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Summary

Understanding the mechanisms of local adaptation of wild species is a central issue in
evolutionary biology. DNA sequence data allows investigating the recent demographic history
of organisms. Knowledge of this history makes it possible to quantify adaptive and
deleterious mutations and to analyze local adaptation at candidate genes taking the
demographic context into account. As modulation of gene expression is crucial for an
organism’s survival during stress conditions, a next step to investigate adaptation is to study
the expression profile of candidate genes. Wild species are more valuable systems to
investigate local adaptation than model organisms as key issues in ecology and evolution of
the later cannot be addressed properly in some cases. Wild tomato species provide several
advantages when studying adaptation to abiotic stress: they grow in diverse environments —
ranging from mesic to extremely arid conditions — and its genomic information is available
from the cultivated relative.

First, we investigated the potential for adaptation and the strength of purifying selection
acting at eight housekeeping genes in four closely related wild tomato species (Solanum
arcanum, S. chilense, S. habrochaites, S. peruvianum) occupying different habitats by
analyzing the distribution of fitness effects of a new mutation. There is no evidence for
adaptation at these loci, but we detect strong purifying selection acting on the coding regions
in all four species. Additionally, we find evidence for negative selection acting on non-coding
regions. However, the strength of selection varies among species. Our results suggest that the
variance of the distribution of fitness effects differ between closely related species which
inhabit different environments.

Second, using a candidate gene approach, we studied the evolution the Asr (ABA /water
stress/ripening induced) gene family in populations from contrasting environments of S.
chilense and S. peruvianum. Asr genes have been reported to help the plant cope with water-
deficit in many ways and are therefore useful candidates to study adaptation to drought stress.
The molecular variation in the Asr gene family indicates that Asr/ has evolved under strong
purifying selection. Prior reports described evidence for positive selection at Asr2 — we cannot
confirm this hypothesis and argue that patterns of selection discovered previously were
caused by demography. Asr4 shows patterns consistent with local adaptation in a S. chilense
population that inhabits an extremely dry environment. A new member of the Asr family

(Asr5) was also discovered and seems to exchange genetic material with Asr3 by gene



conversion. Our results provide a good example for the dynamic nature of gene families in
plants, especially of tandemly arrayed genes that are of importance in adaptation.

Third, we investigated the expression profile following cold and drought stress as well as
the regulatory regions of Asr genes and the dehydrin pLC30-15. The latter has been reported
to be involved in water and chilling stress response. Populations from different habitats of S.
chilense and S. peruvianum were analyzed. The gene expression of Asr4 seems to be adaptive
to drought conditions. Analysis of the regulatory regions shows a conserved promoter region
of Asr2 and positive selection acting on the downstream region of pLC30-15. We provide an
example for expression variation in natural populations but also observe plasticity in gene
expression. As noise in expression is common in stress responsive genes, we describe this
expression plasticity to be advantageous in these stress-responsive genes.

In conclusion, taking the potential distribution of the species into account, it appears that
S. peruvianum (and S. habrochaites) can cope with a great variety of environmental
conditions without undergoing local adaptation, whereas S. chilense (and S. arcanum) seem to
undergo local adaptation more frequently. With Asr4 we identify a gene to be of potential
interest for further functional studies and describe wild Solanum species to be of great interest

as a genetic resource for its cultivated relatives.



Zusammenfassung

Eine der zentralen Aufgaben der Evolutionsbiologie ist es, die Mechanismen zu verstehen,
durch welche wilde Arten sich an ihre Umwelt anpassen. Dank DNS-Sequenzdaten kann die
demographische Geschichte von Organismen untersucht werden. Fundiertes Wissen dieser
Geschichte erlaubt es, im demographischen Kontext adaptive und schéadliche Mutationen zu
quantifizieren und lokale Anpassung von Kandidatengenen zu analysieren. Da die
Regulierung von Genexpression duBerst wichtig fiir das Uberleben eines Organismus wihrend
unwirtlichen Bedingungen ist, ist ein ndchster Schritt Adaptation zu untersuchen, das
Expressionsprofil von Kandidatengenen zu analysieren. Bei der Untersuchung lokaler
Anpassung sind wilde Arten niitzlicher als Modellorganismen, da Schliisselfragen der
Okologie und Evolution bei letztern manchmal nicht zureichend beantwortet werden konnen.
Wilde Tomaten bieten einige Vorteile bei der Analyse von Adaptation an abiotischen Stress:
Sie wachsen in unterschiedlichen Habitaten — von feuchten bis zu extrem trockenen Gebieten
—und ihr domestizierter Verwandter bietet reichlich Information iiber das Tomatengenom.

Als erstes untersuchten wir das Potential fiir Adaptation und die Stdrke der negativen
Selektion an acht Haushaltsgenen in vier nahe verwandten wilden Tomatenarten (Solanum
arcanum, S. chilense, S. habrochaites, S. peruvianum), die diverse Habitate besiedeln, indem
wir die Verteilung der Fitnesseffekte neuer Mutationen analysierten. Es gibt keine Beweise
fiir lokale Anpassung an diesen Genen, aber wir stellen in allen vier Arten fest, dass starke
negative Selektion auf die codierenden Regionen wirkte. Aulerdem finden wir Hinweise auf
negative Selektion in den nicht-kodierenden Regionen, allerdings variiert hier die Stirke der
Selektion zwischen den Spezies. Unsere Ergebnisse deuten darauf hin, dass sich die
Varianzen der Verteilung der Fitnesseffekte zwischen nahe verwandten Arten, die
verschiedene Lebenswelten besiedeln, unterscheiden.

Im zweiten Projekt untersuchten wir die Evolution der Kandidatengenfamilie Asr
(ABA/water stress/ripening induced) in natiirlichen S. chilense und S. peruvianum
Populationen aus unterschiedlichen Habitaten. Einige Publikationen zeigten, dass Asr Gene
der Pflanze helfen, mit Wasserdefizit umzugehen und sie sind daher geeignete Kandidaten um
lokale Anpassung an Trockenheit zu studieren. Die molekulare Variation innerhalb der Asr
Genfamilie legt nahe, dass Asr/ starker negativer Selektion ausgesetzt war. Frithere Berichte
schilderten Beweise fiir positive Selektion an Asr2 — wir konnen diese Hypothese nicht
bestitigen und erdrtern, dass in vorherigen Studien positive Selektion mit demographischen

Einfliissen verwechselt wurde. Asr4 zeigt in einer S. chilense Population aus einer extrem
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trockenen Umgebung ein Muster, das mit lokaler Adaptation iibereinstimmt. Wir beschreiben
auBerdem ein neues Asr Gen (Asr5), das anhand von Genkonversion genetisches Material mit
Asr3 austauscht. Unsere Ergebnisse sind ein gutes Beispiel fiir die dynamische Natur von
Genfamilien in Pflanzen, besonders von Genen die in tandem arrays liegen, welche eine grofie
Rolle bei lokaler Anpassung spielen.

Im dritten Projekt wuntersuchten wir das Expressionsprofil nach Kilte- und
Trockenheitsstress, sowie die regulatorischen Regionen der Asr Gene und des Dehydrins
pLC30-15. Vom letzteren wurde gezeigt, dass es eine wichtige Rolle in der Reaktion auf
Kilte und Wasserdefizit spielt. Solanum chilense und S. peruvianum Populationen aus
unterschiedlichen Habitaten wurden analysiert. Die Genexpression von Asr4 scheint sich an
Trockenheit anzupassen. Die Analyse der regulatorischen Regionen zeigt, dass die Promoter-
Region von Asr2 konserviert ist und das positive Selektion auf die 3’-Region von pLC30-15
wirkte. Wir zeigen ein Beispiel der Variation von Expression zwischen natiirlichen
Populationen, aber stellen auch Plastizitit von Genexpression fest. Da ein gewisses
»Rauschen* der Transkription von stress-induzierten Genen nicht ungewohnlich ist, erldutern
wir, dass Plastizitit bei diesen stress-induzierten Genen von Vorteil ist.

Betrachtet man die Verbreitung der wilden Tomatenarten, sieht es so aus als ob S.
peruvianum (und S. habrochaites) mit einer Vielzahl von Umwelteinfliissen zurechtkommen,
ohne sich lokal anzupassen, wohingegen S. chilense (und S. arcanum) des Ofteren lokale
Adaptation durchlaufen. Mit Asr4 bieten wir ein Kandidatengen, das fiir weitere funktionelle
Studien interessant sein diirfte und stellen fest, dass wilde Solanum Arten eine wichtige

genetische Ressource fiir kultivierte Arten ist.
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1 General Introduction

1.1  The importance of plant science

“Plant science has never been more important. The growing and increasingly prosperous
human population needs abundant safe and nutritious food, shelter, clothes, fibre, and
renewable energy, and needs to address the problems generated by climate change, while
preserving habitats. These global challenges can only be met in the context of a strong
fundamental understanding of plant biology and ecology, and translation of this knowledge
into field-based solutions.” (Grierson et al., 2011). This observation led to the establishment
of a project in which scientists from different fields (academic, commercial, public service)
were able to create a list of 100 important questions plant science is facing nowadays
(http://www. 100plantsciencequestions.org.uk/index.php). The questions were subdivided in
five groups; one of them is “environment and adaptation”, highlighting the importance of
plants ability to adapt in cultivation and agricultural issues (Grierson et al., 2011).
Fundamental questions in this subsection include: How can we test if a trait is adaptive? Can
we develop salt/heavy metal/drought tolerant crops without creating invasive plants? Can we
develop crops that are more resilient to climate fluctuation without yield loss? To what extent
are the stress responses of cultivated plants appropriate for current and future environments?
In addition, the project asks key questions concerning society (e.g. How can we translate our
knowledge of plant science into food security? How can we use plant science to prevent
malnutrition?), species interaction (e.g. Is it desirable to eliminate all pests and diseases in
cultivated plants?), and diversity (e.g. How can we ensure the long-term availability of
genetic diversity within socio-economically valuable gene pools?). Addressing all these
questions requires close cooperation between scientists of various fields in the future
(Grierson et al., 2011).

Humans have severe effects on plant ecology and evolution. First, due to climate change
invasive species are colonizing new habitats and can out-compete native organisms as they
might be better adapted to new environmental conditions (Colautti & Barrett, 2010). Second,
human settlement, agriculture, and forest clearance cause habitat fragmentation which in turn
leads to reduced diversity due to several factors, including population bottlenecks, reduced
gene flow, or inbreeding. This severely reduces the ability of plants to adapt to new and/or
changing environments (Willi et al., 2006). Anthropogenic climate change leads to more rapid

environmental shifts than geological climate change and understanding plant adaptation is of



great significance facing emerging global problems (Anderson et al., 2011). This is especially

true for key ecological traits such as drought tolerance (Anderson et al., 2011).

1.2.  Studying local adaptation in plants

Investigating the fitness effects of new mutations is a useful way to understand the
potential and speed by which species adapt to various environments. A key predictor for the
adaptive potential of a population is the distribution of fitness effects of new mutations (DFE),
which denotes the probability of a mutation having a given fitness effect. A new mutation can
either increase the fitness, but it can also have negative fitness effects due to accumulation of
(slightly) deleterious mutations (Eyre-Walker & Keightley, 2007). Purifying selection acts
against deleterious mutations and measuring the strength of purifying selection is especially
relevant for developing conservation strategies for species with small population sizes. Two
parameters can be employed to determine the strength of purifying selection: the mean E(s)
and the variance V(s) of the distribution of the selection coefficient s of new mutations (Eyre-
Walker & Keightley, 2007). It has been shown that E(s) differs between species (Martin &
Lenormand, 2006a). Within species, however, E(s) is fixed whereas V(s) varies across
different habitats and is higher in more stressful environments (Martin & Lenormand, 2006b).
This suggests that recently diverged species might show the same DFE means but differ in the
variance of selection coefficients depending on the habitat they occupy.

Adaptation is characterized as the movement of a population towards a phenotype that
leads to the highest fitness in a particular environment (Fisher, 1930). While the genetic basis
of adaptation in natural populations remains widely unknown (Orr, 2005) many approaches
have been developed to detect adaptation in several organisms employing information on
DNA variation. Recently, these methods have frequently been applied to plant model systems
(Siol et al., 2010). One commonly used method to detect adaptation at the DNA level is to
identify regions of low diversity that are linked to a selected gene — known as the hitchhiking
effect (Maynard Smith & Haigh, 1974). Such an approach has been used successfully in many
model organisms including Drosophila (Glinka et al., 2006; Beisswanger & Stephan, 2008)
and the common sunflower Helianthus annuus (Kane & Rieseberg, 2008). Another way to
study adaptation is the “candidate gene” approach, which has the advantage of revealing the
strength and type of selection that has acted on particular genes. With this approach, genes
that have been identified in previous experiments are chosen for investigating signatures of

adaptation at the DNA level. As this method does not require a sequenced genome, the



candidate gene approach has been applied frequently to several plant species where whole
genome data is only available for few model organisms. Over the last years, candidate genes
were successfully studied in various plant species: genes related to drought and salt tolerance
in H. annuus (Kane & Rieseberg, 2007), immunity genes in wild tomatoes (Rose et al., 2007)
and Zea mays (Moeller & Tiffin, 2008), drought-responsive genes in maritime pine (Pinus
pinaster; Eveno et al., 2008), genes related to cold tolerance in Arabidopsis thaliana (Zhen &
Ungerer, 2008), cold hardiness-related genes in costal Douglas fir (Pseudotsuga menziesii var.
Menziesii; Eckert et al., 2009), protease inhibitor genes in poplar (Populus balsamifera;
Neiman et al., 2009), cold-related genes in Pinus sylvestris (Wachowiak et al., 2009), and
genes involved in adaptation to serpentine soils in A. lyrata (Turner et al., 2010). Although the
candidate gene approach is used frequently, it is important to note that the distinction between
local (selective) and genome-wide (demographic) effects is not always unambiguous. This
may be the case in populations with a large effective population size, e.g. in Drosophila or
bacteria (Charlesworth & Eyre-Walker, 2006; Ellegren, 2009) and/or when recurrent positive
selection occurs. Demographic scenarios can also mimic selective events on a local scale

(Thornton et al., 2007).

Another way to investigate the evolution of candidate loci is to study their expression
profile. Modulation of gene expression is crucial for an organism’s survival as environmental
changes require a fast and specific response. Investigating differences in gene regulation
between populations from contrasting environments is not only essential for understanding
local adaptation but is also the first step to test the feasibility for downstream experiments,
e.g. using transgenic organisms. Microarrays allow analyzing the transcriptome of species, but
so far studies on gene expression in natural populations are limited to few species like
Boechera holboellii, a close relative of A. thaliana (Knight et al., 2006), the arthropod
Orchesella cincta (Roelofs et al., 2009), the snail species Littorina saxatilis (Martinez-
Fernandez et al., 2010), fishes (Larsen et al., 2011), or Drosophila melanogaster (Hutter et
al., 2008; Miiller et al., 2011).

1.3. Candidate genes and the significance of gene families in adaptation to abiotic

stress

Plants are sessile during most of their life cycle and therefore experience strong selective

pressure to adapt to changing environmental conditions in their habitat (e.g. precipitation,
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temperature). Drought and cold stress are the major abiotic constraints that terrestrial plants
are facing and they have been shown to have adverse effects on the plant growth and crop
production (Yafiez et al., 2009). Both drought and cold tolerance are complex traits but it has
been shown that similar genes are expressed during both types of stress (Shinozaki &
Yamaguchi-Shinozaki, 2000). A 7000 cDNA micro-array experiment showed that the
expression of more than 250 genes was induced in A. thaliana after a drought stress treatment
(Seki et al., 2002). In a similar experiment in A. thaliana, 4% of all transcripts showed
responsiveness to low temperature (Fowler & Thomashow, 2002). Drought and cold stress
lead to accumulation of the phytohormone abscisic acid (ABA) and it has been demonstrated
that application of ABA mimics stress conditions (Mahajan & Tuteja, 2005). ABA plays an
important role in the plant’s response to osmotic stress: It fine-tunes stomatal closure (Jones &
Mansfield, 1970), it enhances expression of stress-related genes (Bray, 2004), and fosters root
growth in long-term drought conditions (Saab et al., 1990). Shinozaki & Yamaguchi-
Shinozaki (2000) suggested that cold and drought stress signals and ABA share common
elements and are cross talking in their signalling pathways. Therefore, studying genes that are

involved in the ABA pathway are good candidates to investigate adaptation.

Late embryogenesis abundant (LEA) proteins are induced by ABA and were shown to
accumulate in vegetative organs during dehydration and low temperature stress (Ingram &
Bartels, 1996; Bray, 1997). This suggests a protective role during water-limiting and chilling
conditions. Members of the LEA protein family can be found all over the plant kingdom: in
angiosperms, gymnosperms (Shinozaki & Yamaguchi-Shinozaki, 1996; Bray, 1997),
bryophytes (Proctor et al., 2007), and algae (Tanaka et al., 2004). They belong to the group of
the hydrophilins which are characterized by a high glycin content and high hydrophilicity
(Garay-Arroyo et al., 2000). The LEA proteins are subdivided into seven groups based on
their amino acid sequences (Battaglia et al., 2008). Here, we analyze two types of LEA
proteins: Dehydrins, which belong to Group 2, and ASRs, which belong to Group 7 (Battaglia
et al., 2008). Some dehydrins have been shown to have cryoprotective functions, while others
have been found to prevent inactivation of enzymes during dehydration (Reyes et al., 2005),
but their functional role still remains speculative. In S. fuberosum (potato) and S.
sogarandinum an increased level of dehydrins could be correlated with cold tolerance in
tubers and stems (Rorat et al., 2006). Additionally, dehydrins were induced after drought
stress in apical parts (Rorat et al., 2006). The drought- and ABA-inducible dehydrin used here
was described in S. chilense and denoted pLC30-15 (Chen et al., 1993). The pLC30-15 gene

has been subject to a previous population genetic study which showed that diversifying
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selection acted on its coding region in a wild tomato population from a dry environment (Xia
et al., 2010).

