur la partie exprimée du
génome. En comparant les espéces cultivées a leur sauvages proches, chez les trois
espéeces de Solanacées, nous avons pu détecter des changements considérables dans
la diversité nucléotidique et dans le niveau d'expression des génes, changements dus
a la domestication. La corrélation entre ces changements (diversité génétique et
variation de I'expression des genes) a révélé la convergence des mécanismes de
régulation a I'échelle du génome et du transcriptome lors de |'adaptation a la
domestication. Des études complémentaires sur des études métabolomiques
pourraient conduire a une compréhension plus compléte de chaque niveau de

régulation moléculaire.
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e (Quels étaient les genes et les voies ciblés par la sélection ?

L'étude des orthologues a révélé des génes communs ciblés par la domestication chez
les trois especes ce qui a confirmé une convergence de sélection due a la
domestication. La domestication a eu un impact positif sur les traits liés au syndrome
de domestication tout en modifiant négativement les voies impliquées dans la

tolérance au stress et la résistance aux maladies.

e Etfinalement, comment peut-on utiliser les especes sauvages apparentées a nos
especes cultivées pour recouvrer des traits perdus et améliorer les cultivars

modernes ?

Tout en identifiant les génes ciblés par la domestication au sein de |'espéece cultivée,
avec les analyses comparatives, |'espéce sauvage apparentée révele son potentiel en
tant que ressource génétique pour la récupération des traits de caractéres perdus lors
de la sélection associée a la domestication. La diversité génétique qui reste chez les
especes sauvages apparentées est une occasion d’améliorer considérablement les
faiblesses des especes cultivées ou des cultivars modernes, par exemple, pour

récupérer les résistances aux maladies ou la tolérance au stress environnemental.

Ce travail confirme la nécessité de conserver les espéces sauvages apparentées et les
races locales dans des collections de base plus représentatives. En particulier, dans un
contexte ou les races locales, qui ont été maintenues pendant des milliers d’années,
disparaissent lentement avec |'exode rurale des populations autochtones, telles que
les populations autochtones amérindiennes qui étaient le centre de conservation de

la plupart des anciennes races locales (Smith et al. 1992).

Cette these porte sur les caractéristigues communes et divergentes des especes
cultivées et de leurs espéces sauvages apparentées. Les méthodes comparatives sur

les données RNAseq ont permis de détecter efficacement les changements
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d'expression et de polymorphisme nucléotidiques dus a la domestication. Les résultats
présentés ici fournissent, a partir des inférences démographiques, une estimation de
la durée de la domestication et, a partir des analyses transcriptomiques, un apercu des
conséquences génétiques et transcriptomiques du processus de domestication. Les

deux articles confirment la perte de diversité génétigue au sein des especes cultivées.

Globalement, ces résultats mettent en exergue les opportunités d’améliorations
futures liées a la perte de génes d’adaptabilité au sein des especes cultivées qui sont
encore présents dans les especes apparentées sauvages. Depuis 1945, plus de 30% de
I'augmentation du rendement des cultures peut étre attribuée a I'utilisation d’especes
apparentées sauvages dans les programmes de sélection végétale (Pimentel et al.
1997). Dans ce contexte, ces travaux confirment la nécessité de soutenir la
conservation des especes sauvages apparentées dans leurs environnements sauvages
et dans les centres de ressources génétiques. Les analyses des changements dus a la
domestication réveélent notamment des traits d’intérét conservés dans les pools de
genes sauvages. Les races locales et les espéces sauvages pourraient étre utilisées pour
compléter la population de référence pour de futures analyses a I'échelle du génome
afin de détecter les régions susceptibles d'étre améliorées. Les régions détectées
pourraient ensuite étre introgressées dans les cultivars modernes pour améliorer leur
tolérance aux stress et leurs résistances aux agents pathogenes. En paralléle, les
variations épigénétiques et métabolomiques sont toutes deux sources de diversité
phénotypique. Ainsi, en utilisant la biotechnologie émergente, la modification de la
régulation des genes et de la composition métabolique pourrait générer des
améliorations essentielles du rendement et des caractéristiques nutritionnelles des
espéces cultivées (Harrigan et al. 2007; Gallusci et al. 2017). A terme, les efforts de
sélection moderne augmenteraient considérablement les données phénotypiques et
génotypiques permettant l'utilisation de la sélection génomique. Cette méthode

connecte les phénotypes et les génotypes connus et les utilise comme parametres a
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priori pour modéliser et prédire les phénotypes a partir des génotypes (Morrell et al.

2011).

Ces travaux fournissent une plate-forme de base aux programmes de sélection
modernes en fournissant une liste de genes orthologues qui ont été ciblés lors de la
domestication chez les trois especes de Solanacées. La convergence de ces
changements offre une opportunité considérable d'utiliser les connaissances
transversales pour améliorer les cultures, par exemple en utilisant la manipulation des
genes trans-especes (Bastet et al. 2018). C’est particulierement le cas dans la famille
des solanacées qui posséde une grande synténie offrant la possibilité de transférer des

connaissances a d'une espéce a l'autre (Rinaldi et al. 2016).

Ce travail de these confirme ce que Darwin suggérait déja il y a plus de cent ans:
étudier le processus de domestication a un grand potentiel tant pour mieux
comprendre la sélection artificielle et I'évolution convergente que pour apporter des

informations précieuses pour |'effort de sélection et I'amélioration moderne.
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