My thesis is mostly focused, however, on the members of the Asr (ABA/water
stress/ripening induced) gene family. As the name suggests, Asr genes have been shown to be
induced by application of ABA, abiotic stress (drought, cold, salinity), and during ripening
(Iusem et al., 1993; Rossi & Iusem, 1994; Amitai-Zeigerson et al., 1995; Schneider et al.,
1997; Vaidyanathan et al., 1999). Asr genes encode small (approx. 13 kDa) highly-charged
proteins and transcripts were first discovered in tomato (Iusem et al., 1993; Rossi & Iusem,
1994). Frankel et al. (2006) found four copies on chromosome IV that lie in a tandem array
and describe an insertion of 186 amino acids (aa), containing 10 imperfect repeats, present in
the ASR4 protein, but absent in the other ASR proteins. Asr-like genes are found across the
entire plant kingdom (e.g. pummelo - Canel et al. (1995); rice - Vaidyanathan et al. (1999);
pine - Padmanabhan et al. (1997), and ginkgo - Shen et al. (2005)). There is variation in copy
number between species, ranging from one in grape (Cakir et al., 2003) to six in maize and
rice (Frankel et al., 2006). Notably, the Asr gene family is absent in Arabidopsis (Carrari et
al., 2004). The Asr genes seem to exhibit a particularly high duplication activity in tomatoes,
since Asr3 cannot be found in other Solanaceae (Frankel et al., 2006). Several functions of
Asr genes have been pointed out to help the plant deal with drought stress. In the cytoplasm,
the unstructured ASR1 monomers act as chaperons, possibly to prevent proteins from losing
their structure during desiccation (Konrad & Bar-Zvi, 2008). With an increasing zinc level in
the cell, ASR proteins are located in the nucleus where ASR1 forms homodimers (Maskin et
al., 2007) with a zinc dependent DNA-binding activity (Kalifa et al., 2004a). Additionally, it
was discovered in grape (Vitis vinifera) that ASR proteins form heterodimers with DREB
(drought response element binding) proteins (Saumonneau et al., 2008). This DNA binding
activity could stabilize the DNA during stress conditions but was also associated with the
modulation of sugar transport activity (Carrari et al., 2004; Frankel et al., 2007; Maskin et al.,
2008). The last observation places the Asr genes at a key position given the interaction of
sugar and ABA pathways discovered in seed developmental processes (Finkelstein & Gibson,
2001) and stress signalling (Leén & Sheen, 2003). In that context, two studies revealed
patterns of positive selection at Asr2 in populations of wild tomato species that dwell in dry
environments by a phylogenetic (Frankel ef al., 2003) and a population genetic approach
(Giombini et al., 2009). Expression analyses in several species suggest high plasticity in
relative Asr expression. In pine (P. taeda) and rice (Oryza sativa), expression patterns vary

depending on the gene copy (Padmanabhan et al., 1997; Philippe et al., 2010). Studies in pine,



potato, and Ginkgo biloba indicate an organ-specific induction of Asr (Padmanabhan et al.,
1997; Schneider et al., 1997; Shen et al., 2005) and differences in expression between several
stresses have been described in potato, rice, and ginkgo (Schneider et al., 1997; Vaidyanathan
et al., 1999; Shen et al., 2005). Using semi-quantitative RT-PCR, it was shown that Asr/ and
Asr2 are induced in leaves and that Asr2 is induced and Asr3 is down-regulated in roots of
cultivated tomato (Maskin et al., 2001). Analyzing different accessions of wild tomato using
Northern Blots, Frankel er al. (2006) demonstrated that Asr/ and Asr4 are up-regulated in
leaves of plants from humid environments. All these findings make pLC30-15 and mostly Asr

genes interesting candidates to study local adaptation on the gene expression level.

Duplicated genes are an important source of adaptation. This is especially the case in
plants where a large fraction of diversity is caused by gene duplication and subsequent
adaptive specialization of paralogous gene copies (Flagel & Wendel, 2009). Duplicates of
transcription factors in A. thaliana are preferentially retained after polyploidy (Paterson et al.,
2006) and for MADS-box transcription factors, it has been suggested that gene duplication
followed by increased opportunity for novel gene interactions played an important role in
early angiosperm diversification (Shan et al., 2009). Genes involved in stress response are
often tandemly duplicated which makes these arrayed genes interesting for studying
adaptation to drought and cold (Maere et al., 2005; Mondragon-Palomino & Gaut, 2005;
Rizzon et al., 2006; Hanada et al., 2008). Analysis of expression data of Arabidopsis indicates
that a gain (or loss) of stress responsiveness is more common in tandemly duplicated genes
than in non-tandem duplicates (Zou et al., 2009). Moreover, gene families likely to be
involved in lineage specific adaptive evolution are mainly generated by tandem duplication
(Hanada et al., 2008). According to the classical model on gene duplication (Ohno, 1970),
selective constraints remain on one copy after a gene duplication event, whereas the other
copy can accumulate mutations. The most common fate of this latter copy is a loss of
function. In rare cases, however, a mutation can be advantageous in a specific environment
leading to a neofunctionalization of one copy (Beisswanger & Stephan, 2008) or
subfunctionalization of both copies (Hughes, 1994). Concerted evolution, in which two copies
of a gene do not evolve independently, can also be observed. The most common mechanism
causing this phenomenon is gene conversion, whereby two copies exchange short tracts of
DNA in a “copy-and-paste” manner. This will both decrease the sequence variation between
copies and increase the genetic variation within the gene family by creating new haplotypes
(Takuno et al., 2008). New (chimeric) haplotypes can be advantageous in genes that

experience diversifying selection, since it increases the genetic diversity (Takuno et al., 2008;



Innan, 2009). Therefore, it is possible that the members of a gene family exhibit very different

evolutionary histories.

1.4. Solanum species as non-model organisms to investigate local adaptation

In the past, most studies on plant evolution and adaptation were conducted using model
organisms such as A. thaliana, O. sativa, or Z. mays for which whole genome data is
available. For those plants, an environmental context is not clear or cultivation caused reduced
diversity due to bottlenecks and artificial selection. To understand local adaptation, however,
plants from natural environments — in which they evolved — are required (Anderson et al.,
2011). This is why more and more scientists investigate non-model organisms over the past
years (Song & Mitchell-Olds, 2011). As non-model organisms are mostly lacking sequenced
genomes, it is reasonable to study wild relatives of model organisms (Song & Mitchell-Olds,
2011). This has successfully been done in relatives of e.g. A. thaliana (Riihiméki et al., 2005;
Knight et al., 2006; Turner et al., 2010; Leinonen et al., 2011), sunflower (Kane & Rieseberg,
2007; Kane & Rieseberg, 2008), rice (Grillo et al., 2009), and tomato (Moyle, 2008).

The plant family Solanaceae (“nightshades’) is cosmopolitan and its members inhabit a
broad variety of habitats showing great diversity, both morphologically and genetically. It
contains various economically important species, e.g. bell peppers and chilis (Capsicum
annuum), ornamental plants such as Petunia, and also tobacco (Nicotiana tabacum). Solanum
is the largest of 90 genera in the Solanaceae family and one of the largest genera among
angiosperms as it contains approximately 1,400 species (Planetary Biodiversity Inventory
Solanum Project; http://www.nhm.ac.uk/solanaceaesource/). The Solanoideae subfamily
(which includes Solanum) is a monophyletic group with a chromosome number based on x =
12 (Olmstead & Palmer, 1992; Olmstead & Sweere, 1994). The genus contains very important
food plants such as potato (S. tuberosum), tomato (S. lycopersicum), and eggplant (S.
melongena). Centres of diversity of Solanum species cluster in the Southern Hemisphere,
most importantly in South America (Edmonds & Chweya, 1997). The hyperdiverse nature of
this genus, which represents almost 1 % of the angiosperm flora on Earth (Whalen & Caruso,
1983), makes it an extraordinary system to investigate its use for humans (Knapp et al., 2004).
In recent years, the use of this group as a genetic resource for cultivated Solanum species has
been investigated. Since most cultivated plants lose a lot of genetic variation during the

domestication process, they are extremely susceptible to all kinds of biotic and abiotic
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stresses. For example, the spread of pathogens in green houses or fields is a major problem in
agriculture. As wild relatives of cultivated species usually show higher tolerance to

environmental factors, they serve as genetic resources for plant breeding.

Wild tomatoes are an interesting plant species to study evolutionary biology for several
reasons, including the availability of cultivated tomato genomic resources, the recent
divergence of the Solanum species, their clear phenotypic distinction (Peralta et al., 2008),
and the diversity of mating systems (Spooner et al., 2005; Moyle, 2008). For a long time,
tomatoes constituted the genus Lycopersicon, but recent taxonomic revision suggested
grouping them in the genus Solanum (section Lycopersicon) together with potato and the
eggplant (Spooner et al., 1993; Peralta & Spooner, 2001). Most Solanum sect. Lycopersicon
species are native to western South America (Ecuador, Peru, and Chile), along the western
and eastern Andean slopes, but with two endemic species on the Galapagos islands (Spooner
et al., 2005). According to the latest taxonomical classification, tomatoes consist of 12 wild

species and their cultivated relative, S. lycopersicum (Spooner et al., 2005).

In this thesis, I investigated four wild tomato species that show differences in their
ecological habitats and features: S. arcanum, S. chilense, S. habrochaites, and S. peruvianum
(with the main focus on the sister species S. chilense and S. peruvianum). Solanum
habrochaites occurs from central Ecuador to central Peru (Fig. 1.1) and can dwell in dry
costal areas as well as in clouded forests up to 3,600 m (Peralta et al., 2008). Solanum
peruvianum (sensu stricto) is distributed from central Peru to northern Chile (Fig. 1.1) and
inhabits a variety of habitats, from coastal deserts to river valleys (Peralta et al., 2008).
Furthermore, it may be found at field edges, unlike other Solanum species (Chetelat et al.,
2009). Recently, S. peruvianum (sensu lato) was split in four species, including S. arcanum
(Peralta et al., 2005) which represents the former northern distribution of S. peruvianum sensu
lato in northern Peru (Fig. 1.1). The species inhabits Andean valleys and rocky slopes and can
be subject to rain shadows (Peralta er al., 2008). Solanum chilense is distributed from
southern Peru to northern Chile (Fig. 1.1) and inhabits arid plains and deserts (Peralta et al.,
2008). It also shows a broad range in elevation from sea level up to 3,500 m (Chetelat et al.,
2009). The species is known to be robust and drought tolerant and can dwell in hyperarid
areas due to its well-developed root system (Moyle, 2008; Peralta et al., 2008). In fact, the
potential distribution of S. chilense is predicted to be mostly determined by the annual
precipitation (Nakazato et al., 2010). Studies of S. chilense and S. peruvianum revealed
population subdivision (Roselius et al., 2005) and apparently population structure has played

an important role in the evolution of wild tomatoes (Arunyawat et al., 2007). Other studies
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suggested that both species diverged under residual gene flow (Stidler ef al., 2005; Stidler et
al., 2008). Taking the difference in range and habitat of these species into account, differences
of environmental cues as described by Xia ef al. (2010) can be expected. This diverse
environmental distribution makes wild tomato species an ideal model organism to study local

adaptation.

Figure 1.1 Map of West South

Ecuador America showing the distribution of

four wild tomato species: S.
habrochaites (purple), S. arcanum
(yellow), S. peruvianum sensu stricto
(orange) and S. chilense (light blue).
Map by C. Merino and T. Stidler.

Pacific
Ocean



1.5. The scope of this thesis

The aim of this project was to detect local adaptation at genes involved in stress response
in the non-model organism of wild tomato. We achieved this by three projects. In the first
project we wanted to qualify the effects (adaptive or deleterious) of new mutations in four
wild tomato species (S. arcanum, S. chilense, S. habrochaites, S. peruvianum) which inhabit
different environments. By doing so, we wanted to gain insight into the potential for
adaptation and the strength of purifying selection within these species. We accounted for
structure within the Solanum species by comparing the pattern observed on synonymous sites
(which are evolving under neutrality) to the patterns at non-synonymous and non-coding sites.
Our goal for the second project was to investigate the evolutionary forces acting on different
members of the Asr gene family in the closely related species S. chilense and S. peruvianum.
We employed a population genetics approach to analyze a larger dataset than previous studies
(Frankel et al., 2003; Frankel et al., 2006; Giombini et al., 2009) by using several populations
from different environments. The fact that demography acts on the whole genome, whereas
selection affects only restricted genomic regions, allowed us to detect selection on our
candidate genes by comparing them to a set of reference loci previously described by
Arunyawat et al. (2007) and Stadler er al. (2008). For the third project, we analyzed the
relative expression of Asrl, Asr2, Asr4, and pLC30-15 in drought and cold stressed S. chilense
and S. peruvianum accessions from contrasting environments to determine differences in gene
expression kinetics. These differences can be expression intensity, speed, or variances
depending on the type of stress or the gene copy. As Asr3 and Asr5 cannot be distinguished at
their coding region, they were excluded from this study. Population genetic analysis has
provided evidence for local adaptation at Asr2, Asr4, and pLC30-15 (Giombini et al., 2009;
Xia et al., 2010). We therefore sequenced the regulatory regions of these genes from the same
populations in order to investigate the evolutionary forces shaping them. In addition, we
wanted to identify conserved cis-acting elements. The general aim of my thesis was to gain a
better understanding of the evolution of natural populations and their potential to adapt to

changing environments.
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A key issue in evolutionary biology is an improved under-
standing of the genetic mechanisms by which species adapt to
various environments. Using DNA sequence data, it is possible
to quantify the number of adaptive and deleterious mutations,
and the distribution of fitness effects of new mutations (its
mean and variance) by simultaneously taking into account the
demography of a given species. We investigated how selection
functions at eight housekeeping genes of four closely related,
outcrossing species of wild tomatoes that are native to diverse
environments in western South America (Solanum arcanum,
S. chilense, S. habrochaites and S. peruvianum). We found
little evidence for adaptive mutations but pervasive evidence
for strong purifying selection in coding regions of the four

species. In contrast, the strength of purifying selection seems
to vary among the four species in non-coding (NC) regions
(introns). Using Fst-based measures of fixation in subdivided
populations, we suggest that weak purifying selection has
affected the NC regions of S. habrochaites, S. chilense and
S. peruvianum. In contrast, NC regions in S. arcanum show a
distribution of fitness effects with mutations being either nearly
neutral or very strongly deleterious. These results suggest that
closely related species with similar genetic backgrounds but
experiencing contrasting environments differ in the variance of
deleterious fitness effects.
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Introduction

Mutations are the raw material of evolution. To under-
stand the nature of quantitative variation, and thus the
potential and speed of adaptation of species to various
environments, it is important to determine the positive or
negative fitness effects of new mutations. The distribu-
tion of fitness effects of new mutations (henceforth
denoted DFE) specifies the probability of a new mutation
having a given fitness effect. Quantifying the DFE is
a key predictor of the potential for adaptation of a
population due to mutations with positive fitness effects,
as well as a predictor of the decrease in fitness following
the accumulation of deleterious mutations (Eyre-Walker
and Keightley, 2007). Purifying selection against deleter-
ious mutations increases the proportion of low-frequency
alleles, and it reduces the effective population size and,
thus, the levels of neutral heterozygosity at linked loci or
sites (Charlesworth et al., 1993). Measuring the strength
of purifying selection is particularly important for
designing strategies to conserve species with small
population sizes, and to understand the appearance
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and maintenance of low-frequency genetic diseases in
humans.

The strength of purifying selection can be measured
by the two parameters of the DFE: the mean E(s) and
the variance V(s) of the distribution of the selection
coefficient s for each new mutation (Eyre-Walker and
Keightley, 2007). Using mutation accumulation lines, it
has been shown that E(s) differs among species of
bacteria and Drosophila, as well as between the yeast
Saccharomyces cerevisiae, the nematode worm Caenorhab-
ditis elegans, and the model plant Arabidopsis thaliana, taxa
characterized by very different genome sizes and
genome organization (Martin and Lenormand, 2006b).
Moreover, mutations tend to be more deleterious
(higher E(s)) and less variable (small V(s)) in more
‘complex’ organisms, as defined by their genome size
(Martin and Lenormand, 2006b). Interestingly, for a
given species, a newly arising mutation will exhibit
different fitness effects depending on the environmental
(biotic and abiotic) conditions. In other words, the mean
mutation effect E(s) is fixed for the species, whereas V(s)
may vary across environments. For example, higher
variance of the DFE is observed in more stressful
environments (Martin and Lenormand, 2006a). These
results may also suggest that recently diverged
species that occupy different environments might show
similar DFE means but different variances of selection
coefficients. A key evolutionary question is whether
these theoretical expectations are general for all animal
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and plant species, as well as for coding and non-coding
(NC) regions.

More recent methods to measure the DFE rely on using
polymorphism data at synonymous (S) and non-synon-
ymous (NS) sites summarized as the site-frequency
spectrum, that is, the allele frequency distribution
observed in a population sample. Quantifying direc-
tional selection (purifying and positive) using the site-
frequency spectrum is a powerful approach, but its
effectiveness relies on distinguishing the signature of
selection in polymorphism data from that of demo-
graphic processes. Indeed, similar patterns of genetic
diversity and site-frequency spectra, such as an excess of
low-frequency polymorphisms, can occur because of the
demographic events (population expansion) or because
of purifying selection (Eyre-Walker and Keightley, 2007).
Methods to measure selection, thus, attempt to estimate
the past demography of species, usually based on S sites,
and simultaneously or subsequently compute the effects
of selection (positive or negative) on NS and NC sites
(Eyre-Walker and Keightley, 2007). Such methods have
so far been applied mainly to model organisms for
which genome-wide polymorphism data are available
(humans, Drosophila, S. cerevisine and Arabidopsis; Wright
and Andolfatto, 2008; Eyre-Walker and Keightley, 2009;
Keightley and Eyre-Walker, 2010; but see Gossmann
et al., 2010 and Slotte et al., 2010 for recent studies on
other plant species).

As a first step, we use simulations to evaluate the
robustness of the method of Eyre-Walker and Keightley
(2009) for estimating the DFE parameters when only a
limited set of 100-300 single-nucleotide polymorphisms
(SNPs) and 40-50 sampled alleles are available (for
rationale, see Materials and methods). The DFE para-
meters (E(s) and V(s)) can not be accurately estimated
with such a low number of SNPs (Keightley and Eyre-
Walker, 2010). Using simulated datasets, we show,
however, that statistically significant differences can be
inferred between the shapes of the DFE for neutral
mutations, weakly deleterious mutations and strongly
deleterious mutations. We also show that the statistical
differences between DFE shapes observed across species
are robust under population expansion.

The populations of most (if not all) plant species are
spatially sub-structured to some extent. Spatially struc-
tured populations with demes connected by migration
can lead to patterns of nucleotide diversity dramatically
different from those expected in a single panmictic
population. For example, the efficacy of positive (nega-
tive) selection is affected in spatially structured popula-
tions, because drift and migration can counteract the rise
(or decrease) in frequency of favorable (unfavorable)
alleles. Specifically, the time required for deleterious
mutations to be eliminated from a single panmictic
population with a given effective population size N is
shorter than in a structured population with similar N,.
This occurs when gene flow is low, because genetic drift
counterbalances the effect of negative selection in demes
with small effective size (Whitlock, 2003). Moreover,
because selection prevents deleterious mutations from
reaching high frequencies, such polymorphisms are
mostly private to particular demes rather than shared
among subpopulations (Fay et al., 2001; Whitlock, 2003).
For a given level of migration and mutation rate, both
real genetic differentiation (sensu stricto Jost, 2008) and
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the traditional fixation index Fgr, thus, ought to be higher
at sites under purifying selection compared with sites
under neutral evolution, assuming linkage equilibrium
between sites (Charlesworth et al., 1997). However, for
cases in which the effective size per deme, migration
among demes and recombination rates are small, the
fixation index Fgr can be lower under purifying selection
compared with neutral evolution (Pamilo ef al., 1999).
This suggests that (i) very strong purging of deleterious
mutations in addition to small recombination rate, and
(ii) absence of purifying selection can give similar
patterns of Fsr because migrants possess a fitness
advantage (Charlesworth et al., 1997; Pamilo et al., 1999).

The main empirical objective of this study is to
investigate the strength of purifying selection in four
closely related wild tomato species: Solanum peruvianum,
S. chilense, S. habrochaites and S. arcanum. These species
are native to western South America, their composite
geographic ranges extending from central Ecuador to
northern Chile. Collectively, they occupy diverse ecolo-
gical habitats, with abiotic environments varying from
mesic to extremely xeric conditions (Nakazato et al.,
2010). These species are proposed to exist as structured
populations with many demes (over 100) linked by
migration (Arunyawat et al., 2007; Stddler et al., 2009;
Nakazato et al., 2010). We test the prediction that the
mean E(s) of the DFE is identical among habitats and
species, but that V(s) differs. We quantify and compare
the strength of purifying selection acting on coding
regions and on NC (intronic) regions for eight nuclear
loci with putatively known housekeeping functions.
These housekeeping genes are conserved among the
species, and we thus expect strong purifying selection
acting on their coding sequences. We also assess whether
purifying selection acts on the intronic regions.

The four closely related wild tomato species studied
here are characterized by fragmented population struc-
ture and various degrees of local adaptation to abiotic
conditions (Xia et al., 2010). Thus, our second objective is
to investigate how spatial structure of populations affects
the efficacy of purifying selection. We quantify the
strength of purifying selection using the distribution
of deleterious mutations among populations at the
eight studied loci, using Fsr-based methods (Foll and
Gaggiotti, 2008). Finally, we compare the strength of
selection inferred at the species level (that is, via the
species-wide DFE) with that based on estimates of the
fixation index across each structured population of
species.

Materials and methods

Plant material and DNA sequencing

Solanum section Lycopersicon consists of 13 nominal
species found in a relatively small area in western Peru,
Chile and Ecuador and includes the domesticated
tomato, Solanum lycopersicum (formerly L. esculentum;
Peralta et al., 2008). These species are closely related
diploids (2n=24) sharing a high degree of genomic
synteny (Ji and Chetelat, 2007). The four studied species,
S. chilense, S. peruvianum, S. arcanum and S. habrochaites
are characterized by spatially structured populations
(Arunyawat et al., 2007). For this study, new population
samples were collected in central and northern Peru by



T Stddler and C Merino in September 2006: Canta,
Otuzco, Contumaza and Lajas for S. habrochaites, and
Otuzco, Rupe, San Juan and Cochabamba for S. arcanum.
The population samples and geographic locations
are summarized in Supplementary Table S1. Voucher
specimens have been deposited at the herbarium
of the Universidad San Marcos (Lima, Peru). Basic
population genetic analyses of nucleotide polymorphism
within species and divergence among species will be
published elsewhere (CM, AT, WS and TS, unpublished
data).

For each sampled population, usually five or six
diploid individuals (that is, 10 or 12 alleles) were
sequenced at eight unlinked nuclear loci that were
previously studied in similarly sized samples of
S. chilense and S. peruvianum (CT093, CT208, CT251,
CT066, CT166, CT179, CT198 and CT268; Arunyawat
et al., 2007). These loci are single-copy complementary
DNA markers originally mapped by Tanksley et al. (1992)
in genomic regions with different recombination rates
(Stephan and Langley, 1998). The gene products puta-
tively perform key housekeeping functions, and thus
purifying selection is suggested to drive their evolution
(Supplementary Table S2; Roselius et al., 2005). Genomic
DNA was extracted from silica-dried tomato leaves using
the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden,
Germany). PCR primers were the same as developed for
our previous studies, and PCR conditions followed those
of our previous studies of the same loci in S. peruvianum
and S. chilense (Arunyawat et al., 2007); PCR primer
information can be accessed at http://evol.bio.Imu.de/
downloads/index.html.

PCR amplification was performed with High Fidelity
Phusion Polymerase (Finnzymes, Espoo, Finland), and
all PCR products were examined with 1% agarose gel
electrophoresis. Generally, direct sequencing was per-
formed on PCR products to identify homozygotes and
obtain their corresponding sequences. For heterozygotes,
a dual approach of both cloning before sequencing and
direct sequencing was used to obtain the sequences of
both alleles. As before, we developed a series of allele-
specific sequencing primers whose 3'-end was anchored
on identified SNPs or indels (for details of this approach,
see Stddler ef al., 2005). Haplotype phase was thus
completely resolved for all sequences. Sequencing reac-
tions were run on an ABI 3730 DNA Analyzer (Applied
Biosystems and HITACHI, Foster City, CA, USA). Two
alleles were sequenced for each individual, and a total of
39-52 sequences were obtained for each locus x species
combination. Contigs of each locus were first built and
edited using the Sequencher program (Gene Codes, Ann
Arbor, MI, USA) and adjusted manually in MacClade 4
(version 4.06 for OS X, Sinauer Associates, Sunderland, MA,
USA). The new sequences for S. habrochaites and S. arcanum
have been deposited in GenBank under accession numbers
GU950656-GU951412. In addition, this study also analyzes
our previously published sequences sampled from each of
four populations in both S. peruvianum and S. chilense,
as well as outgroup sequences from tomato relatives
(Baudry et al., 2001; Roselius et al., 2005, Arunyawat
et al., 2007). We also included one previously sequenced
sample of S. habrochaites, which was obtained from
the Tomato Genetics Resource Center at UC Davis
(http:/ /tgrc.ucdavis.edu; accession LA1775, ‘Ancash’,
see Supplementary Table S1 and Stddler et al., 2005).
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Basic analyses of the sequence data

For each species, we analyzed polymorphic sites per
locus and for all concatenated loci together, using the
three categories of sites: S, NS and NC or intronic
polymorphic sites. We allowed for multiple hits and
polarized nucleotide states as ancestral or derived using
either S. ochranthum or S. lycopersicoides as outgroups
(depending on availability; Roselius ef al., 2005; Arunyawat
et al., 2007). We quantified the strength of purifying
selection at the species level by analyzing the pooled
samples within species, that is, all four or five popula-
tions together, because these should best represent the
species-wide diversity (Stadler et al., 2009).

Tajima’s D (Dy; Tajima, 1989) summarizes the site-
frequency spectrum. Statistically significant deviations
from zero suggest that a locus has not evolved under
neutrality, or that past demographic events have affected
the site-frequency spectrum. We also conducted tests
based on a comparison of the divergence between two
species, taking into account the ratios of S and NS
substitutions to the ratios of S and NS polymorphisms
(K,/Kg and m,/m, ratios), the McDonald and Kreitman
(1991) test and the proportion of adaptive substitutions o
(Bierne and Eyre-Walker, 2004). Statistical analyses were
performed using DnaSP v. 5.0 (Librado and Rozas, 2009)
and the program SITES (Hey Lab, Department of
Genetics, Rutgers University).

Partitioning polymorphic sites and the site-frequency
spectra

We computed the total number of S and NS sites
(including segregating and non-segregating) using the
approximate method yn00 of Yang and Nielsen (2000), as
implemented in phylogenetics analysis and maximum
likelihood. This method takes into account transition/
transversion rate bias and base/codon frequency bias.
The size of the coding regions, number of S sites and
NS sites are found in Supplementary Table S2, using
S. habrochaites as an example. All models of sequence
evolution used here assume that all sites have the same
mutation rate and that no multiple hits occur. We thus
corrected for multiple hits in our datasets by calculating
the number of substitutions and polymorphisms (S, NS
and NC) using the DnaSP conservative criteria (Nei and
Gojobori, 1986).

We first calculated the simplified version of the site-
frequency spectrum comprising three categories devel-
oped by Fay ef al. (2001). The minor allele at each
polymorphic SNP is called ‘rare’ if its frequency is <5%,
‘intermediate’ if the frequency is between 5% and 20%,
and ‘common’ if its frequency is >20%. These categories
of SNP frequencies are calculated for the pooled samples
(39-60 sequences, depending on the locus and species)
separately for S, NS and NC sites. The proportions of
polymorphism S*, NS* and NC* are computed for each
frequency class (rare, intermediate and common), where
asterisk (*) denotes the ratio of the number of SNPs over
the total number of sites (Fay et al., 2001). Calculations
were made using R scripts (R Development Core Team,
2005).

Under simplified assumptions, NS and NC sites
fall into three classes: neutral, slightly deleterious
and strongly deleterious (Fay et al., 2001). Neutral NS
or NC sites are responsible for all common SNPs in the
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site-frequency spectrum and a portion of rare and
intermediate SNP classes. Slightly deleterious mutations
account for the excess of rare-frequency polymorphism,
as well as a small fraction of the intermediate-frequency
SNPs. Strongly deleterious mutations are assumed to
rarely rise to detectable frequency (Fay et al., 2001). The
proportion of NS and NC SNPs in each class is compared
with that observed for the S ones. S sites are assumed to
be neutral and their site-frequency spectrum thus only
determined by past demographic events and population
structure. Under purifying selection, an excess of rare-
frequency polymorphisms at NS and NC sites is thus
expected compared with the proportion of rare-
frequency polymorphisms at S sites. On the other hand,
similar frequencies of common SNPs are expected for the
various classes, reflecting the effectively neutral evolu-
tion of common SNPs. The quantities 1-NS*/S* and
1-NC*/S* thus indicate the proportion of sites under
selection for NS sites and NC regions, respectively (Fay
et al., 2001).

Simulation analyses to estimate the DFE parameters
We aim to estimate the demography, the DFE parameters
and o simultaneously for each of the four wild tomato
species, using the maximum likelihood method of Eyre-
Walker and Keightley (2009). This method is available on
PD Keightley’s web server (http:/ /homepages.ed.ac.uk/
eang33/) and can be summarized as follows. The
demographic model is a simple one-step population size
change from Nj (ancestral population size) to N, =N,,
the present effective population size, assumed to be at
equilibrium between mutation, selection and drift. The
population expansion (N;<N,) or contraction (N> Np)
occurred f-generations ago. Each deleterious mutation
has a different fitness coefficient s, which is assumed to
be drawn from a y distribution with shape parameter b
and mean parameter NE(s)=N.E(s) (Keightley and
Eyre-Walker, 2007). It is also assumed that there is a
class of neutral sites at which mutant alleles have no
effect on fitness. For diploid organisms, the relative
fitness of the wild-type genotype, heterozygous mutant
and homozygous mutant genotype is 1, 1-s/2 and 1-s,
respectively (Eyre-Walker and Keightley, 2009). In a
second step, the rate of positively selected mutations o is
estimated for coding regions. The demography and the
DFE parameters are thus used to predict the expected
number of substitutions due to deleterious mutations,
and the difference between this expected number and the
observed number of substitutions yields an estimate of «
(Eyre-Walker and Keightley, 2009). In addition, we use
the DoFE software available at A. Eyre-Walker’s website
(University of Sussex, Brighton, UK) (Bierne and Eyre-
Walker, 2004), a method based on the MK test (McDonald
and Kreitman, 1991) to estimate «. Unlike Eyre-Walker
and Keightley (2009), the DoFE method does not take the
demography of each species explicitly into account, and
NS mutations segregating within a species are assumed
to be neutral.

The accuracy of DFE parameter estimates has been
tested so far only for datasets with large numbers
of SNPs (>1000; Eyre-Walker and Keightley, 2009).
We assessed the accuracy of these parameter estimates
for datasets mimicking our available wild tomato
sequence data. The software SFS code available at
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R. Hernandez website (http://sfscode.sourceforge.net/
SFS CODE) (Hernandez, 2008) was used to simulate a
panmictic population with a sample of 20 diploid
individuals (that is, 40 chromosomes) sequenced at eight
loci of 1250bp each, using two demographic scenarios:
constant population size and a fivefold expansion, the latter
occurring t=0.8 x4 N, generations ago. The population
mutation parameter of the ancestral population ¢, varies
from 0.005 to 0.02, and 50 simulations with a number of S
segregating sites between 100 and 200 were retained for
analysis. We simulated 50 independent datasets for a given
set of DFE parameter values for the NS mutations with
increasing deleterious coefficients (—N.E(s) =5, 50, 500 and
5000), as well as 50 datasets with only neutral mutations.
The shape of the deleterious DFE distribution was fixed at
b=0.1. This value is conservative for assessments of power,
as for strongly leptokurtic shapes the estimates of the mean
and variance of the y distribution are most inaccurate
(Keightley and Eyre-Walker, 2010). Similar simulations
were run with a more platikurtic y distribution (b= 50).

Strictly speaking, datasets with only neutral mutations
do not have a DFE because 100% of the mutations are in
the range 0<—Nes<1. However, in our simulations,
datasets with relatively low numbers of neutral SNPs
may show departures from the neutral site-frequency
spectrum, and thus a DFE is estimated by the method
of Eyre-Walker and Keightley (2009) with mutations
including —Nes>1.

We recorded the means of estimates and the root mean
square error of the ratio of current and ancestral effective
population size (N/Np), the time of expansion (t/4N)
and the shape of the DFE y distribution (b). Root mean
square error is the square root of the average squared
difference (over ng, =50 datasets) between the estimated
value and the simulated value, divided by the simulated
value. We also recorded the proportions of mutations
in different —N,s ranges (0<—Ns<1; 1<—Ngs<10; 10<
—Nes<100; 100 < —N,s). Multiple mean comparisons were
performed for the proportions of mutations in different
—Ns ranges as a Tukey’s honestly significantly different test
(confirmed by a Bonferroni test), as implemented in the R
software (R Development Core Team, 2005).

DFE and demography estimates for each tomato species
We concatenated the eight loci using all polymorphism
data (shared and private among species) for each species,
and estimated the ratio of current and ancestral effective
population size (N»/N;), the time of expansion (t/4N>)
and the shape of the DFE y distribution (b) for the NS and
NC sites. Means and standard errors of parameter
estimates were obtained using 50 bootstraps for each
site type and each species. This method assumes that
all sites are unlinked, which is in broad agreement
with previous studies revealing that S. peruvianum and
S. chilense exhibit high values of the population recombi-
nation parameter (Stephan and Langley, 1998; Arunyawat
et al., 2007). The number of SNPs used for estimations is
shown in Table 1 and Supplementary Table S7.

Purifying selection and population structure

Assuming linkage equilibrium and that polymorphism
at S sites is mainly driven by past changes in population
size and population structure, purifying selection is
expected to increase the within-species fixation index
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Table 1 Multilocus values of Tajima’s Dt per species for the pooled
samples (arithmetic means across eight loci)

Species Site category Number of SNPs Average Dr
S. peruvianum Synonymous 278 —0.825
Silent 616 —0.985
All sites 742 —1.061
S. chilense Synonymous 189 -0.227
Silent 402 —-0.301
All sites 518 —0.527
S. habrochaites Synonymous 84 —0.322
Silent 202 —0.526
All sites 260 —0.757
S. arcanum Synonymous 171 —0.809
Silent 377 —0.704
All sites 457 —0.731

Abbreviation: SNP, single-nucleotide polymorphism.

SNPs are grouped by categories: synonymous, silent sites (that is,
non-coding and synonymous) and all sites. The number of SNPs for
each class is indicated for each species.

Fsr at the NS and NC sites, compared with S sites
(Charlesworth et al., 1997, Whitlock, 2003). This is
because negative selection changes the depth and shape
of the underlying coalescent, reducing the effective
population size with effects analogous to the increased
rates of genetic drift in smaller populations (for example,
reduced nucleotide diversity, higher Fsr). However, very
strong purifying selection (markedly reduced nucleotide
diversity) and linkage disequilibrium can decrease the
within-species fixation index Fsr at the NS and NC sites,
compared with S sites (Pamilo et al., 1999).

We estimated Fgr values within species (that is, using all
population samples available per species) across all
polymorphic SNPs, using the BayeScan program by Foll
and Gaggiotti (2008). For each type of site (S, NS and NC),
we compared the distribution of Fgr values for all
polymorphic SNPs within each species. Because of the
non-normal distribution of Fsr values, non-parametric
statistical tests were used to compare the Fsr distributions
for the different types of sites. The effect of site type (that
is, NC, S or NS) on the distribution of Fgt was evaluated
using a one-way Kruskal-Wallis test. If the effect of site
type was significant at the 5% level, we used pairwise
Wilcoxon tests to determine which type of site exhibits
higher Fsr values (R Development Core Team, 2005).

Results

Evidence for purifying selection

The pooled population samples show an excess of
low-frequency variants at S sites for S. peruvianum and
S. arcanum, indicating marked species-wide expansions
(strongly negative D; Table 1). A comparison of S and
silent sites (5S4 NC) indicates that NC regions exhibit a
slight excess of low-frequency polymorphisms at the
species level, except in S. arcanum. Considering all
polymorphic sites (S+NC+NS) together yields lower
(more negative) Dt values than those for silent sites,
indicating that purifying selection acts on coding regions
by keeping NS deleterious mutations at low frequency
(except in S. arcanum; Table 1; Supplementary Table S3).
Methods based on divergence show low power to detect
signatures of selection at these loci. The K,/K; ratios are
lower than one for all species and all loci (Supplementary
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Table S5), and loci CT166 and CT208 contain no or very
few NS SNPs. However, the McDonald-Kreitman test
does not show significant departures from neutrality,
except for two marginally significant loci: CT066 in
S. habrochaites and CT198 in S. arcanum (Supplementary
Table S4). These tests of neutrality indicate that the
strength of purifying selection varies between loci
(Supplementary Tables S3-S5). Note, however, that
the signature is identical across species. For example,
loci CT208 and CT166 show a similar lack of NS
polymorphism, i.e. evidence for strong purifying selec-
tion, in all four species.

Values of NS*/S* and NC*/S* indicate the presence of
purifying selection acting on these genes. In coding
regions, 85-89% of the sites are under purifying selection
in all species (Supplementary Table S6). In introns, 24-30%
of the sites are under purifying selection in S. arcanum,
S. chilense and S. habrochaites, but this proportion reaches
62% for S. peruvianum (Supplementary Table S6).

We find no evidence of positive selection acting on
these eight genes. Both the methods of Bierne and Eyre-
Walker (2004) and Eyre-Walker and Keightley (2009)
infer the proportion of adaptively driven substitutions
(@) to be negative or not different from zero in all species.
Indeed, « values estimated by the method of Eyre-Walker
and Keightley (2009) are included in the confidence
intervals obtained by the DoFE method of Bierne and
Eyre-Walker (2004) and are centered around zero
(Supplementary Table S8).

Distribution of fitness effects

Estimates from simulated datasets: On the basis of only
100200 SNPs, demographic and DFE parameters are
mostly overestimated by Eyre-Walker and Keightley’s
(2009) method. In fact, population expansion is inferred
in cases with no expansion and the expansion factor
is overestimated in simulated expansion scenarios
(Table 2). The root mean square error of estimates of
the expansion factor increases with increasing
deleterious mutation effects (increasing —N,E(s);
Table 2) and the simulated time of the expansion
(t/4N,=0.8) was correctly estimated only once for
—N.E(s) =5 (Table 2). Therefore, the method of Eyre-
Walker and Keightley (2009) cannot be used to derive
meaningful demographic estimates for our wild tomato
species using the current datasets.

We find that the mean and the shape of the distribution
of fitness effects cannot be retrieved with such a small
number of SNPs when assuming a shape b=0.1 of the y
distribution. The estimated means (—N.E(s)) are not
informative, as they range from very small to extremely
large values for all simulated datasets (Supplementary
Table S9). Therefore, the shape b of the DFE is always
overestimated, except when high —N.E(s) values are
simulated (500 and 5000 in Table 2). The log likelihood
ratios for the fit to the data are higher for simulated
datasets without population expansion and with low
selection coefficients (—N.E(s) =5 or 50; Supplementary
Table S9). For our low number of SNPs, the method of
Eyre-Walker and Keightley (2009) has no statistical
power to jointly estimate the shape and the scale of the
DFE, because they both influence the mean and the
variance of the DFE (Keightley and Eyre-Walker, 2010;
PD Keightley, personal communication).
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Table 2 Results of power analyses for estimates of demographic and DFE parameters

—N.E(s) Expansion N,/N;q RMSE (N,/Ny)* t/4N, RMSE (t/4N,)* b RMSE (b)
0 (Neutral) None 4.37 (0.5 — 4.37 (1.57) — 8.39 (3.84) 28.42
Fivefold 4.97 (0.1) 3.57 1.76 (0.5) 3.71 17.93 (5.1) 3.71
5 None 6.63 (0.46) — 0.8 (0.28) — 20.68 (5.6) 44.72
Fivefold 7.08 (0.42) 3.6 0.77 (0.10) 0.73 17 (5.17) 0.73
50 None 6.9 (0.47) — 1.29 (0.32) — 17.4 (5.13) 40.18
Fivefold 5.95 (0.41) 3.07 0.53 (0.08) 0.67 6.06 (3.35) 0.67
500 None 7.03 (0.41) — 0.5 (0.16) — 7.89 (3.72) 27.43
Fivefold 7.6 (0.51) 4.47 1.3 (0.08) 0.73 0.13 (0.02) 0.73
5000 None 6.57 (0.46) — 0.8 (0.26) — 0.09 (0.01) 0.07
Fivefold 8.15 (0.45) 4.48 1.38 (0.1) 0.9 0.095 (0.008) 0.9

Abbreviations: DFE, distribution of fitness effect; RMSE, root mean square error.

Estimated parameters are the ratio of current and ancestral effective population size (N,/Ny), the time of expansion (t/4N,), and the shape of
the DFE y distribution (b). Means of estimates (standard error) and RMSE were calculated using 50 independent simulated datasets with true
parameter values: —N.E(s) =0, 5, 50, 500 and 5000, N>/N; =5, t/4N,=0.8 and b=0.1.

“The RMSE of the expansion factor or time of expansion was not calculated in simulations with constant population size.

This means that on the basis of the joint estimates of
—N.E(s) and b, one cannot distinguish neutral mutations
from purifying selection if the y distribution is leptokur-
tic and skewed toward very strongly deleterious muta-
tions (b =0.1). The shape of the DFE, b, can be estimated
for strong purifying selection (—N(E(s)>500). We ob-
served that estimations of —N. do not show such
extremely large values when the shape of the vy
distribution is 50 (data not shown). The mean log
likelihood of the estimates is higher than —1300, much
higher than that for b=0.1, but joint estimates of the
shape and the scale are still unreliable (data not shown).

To circumvent the lack of power to jointly estimate the
mean and variance of the DFE, we test the accuracy
of summarizing the DFE for comparing distributions
with different —N.E(s) and variances. The DFE can be
summarized as four values representing the proportions
of mutations falling into given ranges of —N.E(s), as used
by Gossmann ef al. (2010) and Keightley and Eyre-Walker
(2010). We show that this summary of the DFE can
discriminate between the different purifying selection
regimes (Figures la and b). The means and standard
errors for the estimated proportions of neutral mutations
(in the range 0<—Nes<1) and of very strongly deleter-
ious mutations (—Nes>100) are statistically significant
between neutral simulations and those with purifying
selection (Figure 1). We can thus statistically distinguish
between the DFE shape of purifying selection regimes
differing by two orders of magnitude: between —Ns =5
and —N. =500 or between —N.s=50 and —N.s = 5000
(Figure 1; Tukey honestly significantly different multiple
test at P<0.01). Note also that there is a larger difference
in the proportion of neutral mutations (0<—Nes<1)
between the regimes of purifying selection under
population expansion (Figure 1b versus la). Furthermore,
combining results in Figures 1a and b, we demonstrate a
significant difference between the DFE shape of —Nes=5
with a fivefold expansion and —N.s=500 without
expansion, or between —Ns =50 with expansion and
—N,s =5000 without expansion (pairwise t-test, P <0.01).
Therefore, despite non-accurate estimation of demo-
graphic scenarios, we can distinguish weak purifying
selection under population expansion from strong purify-
ing selection in a stationary population.

Estimates for wild tomato species: For NS and NC sites,
the DFE has a negative mean for all species (—NE(s)),
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Figure 1 Estimates of the proportions of mutations in different —N,s
ranges for simulated datasets with various purifying selection
coefficients. (a) Under constant population size; (b) under a fivefold
population expansion, starting in the past at time 0.8 (in units of 4N,
generations). Neutral mutations (black solid line with diamonds),
—NE(s)=5 (long dashed gray line with rectangles), —NE(s)=>50
(short dashed black line with triangles), —NE(s) =500 (long dashed
black line with crosses) and —N.E(s)=5000 (gray solid line with
circles). Means + s.e. are shown for 50 independent simulated datasets
for each selection coefficient (means sharing a letter are not significantly
different at the 0.01 level according to a Tukey’s honestly significantly
different test). The demographic parameters are N,/N;=5 and
t/4N,=0.8, and the shape of the y distribution (DFE shape) b=0.1.
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Figure 2 Proportions of mutations in different —Nes ranges
estimated for the four wild tomato species. (a) DFE parameters
for non-synonymous polymorphisms; (b) DFE parameters for non-
coding polymorphisms. S. chilense (gray solid line with diamonds),
S. habrochaites (long dashed gray line with rectangles), S. peruvianum
(black solid line with triangles) and S. arcanum (short dashed line
with crosses). Means + s.e. were calculated for each species using 50
bootstraps (means sharing a letter are not significantly different
at the 0.01 level according to a Tukey’s honestly significantly
different test).

confirming that negative purifying selection is the main
force driving the molecular evolution of these loci.
Estimates of the shape of the y distribution show that
most species have a leptokurtic DFE distribution, with
the notable exception of S. peruvianum for NC sites
(Table 3, estimated b~82). All species exhibit a majority
of very strongly deleterious mutations at NS sites, with
S. peruvianum and S. arcanum experiencing stronger
purifying selection than the two other species
(Figure 2a). The estimates of b and —N.E(s) do not
reveal significant interspecific differences for means
and variances of the NS DFE (Table 3; Supplementary
Table S10).

The shape of the DFE estimated for the NC (intronic)
regions indicates weaker purifying selection than for NS
sites. This is demonstrated by the higher estimated
proportion of neutral mutations (0<—N.E(s)<1 in
Figure 2b) and lower proportion of strongly deleterious
mutations (—N.E(s)>100 in Figure 2b), compared with
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NS sites (and the much lower estimated —NAE(s);
Supplementary Table S10). In contrast to NS sites, we
did not observe excessively high estimates of —N.E(s),
indicating that the DFE estimation is more accurate for
intronic sites. Purifying selection on NC regions, how-
ever, seems to vary between species. S. arcanum shows
the highest variance in the DFE with many neutral and
weakly deleterious mutations (70%), as well as the
highest proportion of very strongly deleterious muta-
tions (15%; Figure 2b). S. peruvianum, on the other hand,
exhibits a very narrow DFE around —N.E(s)=5.1 with
b=82 (Table 3; Supplementary Table S10), indicating
weak purifying selection acting in intronic regions.
S. chilense and S. habrochaites exhibit shapes and means
of the DFE that are intermediate between these extremes
(Figure 2b; Table 3). The DFE of S. peruvianum is
significantly different from that of the other three species
in all ranges of —N.E(s) (Figure 2b). Note that, we report
the ratios of population sizes (N,/N;) and times of
expansion (t/N,) for each species based on S sites and
DFE calculations at the NS and NC sites (Table 3).
However, following the results from our power analyses
(Table 2), we may not interpret these values as robust
estimates of past demographic history for these species.

Purifying selection and population structure

Purifying selection increases the proportion of private
low-frequency polymorphisms within demes and results
in higher intraspecific Fsr values at NC and NS sites,
compared with those for S sites (Charlesworth et al.,
1997). In S. peruvianum, Fgr values for S sites are lower
than for NS sites but not different from those for NC sites
(Figure 3a). In S. chilense and S. habrochaites, all pairwise
comparisons show higher Fgr values for NC and NS sites
compared with S sites, with NC sites being intermediate
between lower Fsy values at S sites and higher values at
NS sites (Figures 3b and ¢, and Supplementary Informa-
tion, Section 2). In these three species, the Fsr-based
results thus agree with the DFE estimates presented
above. Purifying selection seems to be very strong in
coding regions, and thus Fsr for NS sites is higher than
for NC (and S) sites. The similar distribution of Fgr
values for NC and S SNPs in S. peruvianum indicates (at
best) weak purifying selection on NC sites (Figure 3a). In
contrast, S. arcanum shows no significant difference
between NS and S sites and only a marginally significant
difference between S and NC sites (Figure 3d). Further-
more, and contrary to the general expectation outlined
above, NS and NC sites show lower mean Fgy values in
S. arcanum than do S sites.

Discussion

The goal of this study was to measure the strength and
distribution of purifying selection at eight housekeeping
genes in four closely related species of wild tomatoes.
Analyzing the species-wide DFE and patterns of Fsr
within species, we provide evidence for (i) very strong
purifying selection acting on NS sites in all species,
(ii) weak to strong purifying selection acting on NC
regions (introns), (iii) variability in the strength of
purifying selection among species in introns and (iv)
very low (or non-existent) levels of positive selection on
these genes. In the following we discuss how each
analysis supports these general conclusions.
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Table 3 Estimates of the ratio of current and ancestral effective population size (N,/Nj), the time of expansion (f/4N,) and the shape of the
DEFE y distribution (b) for pooled samples of the four wild tomato species

Species Non-synonymous sites Non-coding sites

N>/N; t/4N, b N/N; t/4N, b
S. peruvianum 4.2 (0.27) 0.17 (0.03) 0.16 (0.01) 6.03 (0.44) 0.37 (0.07) 82 (5.3)
S. chilense 8.12 (0.27) 0.04 (0.04) 0.35 (0.02) 7.7 (0.36) 248 (0.52) 29.6 (5.99)
S. habrochaites 1.68 (0.28) 8.3 (1.69) 0.26 (0.03) 4.44 (042) 0.88 (0.46) 24.7 (5.85)
S. arcanum 5.77 (0.45) 0.36 (0.05) 0.21 (0.02) 3.85 (0.39) 0.38 (0.1) 0.07 (0.021)

Abbreviation: DFE, distribution of fitness effect.

The means (standard error) of parameter estimates were calculated using 50 bootstraps.

a s. peruvianum b S. chilense
087
0.8
0.7 071
@ ]
% 06 1 _ _ g os
05 NS | - o L 051
g -] = ] g :
g 0.4 g 0.4+ = i
T 03 | 8 o034 :
v & :
: ] @
B 02 i i W 02
0.1 = 014
0.0 0.0 -
non-coding SYNONYMOUS  NON-Synonymous non-coding ynony non
[ S. habrochaites d S. arcanum
0.8 0.8 1
0.7 0.7
& o.s]' 2 o6
w | w
i 0.5 - E' 05+
0.4 - 1
g 5 0.4 i I
®™ 03 - 2 03 .
% : : i :
W 02 5 W 0.2
0.1 | 014 : o
0.0+ — - - —— 0.0+ - i
non-coding SYNONYMoUs  NON-synonymous ding synonymous  non-synenymous

Figure 3 Boxplots of Fgr distributions for non-coding, synonymous and non-synonymous polymorphisms. (a) S. peruvianum, (b) S. chilense,
(c) S. habrochaites, (d) S. arcanum. Whiskers extend from 0.25 to 0.75 quartiles. Fsr values that are >1.5 times the interquartile range from the
nearest quartile are displayed as diamonds, and for >3 times the interquartile range, they are displayed as crosses. The means of
distributions are indicated by full black rectangles. Results of pairwise Wilcoxon tests between the three classes of polymorphisms are
indicated below the boxplots as follows: *P<0.1; ***P <0.001; ns, non-significant (P-values are Bonferroni-corrected by the number of

pairwise comparisons).

Estimating the strength of purifying selection

We assessed the effect of purifying selection at the
species level by using the pooled sample of all popula-
tions for each species. On the basis of site-frequency
spectrum analysis (DFE estimates and D), purifying
selection characterized by a negative mean of the DFE
generates an excess of low-frequency polymorphisms
(Table 1; Fay et al., 2001; Whitlock, 2003; Keightley and
Eyre-Walker, 2007). This explains why we observe a
decrease in Dy values when comparing the different
types of sites (S, NC and NS; Table 1). Stronger purifying
selection on NS sites compared with introns is corrobo-
rated by more negative N.E(s) estimated for the NS DFE
in S. peruvianum, S. chilense and S. habrochaites (Figure 2a
versus Figure 2b). Such approaches based on the site-
frequency spectrum are more powerful to infer para-
meters of purifying selection, compared with using ratios
of polymorphism to divergence between species as in
the McDonald-Kreitman test (McDonald and Kreitman,
1991). However, such methods rely on discriminating the
signature of selection from that of demographic scenarios
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(Fay et al., 2001; Keightley and Eyre-Walker, 2007; Eyre-
Walker and Keightley, 2009). In our case, past demo-
graphic expansions have created an excess of low-
frequency polymorphism at the species level (Stadler
et al., 2008, 2009), which has to be taken into account
when measuring the DFE (Table 3). There is general
agreement on the strength of purifying selection between
our DFE estimates and the methodologically indepen-
dent fixation index analyses for three of the four species
(Fsr for S. chilense, S. peruvianum and S. habrochaites),
although inconsistency is found for S. peruvianum
between the DFE and Fgsr results and values of Tajima’s
Dy in NC regions (Table 1).

Note that both the DFE and Fsr analyses assume,
perhaps unrealistically, complete linkage equilibrium
between sites. A theoretical study showed that linkage
disequilibrium changes Fsr values at S sites compared
with NS sites if the recombination rate is five to ten times
lower than the mutation rate (Pamilo et al., 1999).
Nevertheless, to the extent that purifying selection on
NS sites affects the frequency of S polymorphisms due to



linkage disequilibrium (background selection, Charles-
worth et al., 1997), our analyses underestimate the
strength of purifying selection. This is because S sites
would then exhibit a site-frequency spectrum biased
toward low-frequency variants (lower Tajima’s D) and
higher Fsy, compared with a scenario with complete
linkage equilibrium among sites.

For S. arcanum, however, strong purifying selection is
inferred at NS and NC sites from the DFE analysis, but
Fst estimates for these site classes are lower than for S
sites. This result indicates that only neutral mutations
that increase in frequency due to drift are shared among
populations, whereas there is a lack of private low-
frequency polymorphisms. This pattern is also seen in
Tajima’s Dt, which is similar for S, silent and all sites
(Table 1 and Supplementary Table S3). In other words,
the S. arcanum site-frequency spectrum does not indicate
higher proportions of low-frequency variants at NC and
NS sites in excess of that seen at S sites. However, the
DEFE estimates take into account not only the difference
in skew of the site-frequency spectrum between S and
NC or NS sites, but also the ratio of segregating sites to
potential total sites (NS* or NC¥). In fact, when
considering the NS*/S* (and NC*/S*) ratios, purifying
selection is reflected by a paucity of segregating sites at
NS (or NC) sites compared with S sites. Our interpreta-
tion, thus, is that purifying selection in S. arcanum is very
strong, preventing deleterious mutations from segregat-
ing in the populations. As the effective population size of
this species is smaller than that of S. peruvianum and
S. chilense, one deduces that —E(s) should thus be large in
S. arcanum (compared with S. chilense and S. peruvianum).
Following results by Pamilo et al. (1999), we suggest that
a small effective size, very strong purifying selection and
potential linkage disequilibrium in this species might
account for the lower Fsr at NC and NS sites compared
with S sites.

Selection in coding regions

At the eight genes studied here, we find high levels of
functional constraint as seen by the elevated deleterious
effects of NS mutations. Approximately 90% of the NS
sites seem to be under selection (Supplementary Table
S6). These loci are housekeeping genes, chosen because
they are conserved among species (Roselius et al., 2005),
and thus it is unsurprising that they exhibit high levels of
purifying selection in coding regions for maintaining
their functions. Strong purifying selection was also found
in coding regions of other plant species (Gossmann et al.,
2010; Slotte et al., 2010).

In coding regions, many new mutations are either
nearly neutral or very strongly deleterious. Nearly
neutral mutations are expected to segregate in popula-
tions with frequencies mainly determined by genetic
drift, following the nearly neutral theory (Ohta, 1976).
Very strongly deleterious mutations are expected to be
eliminated, and thus should not reach high frequency.
Recent empirical findings provide evidence for such a
shape of the DFE; Fudala and Korona (2009) suggested
that it is an intrinsic property of mutations in coding
regions to be either nearly neutral, due to the redun-
dancy of protein function in biochemical pathways, or
nearly lethal if they hit key functions/amino acids in a
pathway/protein. Very strongly deleterious mutations
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may occur at active sites of the protein, and nearly
neutral ones at functionally less important sites.

There is no evidence for positive selection acting on
these genes in the four wild tomato species (x not
different from =zero; Supplementary Table S8). Two
explanations can be proposed. First, the genes were
initially chosen because they are conserved between
species and mainly encode housekeeping enzymes. As
such they do not represent a random sample of the
genome-wide DFE for these species. Second, these
species exhibit spatial structuring of populations (for
example, Arunyawat et al., 2007; Stadler et al., 2008).
Under population structure, mutations responsible for
local adaptation are not considered in species-wide
measures of fixed adaptive substitutions. Strong spatial
structuring is thus suggested to explain the lack of
positive selection found by Gossmann et al. (2010) in
various plant species, in contrast to results in Capsella
grandiflora, a species with low population subdivision
that appears to exhibit high rates of adaptive substitu-
tions (« =40%; Slotte et al., 2010).

Selection in NC regions

We find that purifying selection also appears to impact
NC regions (introns) and its strength to be variable
among species. Purifying selection is inferred to be
strong in S. arcanum and slightly weaker in S. chilense and
S. habrochaites. In S. peruvianum, the estimated DFE
indicates weak purifying selection with a small variance
of the DFE, corroborated by non-significant Fgr differ-
ences between S and NC sites. Natural selection on NC
regions was found in several species (for example,
human and mouse (Jareborg et al., 1999); Arabidopsis
thaliana (Thomas et al., 2007) and poplars (Olson et al.,
2010)). As intronic regions are known to be of importance
in the regulation of expression, splicing and protein
synthesis, it is not surprising to find purifying selection
on introns, although apparently much weaker than on
NS sites (Jareborg et al., 1999).

We verified that our results do not depend on one
particular locus being subject to strong selection in the
NC regions of S. arcanum. We thus used PlantCARE
(http:/ /bioinformatics.psb.ugent.be/webtools/ plantcare /
html/), a database to detect described regulatory elements
in DNA sequences, and calculated the number of
regulatory motifs disrupted by SNPs or indels. S. arcanum
appears to show fewer mutations and indels disrupting
motifs than S. chilense, supporting the interpretation that
purifying selection is stronger on introns of S. arcanum
(Supplementary Information, Section 3). However, none of
the loci show significantly high numbers of disrupted
motifs across this suite of species.

Ecological differences and selection between species

Comparing the four tomato species with regard to the
strength of selection also indicates the adaptive potential
of a species and selective constraints imposed by the
environment. These four species are found in contrasting
environments (for example, mesic/dry, high/low alti-
tude and warm/cold) that generate gradients of abiotic
stresses (Nakazato ef al., 2010). We note that the inferred
DFE for NS sites is similar for the S. peruvianum/
S. arcanum and the S. chilense/S. habrochaites pairs
(Figure 2a). This significant difference in DFE shape
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and/or variance between the pairs of species is not
explained, however, by differences in effective popula-
tion size. Indeed, each pair contains one species with a
large N (S. peruvianum and S. chilense with N.>10%
Roselius et al., 2005; Stadler et al., 2008) and one species
with an ~50% lower N, estimate (S. arcanum and
S. habrochaites, respectively; CM, AT, WS, TS, unpub-
lished data). As argued above, we are also confident that
the significant differences in inferred strength of purify-
ing selection between species (Figure 2) are robust to the
bias in demographic estimates. For example, the stronger
purifying selection in S. arcanum compared with other
species is not due to a bias in (under-)estimating its
expansion factor.

Recent studies suggest that S. peruvianum and
S. habrochaites exhibit more generalist ecological attri-
butes compared with the two other species. Both species
have large geographic ranges and wide niche breadth,
encompassing diverse habitats ranging from mesic to dry
(Nakazato et al., 2010). A screen of candidate genes for
abiotic stress response in S. peruvianum has found no
evidence for molecular signatures of local adaptation
(Xia et al., 2010). S. peruvianum has the second largest
geographic range of the four studied species (Nakazato
et al., 2010), the largest effective population size, and
exhibits signatures of a marked demographic expansion
(Stadler et al., 2008). Under such characteristics, geogra-
phically varying phenotypic plasticity rather than local
adaptation can be promoted (Sultan and Spencer, 2002).
We thus propose that lower constraints on the expression
of housekeeping genes in S. peruvianum correlate with
phenotypic plasticity, explaining the apparently relaxed
constraints on introns in this species (as for S. habro-
chaites). However, strong functional constraints are
evident for the coding regions.

On the other hand, S. chilense and S. arcanum are found
in geographically more restricted areas and characterized
by narrower ecological niches (Nakazato et al., 2010).
S. chilense has been described as a specialist species with
particular adaptations to extremely dry environments
(Nakazato et al., 2010; Xia et al., 2010). Following our
previous argument, we suggest that limited phenotypic
plasticity, and thus higher constraints on gene expression
of housekeeping genes, may characterize species with
narrow ecological distribution (Poot and Lambers, 2008).
Compared with S. peruvianum, the strong purifying
selection inferred for S. arcanum indicates that intronic
features may have been more conserved in this species.
This may suggest that the environment, in which
S. arcanum is found, exerts some important selective
pressures on gene regulation/expression and thus on
intronic regions. This could also be due to reduced
phenotypic plasticity for gene expression at these genes
for a species with quite narrow ecological requirements.
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Summary

¢ Wild tomato species are a valuable system in which to study local adaptation to
drought: they grow in diverse environments ranging from mesic to extremely arid
conditions. Here, we investigate the evolution of members of the Asr (ABA/water
stress/ripening induced) gene family, which have been reported to be involved in
the water stress response.

e We analysed molecular variation in the Asr gene family in populations of two
closely related species, Solanum chilense and Solanum peruvianum.

e We concluded that Asr7 has evolved under strong purifying selection. In con-
trast to previous reports, we did not detect evidence for positive selection at Asr2.
However, Asr4 shows patterns consistent with local adaptation in an S. chilense
population that lives in an extremely dry environment. We also discovered a new
member of the gene family, Asr5.

e Our results show that the Asr genes constitute a dynamic gene family and pro-
vide an excellent example of tandemly arrayed genes that are of importance in
adaptation. Taking the potential distribution of the species into account, it appears
that S. peruvianum can cope with a great variety of environmental conditions
without undergoing local adaptation, whereas S. chilense undergoes local adapta-
tion more frequently.

Introduction

Adaptation is characterized as the movement of a population
towards a phenotype that leads to the highest fitness in a
particular environment (Fisher, 1930). The genetic basis of
adaptation in natural populations, however, remains broadly
unknown (Orr, 2005). Many approaches using DNA varia-
tion have been developed to detect adaptation in several
organisms. Recently, these methods have been applied to
plant model systems (reviewed by Siol e al, 2010). One
commonly used method to detect adaptation at the DNA
level is to identify regions of low diversity that are linked to a
selected gene (known as the hitchhiking effect; Maynard
Smith & Haigh, 1974). Such an approach has been used
successfully in species including Drosophila melanogaster
(Glinka ez al., 2006; Beisswanger & Stephan, 2008) and
sunflower (Helianthus annuus; Kane & Rieseberg, 2008).
Another way to study adaptation is to use the ‘candidate gene’
approach, which has the advantage of revealing the strength
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and type of the selection that has acted on particular genes.
With this approach, genes that have been identified in previ-
ous experiments are chosen to investigate signatures of
adaptation at the DNA level. The candidate gene approach
has been applied frequently to several plant species. Examples
include: genes related to drought and salt tolerance in sun-
flower (Kane & Rieseberg, 2007), immunity genes in wild
tomatoes (Solanum sp.; Rose et al., 2007) and maize (Zea
mays; Moeller & Tiffin, 2008), drought-responsive genes in
maritime pine (Pinus pinaster; Eveno et al., 2008), genes
related to cold tolerance in Arabidopsis thaliana (Zhen &
Ungerer, 2008), cold hardiness-related genes in coastal
Douglas-fir (Pseudotsuga menziesii var. menziesii; Eckert
et al., 2009), protease inhibitor genes in poplar (Populus
balsamifera; Neiman ez al., 2009), cold-related genes in Scots
pine (Pinus sylvestris; Wachowiak ez al., 2009), and genes
involved in adaptation to serpentine soils in Arabidopsis
lyrata (Turner et al., 2010). Although the candidate gene
approach is used frequently, it is important to note that the

© 2011 The Authors
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distinction between local (selective) and genome-wide
(demographic) effects is not always unambiguous. This may
be the case in populations with a large effective population
size (e.g. Drosophila or bacteria; Charlesworth & Eyre-
Walker, 2006; Ellegren, 2009) and/or when recurrent posi-
tive selection occurs. Thornton et 2/ (2007) showed that
some demographic scenarios can also mimic selective events
onalocal scale.

Duplicated genes are an important source of adaptation,
especially in plants, where a large fraction of diversity is the
result of gene duplication and subsequent adaptive special-
ization of paralogous gene copies (Flagel & Wendel, 2009).
Paterson et al. (2006) found that duplicates of transcription
factors in A. thaliana are preferentially retained after poly-
ploidy. For the common example of MADS-box transcription
factors, it has been suggested that gene duplication followed
by increased opportunity for novel gene interactions played
an important role in early angiosperm diversification (Shan
et al., 2009). Tandemly arrayed genes are of particular
interest for studying adaptation to drought, as it has been
shown that genes involved in stress responses are often
tandemly duplicated (Maere er al, 2005; Mondragon-
Palomino & Gaut, 2005; Rizzon et al, 2006; Hanada
et al., 2008). In a study of expression data in A. thaliana,
Zou et al. (2009) found that a gain (or loss) of stress
responsiveness is more common in tandemly duplicated
genes than in nontandem duplicates. Moreover, gene fami-
lies likely to be involved in lineage-specific adaptive
evolution are mainly generated by tandem duplication
(Hanada ez 4l., 2008). According to Ohno’s (1970) classical
model, selective constraints remain on one copy after a gene
duplication event, whereas the other copy can accumulate
mutations. The most common fate of this latter copy is a
loss of function. In rare cases, however, a mutation can be
advantageous in a specific environment, leading to a neo-
functionalization of one copy (Beisswanger & Stephan,
2008) or subfunctionalization of both copies (Hughes,
1994). Concerted evolution, in which two copies of a gene
do not evolve independently, can also be observed. The most
common mechanism causing this phenomenon is gene con-
version, whereby two copies exchange short tracts of DNA
in a ‘copy-and-paste’ manner. This will both decrease the
sequence variation between copies and increase the genetic
variation within the gene family by creating new haplotypes
(Takuno et al., 2008). New (chimeric) haplotypes can be
advantageous in genes that experience diversifying selection,
as they increase the genetic diversity (Takuno ez a/., 2008;
Innan, 2009). Therefore, it is possible that the members of a
gene family may exhibit very different evolutionary histories.

As plants are sessile, they experience strong selective
pressure to adapt to their environment. Drought stress is
one of the major abiotic constraints that terrestrial plants
face. Because the threat of climate change has become
more apparent in recent years, the elucidation of drought
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adaptation mechanisms in plants is a burning issue
(McMichael, 2001); especially in arid and semi-arid areas,
where water stress is an important determinant of species dis-
tribution. Drought tolerance involves many physiological
mechanisms and is thus a complex trait determined by many
genes. In a 7000 cDNA micro-array experiment, Seki ez al.
(2002) showed that the expression of > 250 genes was
induced in A. thaliana after a drought stress treatment.

The genes used in this study are the members of the Asr
(ABA/water stress/ripening induced) gene family. Asr genes
encode small (¢. 13-kDa), highly charged proteins and are
grouped in the protein class hydrophilins, which are charac-
terized by a high glycine content and high hydrophilicity.
Asr transcripts were first discovered in tomato (Solanum
lycopersicum; lusem et al., 1993; Rossi & lusem, 1994),
where Frankel ez al. (2006) described four copies on chro-
mosome IV that lie in a tandem array. In the same study,
Frankel et al (2006) described an insertion of 186 amino
acids (aa), containing 10 imperfect repeats, that is present
in the ASR4 protein, but absent in the other ASR proteins.
Asr-like genes are found across the entire plant kingdom
(e.g. in pummelo (Cizrus maxima; Canel er al., 1995), rice
(Oryza sativa; Vaidyanathan et al, 1999), pine (Pinus
taeda; Padmanabhan er al, 1997), and ginkgo (Ginkgo
biloba; Shen er al., 2005)) in various copy numbers, ranging
from one in grape (Vitis vinifera; Cakir et al., 2003) to
six in maize and rice (Frankel ez al, 2006). Notably, the
Asr gene family is absent in A. thaliana (Carrari et al.,
2004). The Asr genes seem to exhibit a particularly high
duplication rate in tomatoes, as Asr3 cannot be found in
other Solanaceae (Frankel er al, 2006). While Asr genes
are involved in many physiological processes, such as fruit
ripening and seed maturation (Iusem ¢t /., 1993), accumu-
lating functional evidence suggests that this gene family
plays a very important role in adaptation to drought in
tomato. Several studies indicate that Asr genes display a
drought-induced expression pattern in tomato (Amitai-
Zeigerson et al., 1995; Maskin er al., 2001; Frankel ez al.,
2006). Asr genes have several functions that help the plant
deal with drought stress. In the cytoplasm, the unstructured
ASR1 monomers act as chaperons, possibly to prevent pro-
teins losing their structure during desiccation (Konrad &
Bar-Zvi, 2008). In the nucleus, ASR1 forms homodimers
(Maskin ez al., 2007) with a zinc-dependent DNA-binding
activity (Kalifa ez al., 2004) or, as discovered in a grape
ASR protein, heterodimers with drought response element
binding (DREB) proteins (Saumonneau et al., 2008). This
DNA-binding activity is associated with the modulation of
sugar transport activity (Carrari ez al., 2004; Frankel ez al.,
2007; Maskin ez al., 2008), which places the Asr genes at a
key position, given the interaction of sugar and ABA path-
ways discovered in seed developmental processes (reviewed
by Finkelstein & Gibson, 2001) and stress signalling
(reviewed by Leon & Sheen, 2003). In this context, two
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studies revealed patterns of positive selection at Asr2 in
populations of wild tomato species that grow in dry envi-
ronments by a phylogenetic (Frankel ez 4/, 2003) or a
population genetic approach (Giombini ez al., 2009).
Tomato is used as a model plant system in evolutionary
biology for several reasons, including the availability of cul-
tivated tomato genomic resources, the recent divergence of
the Solanum species, their clear phenotypic distinction
(Peralta er al., 2008), and the diversity of mating systems
(Spooner er al., 2005; Moyle, 2008). Recent taxonomic
revision suggested grouping tomatoes (until then grouped
in the genus Lycopersicon) in the genus Solanum (section
Lycopersicon) together with potato (Selanum tuberosum) and
the eggplant (Solanum melongena; Spooner et al., 1993;
Peralta & Spooner, 2001). Most Solanum sect. Lycopersicon
species are native to western South America (Ecuador, Peru
and Chile), along the western and eastern Andean slopes
(Spooner ez al., 2005). According to the latest taxonomical
classification, tomatoes consist of 12 wild species and their cul-
tivated relative, Solanum lycopersicum (Peralta er al., 2008).
This study focuses on two wild tomato species that show
differences in their ecological habitats and features: Solanum
chilense and Solanum peruvianum. Solanum chilense is dis-
tributed from southern Peru to northern Chile and inhabits
arid plains and deserts (Peralta ez 4/, 2008). Its distribution
also shows a broad range in elevation from sea level up to
3500 m (Chetelat e al., 2009). The species is known to be
robust and drought tolerant and can dwell in hyperarid
areas as a result of its well-developed root system (Moyle,
2008; Peralta er al., 2008). In fact, the potential distribu-
tion of S. chilense is predicted to be mostly determined by
the annual precipitation (Nakazato er 4/, 2010). Solanum
peruvianum is distributed from central Peru to northern
Chile and inhabits a variety of habitats, from coastal deserts
to river valleys (Peralta er al., 2008). Furthermore, it may
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be found at field edges, unlike other Solanum species
(Chetelat er al, 2009). Studies on both species revealed
population subdivision (Roselius ez 4/, 2005). It has been
suggested that population structure has played an important
role in the evolution of wild tomatoes (Arunyawat ez al.,
2007) and that the species diverged under residual gene
flow (Stidler et al, 2005, 2008). Taking the difference in
range and habitat of the two species into account, one
might expect differences of environmental cues, as described
by Xia er al. (2010). This diverse environmental distribu-
tion makes wild tomato species ideal model organisms with
which to study local adaptation.

Our goal was to better understand the nature of the evo-
lutionary forces acting on the members of the Asr gene
family within the tomato clade. We employed a population
genetics approach to analyse a larger data set than in previ-
ous studies (Frankel er al, 2003, 2006; Giombini ez al.,
2009) by using several populations from the two closely
related species S. chilense and S. peruvianum, and have
therefore more power to detect local adaptation. During
this work, we discovered a new member of the Asr gene
family that has not previously been described. The fact that
demography acts on the whole genome, whereas selection
affects only restricted genomic regions, allows us to detect
selection on our candidate genes by comparing them to a
set of reference loci previously described by Arunyawat
et al. (2007) and Stidler er al. (2008).

Materials and Methods

Population samples and reference loci

The divergence between the two closely related species
Solanum  peruvianum L. and Solanum chilense (Dunal)
Reiche occurred < 0.55 million yr ago (Stidler ez al,
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Fig. 1 Distribution of n/site estimated from the reference loci. The distribution was created by 100 000 iterations of coalescent simulations
assuming the Wakeley—Hey model (Wakeley & Hey, 1997) for (a) Solanum peruvianum and (b) Solanum chilense. Input parameters (i.e. 64,
the Watterson estimator of nucleotide diversity per gene of population 1; 6,, the Watterson estimator of nucleotide diversity per gene of
population 2; 0,4, the Watterson estimator of nucleotide diversity per gene of the ancestral population; 1, time of divergence) were obtained
from Stadler et al. (2008). The observed values for the Asr (ABA/water stress/ripening induced) genes are indicated with arrows.
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Table 1 Location and habitat characteristics of the sampled populations

Annual Precipitation of
Individuals precipitation wettest month
Species Population sampled Location Latitude, longitude (mm) (mm)

Solanum chilense Quicacha 7 Southern Peru 15°38'S, 73°48'W 61 31
Moquegua 5 Southern Peru 17°04'S, 70°52'W 44 19
Tacna 7 Southern Peru 17°53’S, 70°08'W 15 5
Solanum peruvianum Canta 6 Central Peru 11°32'S, 76°42'W 235 77
Nazca 6 Southern Peru 14°51’S, 74°44'"W 103 36
Tarapaca 5 Northern Chile 18°33’S, 70°09'W 5 1

2008). They are both self-incompatible and relatively
drought tolerant compared with other Solanum species
(Moyle, 2008). Solanum peruvianum is distributed along
the western side of the Andes from north-central Peru to
northern Chile, and S. chilense from southern Peru to
northern Chile (cf. Fig. 1 in Stidler ez al, 2005). Three
populations from climatically different environments were
sampled for each species. Five to seven individuals of each
population were analysed. The population samples, geo-
graphic distributions and habitat characteristics are given in
Table 1, and a detailed description of these samples is pro-
vided in Baudry er /. (2001), Roselius ez al. (2005), and
Arunyawat et al. (2007). The Tarapaca sample was
obtained from the Tomato Genetics Resource Center at
UC Davis, California (accession number LA2744). The
other populations were sampled by T. Scidler and T.
Marczewski in May 2004 (Arunyawat ez al., 2007; Stidler
et al., 2008). Solanum ochranthum was used as an outgroup;
this sample was provided by L. E. Rose. To distinguish selec-
tion from demographic events, the Asr genes were compared
to seven neutrally evolving reference loci (CT066, CT093,
CT166, CT179, CT198, CT251 and CT268), which have
been described previously (Arunyawat er al., 2007; Stidler
et al.,2008).

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted from tomato leaves using the
DNeasy Plant Miniprep Kit (Qiagen GmbH, Hilden,
Germany). PCR primers were designed based on informa-
tion from GenBank (accession number U86130 for Asrl,
X74907 for Asr2, X74908.1 for Asr3, DQO058762.1 for
Asr4, and CU468249 for Asr5) using the program
NetPrimer (http://www.premierbiosoft.com/netprimer/index.
heml). To distinguish between As73 and Asr5, the sequences
were aligned to the S. lycopersicum BAC sequence available
on EMBL/GenBank (accession number CU468249) using
the bl2seq BLAST search. PCR amplification was performed
with High Fidelity Phusion Polymerase (Finnzymes, Espoo,
Finland). A list of primers and amplification conditions can
be found in Supporting Information Table S1. PCR products
were confirmed using 1% agarose gel electrophoresis.

© 2011 The Authors
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Direct sequencing of PCR products was performed to
identify homozygotes and determine their sequences. For
heterozygotes, a cloning approach was used to separate the
alleles before sequencing. The Zero Blunt TOPO Cloning
Kit (Invitrogen, Carlsbad, CA, USA) was used for cloning
and a 7aq polymerase (Invitrogen) for amplifying the
alleles. The DNA was sequenced on an ABI 3730 DNA
Analyzer (Applied Biosystems and Hitachi, Foster City,
CA, USA). If possible, at least 10 alleles were sequenced for
each population using direct sequencing or cloning. Thus,
57 to 65 sequences were obtained for each locus (see
Table S2). Sequence chromatograms were manually pro-
cessed using the SEQUENCHER 4.6 program (Gene Code
Corporation, Ann Arbor, MI, USA) or the STADEN v. 4.10
program (http://staden.sourceforge.net/). The sequence align-
ment of alleles was then constructed using BioEpIT 7.0.9
(Ibis Biosciences, Carlsbad, CA, USA). Sequence data from
this article have been deposited in the EMBL/ GenBank
Data Libraries under accession numbers FR727329-
FR727636.

Nucleotide diversity analysis

We measured nucleotide diversity with Watterson’s (1975)
Oy, the average number of segregating sites per site, and
Tajima’s (1983) m, the average number of nucleotide differ-
ences per site between two sequences, using the DNASP v5
software (Librado & Rozas, 2009). 0, and m were
calculated separately for all sites, nonsynonymous sites, syn-
onymous sites, and noncoding sites for each population.
Sliding window analysis of T across the locus was performed
in DNASP with a window length of 10 bp and a step size of
1 bp. To determine whether the levels of polymorphism
within the species differed significantly from those of the
reference loci, coalescent simulations were performed. We
ran 100 000 replications to obtain the parameter distribu-
tion for the reference loci using MSABC (Pavlidis ez 4/,
2010). The MSABC program applies the approximate
Bayesian computation (ABC) methodology to infer demo-
graphic events by using summary statistics of gene genealo-
gies that are generated with the Ms algorithm (Hudson,
2002). We assumed the Wakeley—Hey ‘isolation’ model

New Phytologist (2011) 190: 10321044
www.newphytologist.com



1036 " Research

(WH model; Wakeley & Hey, 1997), in which divergence
occurs without subsequent gene flow. Although this
assumption might not be valid in wild tomato species,
Stidler er al. (2008) showed that the data for the reference
loci fit this simple WH model well. We therefore used the
input parameters for the simulations (i.e. 61, the Watterson
estimator of nucleotide diversity per gene of population 1;
0,, the Watterson estimator of nucleotide diversity per gene
of population 2; 0,4, the Watterson estimator of nucleotide
diversity per gene of the ancestral population; and 7, time
of divergence) from Stidler ez /. (2008). As the WH model
only accommodates two populations, Stidler ez al. (2008)
compared two populations in a pairwise manner (compar-
ing one from . chilense with one from S. peruvianum). We
used the average of these nine comparisons as input para-
meters. To account for differences in recombination rate
between the reference loci, we assumed a recombination
rate (R) of 20, which is intermediate (Stephan & Langley,
1998; see also Stidler ez al., 2008). Graphical visualization
of the parameter distributions was performed using the R
package (R Development Core Team, 2005). Additionally,
the K, : K; ratios for each species were calculated in DNASP,
where K, is the rate of substitutions per nonsynonymous
site and K; the rate of substitutions per synonymous site. To
assess whether gene conversion was occurring among copies,
the number of shared, fixed and specific polymorphisms
between copies was counted (Innan, 2003). Coding, intronic
and 5" untranslated regions (UTR) were analysed separately.
A simplified version of the site frequency spectrum was
obtained by classifying the polymorphisms in three catego-
ries: rare (frequency of minor allele < 5%), intermediate
(frequency of minor allele between 5 and 20%), and
common (frequency of minor allele between 20 and 50%).

Neutrality tests

We tested for deviations from the standard neutral model
using Tajima’s (1989) D statistic and Fu & Li’s (1993) D
(or D* if no outgroup was available) using DNASP. A
significantly negative value of Tajima’s D indicates an excess
of rare variants, which is expected under directional
selection or population size expansion. A significantly positive
Tajima’s D value indicates an excess of intermediate-
frequency variants, which is expected under balancing
selection or under population subdivision. The same is true
for Fuand Li’s D (and D* statistics. Fay & Wu’s (2000) A
was also calculated, where a significantly negative Fay and
Wu’s H indicates an overrepresentation of high-frequency
derived polymorphisms, which is expected in the case of
positive selection. A significantly positive Fay and Wu's H
indicates an overrepresentation of intermediate-frequency
derived polymorphisms, which is expected under balancing
selection. The haplotype test of Depaulis & Veuille (1998)
was used to infer haplotype diversity (Hy). All neutrality
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tests were performed using the option Number of Segregating
Sites.

The fixation index Fg

The fixation index F, (Hudson et al., 1992; Jost, 2008) was
calculated using DNASP. Assuming there is a similar muta-
tion rate at all reference and candidate genes, £, provides a
means to quantify gene flow, where a value close to zero indi-
cates a high migration rate between two populations. The
higher the F,, the more the two populations differ geneti-
cally. A high F can therefore be interpreted as evidence for
limited gene flow or recent divergence without subsequent
gene flow. However, if disruptive selection (i.e. local adapta-
tion) is acting on the candidate genes, £, would be increased
compared with the reference loci, because one allele rises to
high frequency in one population, but not in the other.

Bioclimatic data and ecological niche modelling

Our knowledge of the distribution of wild tomato species
is mostly based on previous sampling schemes and can
therefore be biased, as populations in areas that are not
accessible might be missed. Using the BlocLiv (Bioclimate
Prediction System) algorithm (Busby, 1986) implemented
in the piva-Gis software (Hijmans er al, 2001), we pre-
dicted the theoretical spatial distribution of S. chilense and
S. peruvianum over South America on a bioclimatic basis.
Based on homoclime matching (Booth ez al., 1987), the idea
of BIOCLIM is to define the climatic rules governing species
distributions by creating climatic envelopes from occurrence
data, and to identify areas with similar climate profiles
(Busby, 1991). Ecological niche modelling of S. chilense and
S. peruvianum was performed using occurrence data derived
from the UC Davis database, and all 19 bioclimatic variables
available for current conditions (1950-2000) derived from
the WorldClim global climate database (Hijmans ez 4L,
2005) at spatial resolutions of 30 arc-second (c. 1 X 1 km).
The performance of S. chilense and S. peruvianum distribu-
tion models was tested by measuring the area under a
relative operating characteristic curve (AUC; Pearce &
Ferrier, 2000) using the DIVA-GIS software. A detailed
description of this method can be found in Methods S1.

Results

Identification of a new member of the Asr gene family
in tomatoes

We sequenced the members of the Asr gene family in two
wild tomato species (S. chilense and S. peruvianum) and also
in S. ochranthum as an outgroup. We constructed our prim-
ers for the Asr genes based on the NCBI (National Center
for Biotechnology Information) database, assuming that the
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gene family consists of the four members previously
described. While sequencing Asr3, we discovered a fifth
member of the gene family, subsequently called Asr5. Asr3
and Asr5 have a highly similar coding region but differ
greatly in the intronic sequence. As our first set of Asr3
primers was designed in the coding region, we amplified
both genes simultaneously. Therefore, we found four
‘alleles’ for Asz3. We used a BLAST search (bl2seq), where
we aligned the four Asr3 ‘alleles’” with the S. lycopersicum
BAC sequence available in NCBI (accession number
CU468249). On the basis of the divergent introns, we
could then clearly distinguish two Asr genes. After designing
primers in the flanking region, it was possible to sequence
the two genes separately. We annotated the location of the
Asr genes relative to the S. lycopersicum BAC sequence
(Fig. S1), where the Asr genes lie in tandem, comprising c.
40 kb in total. Asr genes consist of two exons and an intron
of variable length. For all Asr genes, the total numbers of
sequenced synonymous, nonsynonymous and noncoding

sites are given in Table S3.

Table 2 Results of the neutrality tests

Research © 1037

Gene conversion between Asr3 and Asr5

In general, all Asr genes showed a higher level of polymor-
phism than the reference loci (Table S4). In particular, Asr3
and Asr5 exhibited high 7 and Oy values compared with the
reference loci (Fig. 1, Table S4). The ratio of Thonsynonymous
0 Teynonymous Was also high, and above 1 in some cases
(Table S4). A high level of nonsynonymous polymorphism
can be explained by several factors. First, the sequences of
Asr3 and Asr5 could have been mixed up during sequenc-
ing. We ruled out this possibility by using specific primers
designed in the flanking region. In addition, Asr3 and Asr5
could be clearly distinguished when aligning the intronic
regions. Secondly, high levels of nonsynonymous polymor-
phism may be interpreted as a signal of selection. The
neutrality tests, however, did not show any evidence of
selection at Asr3 or Asr5 (Table 2). Another mechanism
that could cause this high level of nonsynonymous
polymorphism is gene conversion. To investigate this, we
counted the number of fixed and shared polymorphisms

Asr1 Asr2 Asr3® Asr4 Asr4 repetitive region Asr5P Reference loci® (min, max)d
Tajima’'s D
Solanum chilense® -0.453 -0.832 -0.108 -0.349 -0.668 -0.079 -0.565 (-1.115, —0.070)
Quicacha -0.136 0.602 1.118 -0.511 -0.989 -0.413 0.132 (-1.377,0.862)
Moquegua -0.658 -0.957 -1.147 0.446 0.308 0.148 —0.048 (-0.786, 0.395)
Tacna 0.812 -0.372 0.323 -1.429 —-1.445 0.862 0.040 (-1.361, 0.605)
Solanum peruvianum® -0.940 —-0.551 -0.781 -1.139 -0.231 -0.946 —1.098 (-1.708, —0.616)
Canta -0.168 -0.121 -0.758 -0.548 -0.046 -0.625 —-0.548 (-1.001, —0.052)
Nazca 0.245 0.267 -0.026 -0.346 0.118 0.507 —-0.142 (-1.067, 0.649)
Tarapaca -0.147 0.356 0.459 0.029 0.393 -0.468 -0.222 (-0.514, 0.069)
Fuand Li's D
S. chilense® -0.989 -0.191 0.082 —-1.084 -1.105 -0.849 -1.332 (-3.781, -0.154)
Quicacha -0.332 -0.121 1.031 0.382 -0.475 -0.897 0.280 (-1.302, 1.325)
Moquegua -1.333 -0.863 -1.251 0.187 0.184 -0.269 0.109 (-1.225, 0.712)
Tacna 1.191 0.031 0.034 -2.326* -2.218* 0.166 -0.114 (-1.437,0.513)
S. peruvianum® -0.295 -0.551 -1.752 -2.635* -1.403 -1.395 —1.702 (-3.294, -0.614)
Canta -0.832 -0.590 -0.963 -0.982 -0.302 -0.839 -0.846 (-1.722, -0.123)
Nazca 0.481 1.182 -0.530 -1.411 0.161 0.277 -0.363 (-1.779, 1.397)
Tarapaca -0.342 0.225 0.222 -0.223 0.107 -0.777 —-0.359 (-0.738, 0.660)
Fay and Wu's H
S. chilense® 3.319 2.588 - -5.183 -5.477 - 0.173 (-5.279, 4.724)
Quicacha 5.626 -0.927 - -8.709 -3.328 - -1.779 (-6.989, 3.644)
Moquegua 6.333 2.806 - 1.361 2.306 - —0.749 (-6.222, 8.800)
Tacna 2.330 5.626 - -5.127 -5.655 - 0.057 (-6.400, 4.788)
S. peruvianum® 0.129 4.064 - 1.293 0.904 - 3.240(-2.146,7.577)
Canta 4.000 0.444 - 1.867 1.244 - 4.898 (0.349, 9.273)
Nazca 5.511 0.889 - 4.361 2.000 - 1.406 (-1.030, 5.061)
Tarapaca 1.778 0.000 - 0.889 -0.178 - 2.477 (-6.578, 8.000)

#Average over seven reference loci.

®No outgroup available. Fu and Li's D* without outgroup was calculated instead.

“Pooled over three populations.

dMinimum and maximum values of the reference loci are indicated in parentheses.
*P < 0.05 (significant results are in bold).
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Fig. 2 Numbers of specific, shared, and fixed
polymorphisms between Asr (ABA/water
stress/ripening induced) genes Asr3 (closed
bars) and Asr5 (open bars). The coding,
intronic and 5" untranslated region (UTR)
were analysed separately for (a) Solanum
peruvianum and (b) Solanum chilense.
Polymorphism was classified into three
categories: frequency of minor allele < 5%,
frequency of minor allele between 5 and
20%, and frequency of minor allele > 20%.

Table 3 Haplotype diversity (Hg) of the Asr (ABA/water stress/ripening induced) genes and the reference loci

Asr4

repetitive Reference loci?
Hy Asr1 Asr2 Asr3 Asrd region Asr5 (min, max)®©
Solanum chilense® 0.975 0.975 0.977 0.946 0.914 0.985 0.963 (0.929, 0.984)
Quicacha 0.890 0.800 0.821 0.600 0.600 0.891 0.796 (0.538, 0.970)
Moquegua 0.952 0.972 0.944 1.000 0.972 1.000 0.962 (0.911, 1.000)
Tacna 0.956 0.978 0.978 0.982 0.891 1.000 0.955 (0.911, 1.000)
Solanum peruvianumb 0.970 0.979 0.982 0.985 0.948 0.981 0.987 (0.966, 1.000)
Canta 0.956 0.933 1.000 0.956 0.956 1.000 0.988 (0.970, 1.000)
Nazca 0.978 0.911 0.891 0.972 0.917 0.893 0.949 (0.773, 1.000)
Tarapaca 0.844 0.956 0.956 0.933 0.933 0.911 0.934 (0.893, 1.000)

@Average over seven reference loci.
PPooled over three populations.

“Minimum and maximum values of the reference loci are indicated in parentheses.

between Asr3 and Asr5, as well as the polymorphisms spe-
cific to one gene. In the coding region, both copies had a
high level of shared polymorphism, but no fixed difference
(Fig. 2). This is a clear indicator of gene conversion (Innan,
2003). We did not observe this pattern in the 5 UTR

or the intron, where we had a high number of fixed

differences, but hardly any shared polymorphisms (Fig. 2). For Asr2, we
of  Tyynonymouss especially in S. peruvianum, whereas poly-
morphism was comparable with that of the other Asr genes

Evolution of Asr1 and Asr2

Consistent with purifying selection, T,onsynonymous Was very
low at Asrl (Table S4). The observed K, : K; ratios of
0.006 in S. chilense and 0.021 in S. peruvianum further

New Phytologist (2011) 190: 1032-1044
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support this interpretation. However, we did not find
Tynonymous t0 be lower at Asrl than at the other Asr genes
(or the reference loci). Additionally, Thoncoding Was not
lower than the values observed at the other Asr genes, which
may explain the high level of polymorphism observed across

the whole gene (Table S4).

observed an extremely high value

at nonsynonymous and noncoding sites (Table S4). A

possible explanation for this pattern could be that Asr2 is
present in multiple copies and our analysis confounded
alleles and paralogues. However, we were able to rule this
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Table 4 Fixation index Fg
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Asr4

repetitive Reference loci®
Fet Asr1 Asr2 Asr3 Asr4 region Asr5 (min, max)®
Tacna - Moquegua 0.000 0.026 0.263 0.246 0.335 0.000 0.019 (0.000, 0.044)
Tacna - Quicacha 0.331 0.119 0.195 0.565 0.400 0.449 0.244 (0.006, 0.387)
Moquegua — Quicacha 0.191 0.164 0.311 0.498 0.205 0.469 0.227 (0.025, 0.380)
Tarapaca — Nazca 0.241 0.262 0.115 0.023 0.039 0.118 0.169 (0.042, 0.311)
Tarapaca — Canta 0.155 0.139 0.025 0.039 0.048 0.060 0.067 (0.002, 0.129)
Nazca - Canta 0.194 0.337 0.107 0.007 0.000 0.093 0.135(0.069, 0.292)

#Average over seven reference loci.

PMinimum and maximum values of the reference loci are indicated in parentheses.

Asr, ABA/water stress/ripening induced.
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Fig. 3 Sliding window analysis of n/site along the Asr (ABA/water
stress/ripening induced) gene Asr4 in S. chilense. The analysis was
performed with a window length of 10 bp and a step size of 1 bp
for (a) S. chilense (pooled over three populations), (b) the Quicacha
population, (c) the Moquegua population, and (d) the Tacna
population. The grey arrows indicate the repetitive region in the
first exon; the numbers under the Asr4 gene indicate the length in bp.
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out by re-sequencing Asr2. We did not find evidence
for adaptation at Asr2. Neutrality tests showed no sign of
selection (Table 2), nor an unusual haplotype structure
(Table 3). Furthermore, we did not observe a higher £ at
Asr2 than at the reference loci (Table 4).

A repetitive region in the first exon of Asr4

The beginning of the first exon of Asr4 contains many inser-
tion/deletion (indel) polymorphisms. The indels always
occur in triplets and do not disrupt the open reading frame.
The ASR4 proteins in our data set showed insertions of var-
iable length, where the shortest was 50 aa and the longest
147 aa long. We also found imperfect repeats, as described
by Frankel er al. (2006). For consistency, we refer to this
region of the first exon of Asr4 as the ‘repetitive region’,
although the motifs are not repetitive in all cases. A protein
BLAST search revealed no homology to any protein or
motif that could clarify the function of this additional
domain, but the repeats in the protein alignment showed a
recurring SYG motif.

A sliding window analysis revealed that the Asr4 repetitive
region was highly polymorphic, whereas the polymorphism
dropped to a low level in the second part of the first exon
(Fig. 3). The high m values at the beginning of the first exon
in S. chilense (Fig. 3a) were mostly caused by the Tacna and
Moquegua populations (Fig. 3¢ + d). In Quicacha and
Moquegua (Fig. 3b + ¢) a peak was observed where 7
reached a value of 0.5. This was attributable to a single
nucleotide polymorphism (SNP) at intermediate frequency,
which was present at a low frequency in Tacna (Fig. 3d).
Apart from this, Quicacha showed a moderate level of
polymorphism in the repetitive region (Fig. 3b). In &.
peruvianum, we did not detect any difference in polymor-
phism between the populations (Table S4). Coalescent
simulations using MSABC showed that the polymorphism
level at the repetitive region was not consistent with 7
estimated from the reference loci (Fig. 1).
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Evidence for adaptation at Asr4

Asrd4in S. chilense showed strong signatures of adaptation in
the Tacna and Quicacha populations. Quicacha displayed a
pronounced haplotype structure with a very low Hy
(although not outside the reference gene range) and a low
number of haplotypes, where one haplotype was predomi-
nant. This, together with a negative Fay and Wu’s H far
outside the reference gene range, suggests that positive selec-
tion has acted on this haplotype. In Tacna, we also found a
predominant haplotype, although the pattern here was not
as strong as in Quicacha: Fay and Wu’s A was negative, but
inside the reference gene range (Table 2). This observation
is consistent with the very negative Tajima’s D (outside the
reference gene distribution) and significantly negative Fu
and Li’s D values. When the repetitive region was analysed
separately, the haplotype structure in Tacna became more
pronounced and Hy decreased and fell outside the reference
gene range (Table 3). In addition, Fay and Wu's H was
more negative in Tacna, but less negative in Quicacha
(Table 2). In Tacna, Tajima’s D and Fu and Li’s D values
remained extremely negative.

Signatures of positive selection at Asr4 were also revealed
by pairwise £, analysis. Indeed, in S. chilense, F, was ele-
vated at Asr4 compared with the reference loci and the
other Asr genes. This pattern was most striking between
Tacna and Moquegua. At the reference loci, £, never
exceeded 0.05. At Asr4, however, F, was 0.246 for the
whole gene and 0.335 for the repetitive region (Table 4).
This high value was attributable to the fact that the predom-
inant Tacna haplotype was absent in the Moquegua
population. This observation is surprising considering the
generally high gene flow between these two populations
(very low F,). High F, values were also found between
Quicacha and the other S. chilense populations. As F, at the
reference loci was much higher between these populations,
this pattern was less striking. The climatic data indicate that
the greatest environmental differences occur between the
Quicacha and Tacna populations, with Tacna being extre-
mely dry (Table 1). By contrast, we did not observe high £
in S. peruvianum; here, F, was lower at Asr4 than at the ref-
erence loci and the other Asr genes (Table 4).

Potential geographical distributions of S. chilense and
S. peruvianum

To infer habitat preferences, we predicted the potential geo-
graphical distributions of both species by applying the
BIOCLIM algorithm to data on the sampling locations of
Solanum  species derived from the Tomato Genetics
Resource Center at the UC Davis. In general, the potential
fitting area of S. peruvianum was broader than that of S.
chilense (Fig. S2). For S. peruvianum, the potential distribu-
tion reached the South American east coast (data not
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shown). It is important to keep in mind that this does not
necessarily reflect the actual distribution. Solanum chilense
was predicted to grow further south, with the best fitting
zone at the Atacama Desert (Fig. S2b). By contrast, S.
peruvianum showed the best fitting zones further north in
more mesic environments but also in dry habitats in south-
ern Peru (Fig. S2a). According to AUC calculations, the
performance of both species distribution models was good,
with AUC = 0.86 for S. chilense and AUC = 0.77 for S.

peruvianum.

Discussion

We searched for signatures of local adaptation in popula-
tions of two wild tomato species, S. chilense and S.
peruvianum, in the Asr gene family. We used a set of refer-
ence loci that were previously studied (Arunyawat er al.,
2007) to distinguish between natural selection and demog-
raphy. While sequencing the four members of the Asr gene
family previously described, we discovered a new copy, des-
ignated Asr5, which is highly similar to As73. We analysed
all five copies of the Asr gene family and detected patterns
consistent with local adaptation in §. chilense populations,
but not in S. peruvianum. We also found that the individual
members of the Asr gene family showed quite diverse evolu-
tionary histories.

Asrl exhibited evidence for purifying selection that has
been acting on the coding region. The nucleotide diversity
was very low in the coding region in both species compared
with the reference loci. In addition, AsrI showed low diver-
gence from the outgroup, with a K] : K; ratio close to zero.
The conservation of Asrl has been described before
(Frankel et al, 2006). In contrast to Frankel ez 2/ (2006),
however, we did not observe lower synonymous nucleotide
diversity at Asr/ than at the other Asr genes. Furthermore,
the level of polymorphism at synonymous sites was compa-
rable to that of the reference loci. We found a low level of
nonsynonymous polymorphism, such that the protein
sequences of ASR1 were almost identical among all studied
lines. According to Ohno’s (1970) classical model, it can be
expected that (at least) one member of the family is under
strong evolutionary constraint. One member must be main-
tained to fulfill the original function of the gene. The fact
that Asr homologues with a similar protein sequence to
tomato Asr! can be found throughout the plant kingdom
(Frankel et al., 2006) and that AsrI is expressed in a house-
keeping manner (Maskin ez al., 2001; Frankel er al., 2006)
suggests that this gene fulfills an important function and
that even small alterations in the protein have serious conse-
quences for the plant’s fitness.

Previous studies suggest that As»2 has adapted to dry
environments (Frankel ez /., 2003; Giombini ez al., 2009).
We cannot confirm this hypothesis, as we found no indica-
tion for adaptation at Asr2, such as patterns of low diversity
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within a population and a high fixation index between
populations, in our data. In their study, Frankel et al.
(2003) used a phylogenetic approach to detect adaptation
where only a few (four to eight) alleles were analysed for
cach of the seven Solanum species/cultivars investigated.
They found a K, : K; ratio > 1 in several between-species
comparisons and an accelerated rate of evolution in species
from dry environments (i.e. S. chilense and S. peruvianum v.
humifusum). The Antofagasta sample was again used in the
study by Giombini ez al. (2009), who also found signatures
of positive selection in §. chilense using a candidate gene
approach. However, the Antofagasta sample was found to
deviate greatly from equilibrium conditions (Arunyawat
et al, 2007). Holliday et al. (2010) demonstrated that
population bottlenecks can cause skews in the site frequency
spectrum that may be confounded with natural selection. In
both studies, this was the only sample analysed to infer
adaptation in S. chilense. It remains possible that local adap-
tation acted in this population. However, given the results
of Arunyawat ez al. (2007), a demographic effect is more
likely to have caused the patterns observed by Frankel ez al.
(2003) and Giombini ez /. (2009).

In contrast to Asr2, we found patterns of local adaptation
at the Asr4 gene in two S. chilense populations, Quicacha
and Tacna. For Quicacha, the interpretation of the data
may be somewhat ambiguous, as in this population the ref-
erence loci also showed some indication of population
structure (although this was not significant). The evidence
for adaptation at Tacna, however, is striking as we did not
observe any haplotypic structure at the reference loci in this
population. Moreover, £, between Tacna and the other S.
chilense populations was very high at Asr4 compared with
the reference loci and the other Asr genes. An elevated F; is
a hallmark of local adaptation, where an allele is favoured in
one population but not in others (Beaumont & Balding,
2004; Foll & Gaggiotti, 2008; Riebler ez al, 2008). The
first part of the first exon seems to play a major role in adap-
tation and is characterized by a repetitive region with a very
high polymorphism level and indels of different length.
This repetitive region possesses an SYG motif that has been
described to be stress responsive in Saccharomyces cerevisiae
(Treger & McEntee, 1990). Interestingly, the rice ASR6
protein has an insertion at the N-terminal which displays
some sequence similarity to the tomato ASR4 (Frankel
et al., 2006), but lacks the SYG motif. The presence of this
insertion at an Asr gene in a monocot suggests an important
function of this region, as it was already present in an ances-
tral Asr gene in early land plants. Alternatively, these
domains might also have been gained independently, which
would be a remarkable example of convergent evolution. As
the zinc-binding sites of the ASR1 protein are located in the
first exon (Rom ez al., 20006), it may be that variation in
this region of ASR4 has an influence on the zinc-binding
activity.
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Another interesting aspect of this study is the likely
occurrence of gene conversion between Asz3 and Asr5. As
Asr3 is exclusive to tomato (Frankel ez a/, 2006), the Asr3—
Asr5 duplication must have occurred after the tomato clado-
genesis. Since only the coding region is the target of gene
conversion, it is possible that it is beneficial for the plant to
have two similar protein copies. This could be the case in a
‘dosage’ scenario, in which more proteins of the same kind
are favoured. This has been suggested to be the case
in  stress-responsive genes in variable environments
(Kondrashov et 2l, 2002; Innan & Kondrashov, 2010).
Gene conversion can also be advantageous when diversify-
ing selection is acting, as new haplotypes can be created
(Innan, 2009). However, detection of signatures of diversi-
fying selection in genes that undergo gene conversion is
difficult, because standard neutrality tests cannot be applied
(Innan, 2003; Thornton, 2007).

In conclusion, we observed that the Asr family is a highly
dynamic gene family in which the individual members show
quite diverse evolutionary histories. Complex histories of
gene families are not uncommon in plants, as adaptive spe-
cialization is thought to occur after gene duplication (Flagel
& Wendel, 2009). We detected patterns of local adaptation
to dry environments at the Asr4 gene in the S. chilense popu-
lation from Tacna, which has the driest S.
environment sampled. Interestingly, we did not find any

chilense

pattern of local adaptation in S. peruvianum, although this
species inhabits a broader geographical and environmental
range than S. chilense. This has also been observed in studies
of other candidate genes involved in drought tolerance
(Arunyawat ez al., 2007; Xia ez al., 2010). Given the high
nucleotide and morphological diversity of S. peruvianum, it
may be hypothesized that this species can cope with a great
variety of environmental conditions, whereas S. chilense
seems to be undergoing local adaptations more frequently.
This observation is supported by the analysis of the poten-
tal distribution of S. peruvianum and S. chilense. Solanum
peruvianum displays a broader species range than S. chilense,
covering a large variety of potential habitats. Solanum
chilense, in contrast, showed the best fitting area at the
Atacama Desert, one of the driest regions in the world.
These findings are in accordance with a previous study
focusing on the potential distribution of several Solanum
species (Nakazato et al., 2010). A recent study of the Asr
gene family in rice revealed the same pattern as seen in
tomato: the members have different (gene- and species-
specific) evolutionary histories and a candidate gene for
drought tolerance (rice Asr3) could be identified (Philippe
et al., 2010). The fact that As73 is a potential candidate for
drought adaptation is especially interesting, as it clusters in
tandem with rice Asr4, whereas the other rice Asr genes are
distributed over the whole genome (Frankel ez al., 2000).
This supports recent findings, mainly in A. thaliana and
rice, that stress-responsive gene families are preferably
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clustered in tandem (Maere e al, 2005; Mondragon-
Palomino & Gaut, 2005; Rizzon et al, 2006; Hanada
et al., 2008; Zou et al., 2009). Our results on Asr genes in
wild tomato species therefore provide a good example of a
tandemly arrayed gene family that is of importance in
adaptation to drought.
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SUMMARY

Investigating the expression profile of candidate genes is of great importance when studying
local adaptation as modulation of gene expression is crucial for an organism’s survival during
stress conditions. Wild tomato species are a valuable system to study adaptation since they
grow in diverse environments facing many abiotic constraints. The expression profile and
DNA sequence polymorphism at regulatory regions of genes reported to be involved in water
and cold stress response were investigated in populations of two closely related species,
Solanum chilense and S. peruvianum. We show that the gene expression profile of the Asr
gene (ABA /water stress/ripening induced) Asr4 is adaptive to drought conditions. Sequence
data reveals a conserved promoter region of the Asr2 gene and the acting of positive selection
at the downstream region of the dehydrin pLC30-15. This study provides an example for
expression variation in natural populations. We observe plasticity in gene expression and find
that in this case variability in expression is advantageous, which is common in stress
responsive genes. Analysis of regulatory regions provides directions for future functional

studies of those genes.
Key words: LEA (late embryogenesis abundant) proteins, Asr (ABA /water stress/ripening

induced), dehydrin pLC30-15, local adaptation, gene expression, wild tomatoes, regulatory

elements
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INTRODUCTION

Much effort has been made over the last decades to understand the phenomenon of local
adaptation, defined as the movement of a population towards a phenotype that leads to the
highest fitness in a particular environment (Fisher, 1930). Many approaches using DNA
sequence variation to detect adaptation have been developed and applied to plant model
systems (Siol et al., 2010). More than 30 years ago, it has already been discovered that protein
divergence alone is not sufficient to explain observed phenotypic differences between species.
It was therefore proposed that changes in gene regulation could account for many cases of
adaptation (Wilson et al., 1974; King & Wilson, 1975). Modulation of gene expression is
crucial for an organism’s survival as environmental changes require a fast and specific
response. Experimental evolution in microorganisms revealed fast expression divergence
between strains of Saccharomyces cerevisiae (Ferea et al., 1999) and Escherichia coli
(Cooper et al., 2003) grown in glucose-limited media after 250 and 200,000 generations,
respectively. In plants, regulatory changes between domesticated crop species and their wild
relatives and their role in adaptation has been described in maize (Doebley et al., 1997; Wang
et al., 2005) and rice (Konishi et al., 2006). Therefore, another way to investigate local
adaptation is to study the expression profile of genes previously described to be advantageous
for the plant’s fitness in stress conditions. Microarrays allow analyzing the transcriptome of
species, but so far studies on gene expression in natural populations are limited to few species
like Boechera holboellii, a close relative of Arabidopsis thaliana (Knight et al., 2006), the
arthropod Orchesella cincta (Roelofs et al., 2009), the snail species Littorina saxatilis
(Martinez-Fernandez et al., 2010), fishes (Larsen et al., 2011), and Drosophila melanogaster
(Hutter et al., 2008; Miiller et al., 2011). The question to which degree regulatory divergence
are adaptive also remains (Fay & Wittkopp, 2008). Most analyses today are still focused on
the evolution of coding sequences but examples for regulatory changes grew over the last few

years (Wray, 2007).

Plants are sessile during most of their life cycle and therefore experience strong selective
pressure to adapt to changing environmental conditions in their habitat (e.g. precipitation,
temperature). Drought and cold stress are the major abiotic constraints that terrestrial plants
are facing and have been shown to have adverse effects on the plant growth and crop
production (Yéiez et al., 2009). Both, drought and cold tolerance are complex traits but it has
been shown that similar genes are expressed during both types of stress (Shinozaki &

Yamaguchi-Shinozaki, 2000). A microarray experiment showed that the expression of more
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than 250 genes was induced in A. thaliana after a drought-stress treatment (Seki et al., 2002).
In a similar experiment in A. thaliana, 4% of all transcripts showed responsiveness to low
temperature (Fowler & Thomashow, 2002). Drought and cold lead to accumulation of the
phytohormone abscisic acid (ABA), and it has been demonstrated that application of ABA
mimics stress conditions (Mahajan & Tuteja, 2005). ABA plays an important role in the
plant’s response to osmotic stress: It fine-tunes stomatal closure (Jones & Mansfield, 1970), it
enhances expression of stress-related genes (Bray, 2004), and fosters root growth in long-term
drought conditions (Saab et al., 1990). It was suggested that cold and drought stress signals
and ABA share common elements and are cross talking in their signalling pathways
(Shinozaki & Yamaguchi-Shinozaki, 2000). Therefore, studying genes that are involved in the

ABA pathway are good candidates for investigating adaptation.

Late embryogenesis abundant (LEA) proteins are induced by ABA and were shown to
accumulate in vegetative organs during dehydration and low temperature stress (Ingram &
Bartels, 1996; Bray, 1997). This suggests a protective role during water-limiting and chilling
conditions. Members of the LEA protein family can be found across the entire plant kingdom:
in angiosperms, gymnosperms (Shinozaki & Yamaguchi-Shinozaki, 1996; Bray, 1997),
bryophytes (Proctor et al., 2007), and algae (Tanaka et al., 2004). They belong to the group of
the hydrophilins that are characterized by a high glycin content and high hydrophilicity
(Garay-Arroyo et al., 2000). The LEA proteins are subdivided into seven groups based on
their amino acid sequences (Battaglia et al., 2008). In this study we analyze two types of LEA
proteins: dehydrins, which belong to Group 2, and ASRs, which belong to Group 7 (Battaglia
et al., 2008). Some dehydrins have been shown to have cryoprotective functions, while others
have been found to prevent inactivation of enzymes during dehydration (Reyes et al., 2005),
but their functional role still remains speculative. In S. tuberosum and S. sogarandinum an
increased level of dehydrins could be correlated with cold tolerance in tubers and stems
(Rorat et al., 2006). Additionally, dehydrins were induced after drought stress in apical parts
(Rorat et al., 2006). The drought- and ABA-inducible dehydrin used in this work was
described in S. chilense and denoted pLC30-15 (Chen et al., 1993). A previous study of the
pLC30-15 gene revealed that diversifying selection acted on its coding region in a wild
tomato population from a dry environment (Xia et al., 2010).

The other genes used in this study are the members of the Asr (ABA/water stress/ripening
induced) gene family. As the name suggests, Asr genes have been shown to be induced by
application of ABA, abiotic stress (drought, cold, salinity), and during ripening (Iusem et al.,

1993; Rossi & Iusem, 1994; Amitai-Zeigerson et al., 1995; Schneider et al., 1997,
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Vaidyanathan et al., 1999). Asr genes have several functions that help the plant deal with
stress: as monomers with a chaperon function in the cytoplasm (Konrad & Bar-Zvi, 2008) or
as homo- and heterodimers with DREB (drought response element binding) proteins (Maskin
et al., 2007; Saumonneau et al., 2008) with DN A-binding activity in the nucleus (Kalifa et al.,
2004a). They also serve as transcription factors associated with the modulation of sugar
transport activity (Carrari et al., 2004; Frankel et al., 2007; Maskin et al., 2008). Expression
analysis in rice (Oryza sativa), pine (Pinus taeda), Ginkgo biloba, and potato (S. tuberosum)
suggest that relative Asr expression differs between copies, organs, and depending on the
stress applied (Padmanabhan et al., 1997; Schneider et al., 1997; Shen et al., 2005; Philippe et
al., 2010). Using semi-quantitative RT-PCR, it was shown that Asr/ and Asr2 are induced in
leaves whereas Asr2 is induced and Asr3 is down-regulated in roots of cultivated tomato (S.
lycopersicum; Maskin et al., 2001). Analyzing different accessions of wild tomato using
Northern Blots, it was demonstrated that Asr/ and Asr4 are up-regulated in leaves of plants
from humid environments (Frankel er al., 2006). Also in wild tomato, several studies revealed
patterns consistent with local adaptation at Asr genes in populations that dwell in dry
environments (Frankel et al., 2003; Giombini et al., 2009; Fischer et al., 2011). These
findings make pLC30-15 and Asr genes interesting candidates for studying local adaptation on

the gene expression level.

The availability of cultivated tomato genomic resources, the recent divergence of the
Solanum species, and their clear phenotypic distinction (Peralta et al., 2008) make tomato
species a popular plant model system that is frequently used to study evolution. Most
Solanum sect. Lycopersicon species are native to western South America (Ecuador, Peru, and
Chile), along the western and eastern Andean slopes (Spooner et al., 2005). This study
focuses on two recently diverged wild tomato species that show differences in their ecological
habitats and features: S. chilense and S. peruvianum. Solanum chilense is distributed from
southern Peru to northern Chile and inhabits arid plains and deserts (Peralta et al., 2008). It
also shows a broad range in elevation from sea level up to 3,500 m and therefore experiences
large temperature gradients during the year (Chetelat et al., 2009). The species is also known
to be robust and drought tolerant and can dwell in hyperarid areas (Moyle, 2008; Peralta et al.,
2008). In fact, the potential distribution of S. chilense was predicted to be mostly determined
by the annual precipitation (Nakazato et al., 2010). Solanum peruvianum is distributed from
central Peru to northern Chile and inhabits a variety of habitats, from coastal deserts to river

valleys (Peralta et al., 2008).
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Here, we analyze the relative expression of Asrl, Asr2, Asr4, and pLC30-15 in drought
and cold stressed S. chilense and S. peruvianum accessions from contrasting environments.
We were able to determine differences in the gene expression profiles, i.e. intensity, speed, or
differences depending on the type of stress or the gene copy. Population genetic analysis has
provided evidence for local adaptation at Asr2, Asr4, and pLC30-15 (Giombini et al., 2009;
Xia et al., 2010; Fischer et al., 2011). We therefore sequenced the regulatory regions of these
genes from the same populations for which we performed the expression analysis in order to
investigate the evolutionary forces shaping them. As the genes were already sequenced
previously in the same populations (Xia et al., 2010; Fischer et al., 2011), we can directly
compare them to their regulatory regions. In addition, we could identify conserved cis-acting

elements.

MATERIALS AND METHODS

Gene expression analysis

Plant material, cultivation and replication Seeds of three accessions of each S. chilense and
S. peruvianum were obtained from the Tomato Genetics Resource Center (TGRC) at UC
Davies (Table 4.1). As these wild tomato species are outcrossing, they had to be multiplied by
cuttings to gain genetically identical replicates. Tomato seeds of the motherplants were treated
with 2.7% NaOCl for 20 minutes to foster germination. The tomato seeds were kept on
moistened filter paper at room temperature in the dark until they germinated. The tomato
seedlings were then transferred to soil and put in the climate chamber at 22°C with a 16h/8h
day/night cycle and 70% humidity. The motherplants were grown for approximately three
months until they could provide material for 20-25 cuttings. We thus gained three biological
replicates for every timepoint. The cuttings were treated with the Neudofix rooting enhancer
(Neudorff, Emmerthal, Germany) and transferred to pots containing Vermiculite on top (to
ensure ventilation) and soil on the bottom part (to ensure nutrition once the plant grew roots).
The cuttings were grown for five weeks under the same conditions as the motherplants until

they grew roots and three fresh leaves.

Stress treatment, RNA extraction and cDNA synthesis Drought stress was applied by
removing the tomato plants from their pots, carefully rinsing and drying their roots and
transferring them into a climate chamber at 22°C. For cold stress, the plants were kept at 4°C.
Leaves and roots were quick-freezed in liquid nitrogen at five timepoints: unstressed plants,

one hour, three hours, six hours, and 24 hours after stress application. Total RNA was isolated

40



using the RNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany). DNA was removed
using an on-column DNasel digestion protocol. The RNA integrity was assessed by gel
electrophoresis. A NanoDrop 1000 Spectrophotometer (Peqlab, Erlangen, Germany) was used
to quantify and to asses the quality of the RNA. Only samples with Ajg/Azso and Ajeo/Az3o
values between 1.9 and 2.1 were used for downstream experiments. cDNA was synthesised
from 1 pg total RNA with the SuperScriptlll reverse transcriptase and the RNase inhibitor
RNaseOUT (both Invitrogen, Carlsbad, CA, USA) using oligo(dT,¢) primers. The cDNA was
treated with RNaseH (New England Biolabs, Ipswich, MA, USA) to remove remaining RNA.

Table 4.1. Location and habitat characteristics of the accessions used for the expression

analysis
Accession® Species® Nearby Collection Coordinates® Altitude® Habitat® Stresses
population” site® tested
LA1938 S chilense Quicacha Quebrada 15°41'S/ 1400 m Inalarge drought
Salsipuedes, 73°50'W quebrada + cold
Arequipa,
Peru
LA1967 S chilense Tacna Pachia, 17°955' S/ 1000 m  Extremely drought
Tacna, Peru  70°09' W dry habitat  +cold
LA1969 8 chilense Tacna Estique 17°32'S/  3250m  Near cold
Pampa, 70°02'' W maximum
Tacna, Peru elevation for
S. chilense
LA2744 & Tarapaca  Sobraya, 18°33'S/ 400 m  Along the drought
peruvianum Tarapaca, 70°09" W margins of  + cold
Chile cultivated
fields and
waste places
LA2745 S Tarapaca  Pan de 18935'S/  600m  Scattered in  drought
peruvianim Azucar, 69956' W cultivated + cold
Tarapaca, fields and
Chile waste places
LA3636 & Canta Coayllo, 12°41'S7  NA NA drought
peruvianum Lima, Peru T6°24' W + cold

* Tomato Genetics Resource Center (TGRC) accession number

" Nearby populations sampled by T. Stidler and T. Marczewski, 2004
¢ According to TGRC database

NA No data available

Quantitative real-time PCR Primers for the quantitative real-time PCR (hence referred to as
gPCR) were designed using NetPrimer (http://www.primierbiosoft.com/netprimer) and
PrimerBLAST (http://www.ncbi.nlm.nih.gov). All primers used in this project can be found in
Supporting Information Table C.S1. As Asr3 and Asr5 cannot be distinguished at their coding

region (Fischer et al., 2011), they were excluded from this study. qPCR was carried out using
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iQ SYBR green on a CFX thermocycler (both BioRad, Hercules, CA, USA). Three technical
replicates were analyzed for each sample and the efficiency of the qPCR runs was determined
by a 1:10 dilution series. Expression of the target genes was normalized by two constantly
expressed reference genes: CT189, a 40S ribosomal protein (Roselius et al., 2005) and TIP4I,
which was shown to be a very stable housekeeping gene in tomato (Expdsito-Rodriguez et al.,
2008). As the efficiency was around 100% for all runs we applied the 2““Y Method (Livak &
Schmittgen, 2001) to derive the relative expression quantity from the measured Cg-values.
Quality control, reference gene stability, transformation to relative quantity, and
normalization was carried out using the program gbase’"® (Hellemans et al., 2007). We used
the two sample Wilcoxon (Mann-Whitney-U) test to determine significant differences in
relative expression between stressed and control plants using R (R Development Core Team

2005).

Sequence analysis of the Asr and pLC30-15 regulatory regions

Plant material and sequencing We sequenced the promoter region of Asr2 (pAsr2), Asrd
(pAsr4), pLC30-15 (5’pLC), and the 3’UTR of pLC30-15 (3’pLC). Two populations from
climatically different environments were sampled for each species (Tacna and Quicacha for S.
chilense; Tarapaca and Canta for S. peruvianum). Five to seven individuals of each population
were analyzed (Table C.S2). A detailed description of these samples is provided in Baudry et
al. (2001), Roselius et al. (2005), Stadler et al. (2005), Arunyawat et al. (2007), and Fischer et
al. (2011). The Tarapaca sample was obtained from the TGRC (accession number LA2744).
The other populations were sampled by T. Stiddler and T. Marczewski in May 2004
(Arunyawat et al., 2007; Stadler et al., 2008). Solanum ochranthum (TGRC accession
LA2682) was used as outgroup. DNA extraction, PCR amplification, cloning, and sequencing
was performed as described in Fischer et al. (2011). In addition, the Asr genes and pLC30-15
of the motherplants from the expression experiment were sequenced to determine their
haplotypes. Sequence data from this article have been deposited in the EMBL/GenBank Data
Libraries under accession nos. HE612885-HE613033.

Nucleotide diversity analysis, neutrality tests and haplotype diversity We measured
nucleotide diversity by Watterson’s 0y, and Tajima’s m using the DnaSP v5 software (Librado
& Rozas, 2009). 0y, is based on the number of segregating sites (Watterson, 1975), and © on
the average number of pairwise nucleotide differences among sequences in a sample (Tajima,

1983). To detect regions of low diversity sliding window analysis of m across the locus was
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performed in DnaSP with a window length of 10 bp and a step size of 1 bp. We tested for
deviations from the standard neutral model using Tajima’s D statistic and Fu & Li’s D in
DnaSP. A significantly negative value of Tajima’s D indicates an excess of rare variants as
expected under directional selection or population size expansion (Tajima, 1989). A
significantly positive Tajima’s D value indicates an excess of intermediate-frequency variants
as expected under balancing selection or in structured populations (Tajima, 1989). The same
is true for Fu and Li’s D statistics (Fu & Li, 1993). Fay & Wu’s H was also calculated, where
a significantly negative Fay and Wu’s H indicates an over-representation of high-frequency
derived polymorphisms, which suggest that positive selection was acting (Fay & Wu, 2000).
A significantly positive Fay and Wu’s H indicates an over-representation of intermediate-
frequency derived polymorphisms, which is the case if balancing selection was acting (Fay &
Wu, 2000). The haplotype test of Depaulis & Veuille (1998) was used to analyze whether
haplotype diversity (Hy) deviates from the prediction of the standard neutral model. All

neutrality tests were performed using the option Number of Segregating Sites in DnaSP.

Motif search on non-coding regions Motifs in the promoter region were searched using the
program PlantCARE (Lescot et al., 2002). This program is a database of cis-acting regulatory

elements and allows in silico analysis of promoter sequences.

RESULTS

Faster induction of Asr4 transcription in a population from a dry environment

We analyzed the expression patterns of Asrl, Asr2, Asr4, and pLC30-15 from different
populations in a time-course experiment after exposing wild tomato plants to cold and drought
stress. In general, all genes show a higher induction in S. chilense than in S. peruvianum and
respond more strongly to water deficit than to cold stress (Figs. 4.1-4.4). For the Asr genes,
the highest transcript level can be observed in the accession from Quicacha, after cold as well
as after drought stress. This is especially true for Asr4 after water deficit stress. The transcript
level is significantly higher after 3-24h after stress application compared to the unstressed
plant (Fig. 4.1a). No transcription of Asr4 can be detected after 1h. Interestingly, Asr4 is
already significantly over-expressed in the accession from Tacna after 1h and has its
expression peak after 3h (Fig. 4.1a). Previously, evidence for local adaptation in this
population was found (Fischer et al., 2011); and indeed, the Tacna accession is homozygous
for the predominant haplotype described by Fischer et al. (2011). In S. peruvianum, the two

Tarapaca accessions (both from a very dry environment) differ in their expression patterns.
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LA2745 is significantly over-expressed after 1h and shows the peak of Asr4 expression after
6h (Fig. 4.1b). LA2744, on the other hand, shows a constant increase of Asr4 transcripts until
timepoint 24h (Fig. 4.1b). The Canta accession (from a mesic environment) displays a
significant over-expression of Asr4 after 6h and 24h (Fig. 4.1b).

Asr4 induction after chilling stress is much less intense. All S. chilense accessions show a
fast induction (1h) and a decrease of Asr4 transcripts after 6h in the Tacna accessions (Fig.
4.1c). However, the transcript level is higher in the Tacna accession from a high altitude
(LA1969) compared to the one from a lower altitude (LA1967). In S. peruvianum, Asr4

induction is much slower: after 3h in Canta and 6h in Tarapaca (Fig. 4.1d).

5 no stress 1h 3h 6h 24 h b no stress Th ih Gh 24 h
P S B Bt T L T Ty EERRRRIPFERE
711 SEERERTRERL ST A | CENCLTRFPERNT) R ‘I‘ -------- =
g g
= -—1']. _________________________________________
/1T R ) P O 2
- 1
g {111 SR ) U ) 8
H T B e s
= == = wx
L Rt S E N i _
S F I F Iy FL T TP FFEF &FEF
g & § & & & 5§ & & & ITIFIFITFT TS T
2 no stress 1h 3h 6h 24 h d no stress 1h 3h 6h 24 h
T P [ T
5 10 S 10
= =
S = B i 3
R e B Raehth| CEECCERSTLEET: CEREPIFETEARE EERPERR PR o e e e B
o e e b i *x -] £ x *x
= = o i = B e
uﬁmmmmﬂ[‘lﬂmmﬂﬂﬂmﬁuﬂmmﬂﬁmﬂ;ﬁﬂ;mﬂﬁﬁ
S IS IS o FFEFTEEL T FEEE
A S -0 . - 29, I . IFTIFIOCIT I & ,\{é’ FFrxg oI

Figure 4.1 Gene expression (displayed relative to the average) of Asr4 after application of drought
and cold stress in S. chilense and S. peruvianum in unstressed plants, 1 h, 3 h, 6 h, and 24 h after stress
application. (a) The following accessions of S. chilense were measured after drought stress: LA1938
(QUI) from a dry environment and LA1967 (TAC) from a hyperarid area. (c) The following
accessions of S. chilense were measured after cold stress: LA1938 (QUI) from a dry environment and
LA1967 (TACI) from a hyperarid area, and LA1969 (TAC2) from a very dry environment and high
altitude. The following accessions of S. peruvianum were measured after (b) drought and (d) cold
stress: LA2744 (TAR1) and LA2745 (TAR2) from a dry environment and LA3636 (CAN) from a
humid environment. Vertical lines at bar charts indicate the standard error, black asterisks above bar
charts indicate significant over-expression compared to the unstressed control, grey asterisks above bar

charts indicate significant over-expression compared to the previous timepoint (" P<0.05; = P<0.01).

44



Expression patterns of Asrl and Asr2

Asrl is also induced faster in the Tacna accession (1h) compared to the Quicacha accession
(3h) after drought stress (Fig. 4.2a). Transcript levels are highest in Quicacha after 24h (Fig.
4.2a). In S. peruvianum, Asrl is significantly over-expressed after 3h in the Tarapaca
accessions, but only after 6h in the Canta accession (Fig. 4.2b). In all accessions, the Asrl
transcript level keeps increasing until 24h. After cold stress, Asr/ is induced the fastest and at
the highest level in Quicacha (Fig. 4.2c). In the Tacna accession from a cold environment
(LA1969), Asrl is induced faster than in the other Tacna accession but interestingly at a lower
level (Fig. 4.2¢). In S. peruvianum, Asrl is significantly over-expressed after 1-6h but at a

much lower level than in Quicacha and at the same level as the other S. chilense accessions

(Fig. 4.2d).
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Figure 4.2 Gene expression (displayed relative to the average) of Asrl after application of drought
and cold stress in S. chilense and S. peruvianum in unstressed plants, 1 h, 3 h, 6 h, and 24 h after stress

application. (For explanation see Fig. 4.1).

Asr2 also shows the highest transcript levels in Quicacha for S. chilense, followed by
LA2744 for S. peruvianum after water deficit stress (Fig. 4.3a+b). After application of
drought stress, Asr2 is significantly over-expressed after 1h in Tacna and 6h in Quicacha (Fig.

4.3a). In S. peruvianum, Asr2 is induced after 1h in one Tarapaca accession (LA2744) and
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only after 24h in the other Tarapaca accession (LLA2745) and Canta (Fig. 4.3b). In all
accessions, transcription levels keep increasing until 24h following drought stress (Fig.
4.3a+b). After application of cold stress, however, LA2745 shows the highest and fastest (1h)
induction of Asr2 in all S. peruvianum accessions (Fig. 4.3d). LA2744 and LA3636 are
induced more slowly (3h and 24h, respectively) and at a much lower level (Fig. 4.3d). In S.
chilense, the transcript level is again highest in Quicacha after cold stress. Asr2 is
significantly over-expressed after 1h (LA1938, LA1969) or 3h (LA1967; Fig. 4.3c). In

general, induction of Asr2 is again much lower after cold stress (Fig. 4.3c+d).
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Figure 4.3 Gene expression (displayed relative to the average) of Asr2 after application of drought
and cold stress in S. chilense and S. peruvianum in unstressed plants, 1 h, 3 h, 6 h, and 24 h after stress

application. (For explanation see Fig. 4.1).

High expression levels of pLC30-15 after drought stress

After application of drought stress, pLC30-15 is induced fast (after 1h in all accessions) and
reaches its peak of transcription after 3-6h — except for Quicacha and Canta where the
expression level increases until 24h (Fig. 4.4a+b). Transcript levels are higher in S. chilense
than in S. peruvianum after drought stress, but to a lesser degree than for the Asr genes (Fig.
4.4a+b). After cold stress, pLC30-15 shows a lower transcript level in both species (Fig.

4.4c+d). pLC30-15 is significantly over-expressed after 1h in all S. chilense accessions and
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expression keeps increasing until 24h (Fig. 4.4¢c). In S. peruvianum, pLC30-15 is induced after
1h in LA2744 and 3h in LA3636 and keeps increasing until 24h (Fig. 4.4d). No induction of
pLC30-15 can be detected in accession LA2745 from Tarapaca (Fig 4.4d).
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Figure 4.4 Gene expression (displayed relative to the average) of pLC30-15 after application of
drought and cold stress in S. chilense and S. peruvianum in unstressed plants, 1 h, 3 h, 6 h, and 24 h

after stress application. (For explanation see Fig. 4.1).

Conserved Asr2 promoter region

We sequenced the promoter regions of Asr2, Asr4, pLC30-15 (~ 1,500 bp) and the 3’UTR of
pLC30-15 (~ 2,300 bp) to investigate the evolutionary forces acting on regulatory regions of
genes involved in stress response. pAsr2 is highly conserved, especially in Quichacha (Table
4.2). Interestingly, pAsr2 is even more conserved than the Asr2 gene. Haplotype diversity is
extremely low in the Quicacha population (Table 4.3) and Tajima’s D and Fu and Li’s D are
significantly negative (Table 4.4), indicating directional selection acting at pAsr2. Indeed, we
find only two pAsr2 very similar haplotypes in our dataset, where only one allele represents
the second haplotype. This is an extreme case for wild tomato, even given the fact that,
according to previous studies, the Quicacha population seems to display a haplotype structure

here (Arunyawat et al., 2007; Stadler et al., 2008, Fischer et al., 2011). Looking at the
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alignment of both species we can identify many regions which are conserved between S.

chilense and S. peruvianum at the Asr2 promoter region.

Table 4.2 Nucleotide diversity of pAsr2, pAsr4, 5’pLC, 3’pLC, and their corresponding

genes

s pAsr2  Asr2 pAsrd Asr4" 5'pLC pLC* 3 plC
S. chilense® 0.016 0.020 0.027 0.018 0.038 0.01a 0.027
Quicacha 0.004 0.016 0.022 0.009 0.030 0.014 0.023
Tacna 0.015 0.020 0.026 0.015 0.028 0.012 0.016
S. peruvianum® 0.015 0.220 0.032 0.019 0.045 0.015 0.025
Canta 0.016 0.020 0.032 0.019 0.044 0.016 0.027
Tarapaca 0.015 0.022 0.031 0.021 0.043 0.012 0.022
e“.'

S. chilense® 0.014 0.025 0.026 0.020 0.039 0.018 0.028
Quicacha 0.006 0.014 0.021 0.011 0.026 0.010 0.023
Tacna 0.013 0.022 0.026 0.022 0.034 0.013 0.017
S. peruvianum® 0.022 0.026 0.038 0.029 0.047 0.021 0.034
Canta 0.020 0.020 0.035 0.021 0.044 0.016 0.031
Tarapaca 0.018 0.021 0.030 0.020 0.041 0.012 0.023

* Pooled over two populations
® From Fischer ez al. (2011)
¢ From Xia et al. (2010)

The evolution of the Asr4 and the pLC30-15 promoter regions

Neither pAsr4 nor 5’pLC show reduced nucleotide diversity (Table 4.2). Compared to the
Asr4 gene, where evidence for local adaptation has been shown in a population from a dry
environment (Fischer et al. 2011), nucleotide diversity is increasing rapidly when moving
upstream (Table 4.2). The same is true for 5’pLC, where signatures of local adaptation have
also previously been detected at the pLC30-15 gene in an S. chilense population (Xia et al.,
2010). The low haplotype diversity observed at Asr4 in the Quicacha population increases at
pAsr4 close to 1 (Table 4.3), and no deviation from neutrality can be observed (Table 4.4).
The haplotype diversity detected at pLC30-15 in Quicacha can also be found at 5’pLC. Here,
Hy remains low (Table 4.3) and Fu and Li’s D remains significantly negative. Additionally,
Fay and Wu’s H becomes very negative in both Quicacha and Tacna (Table 4.4), indicating

positive selection.

Positive selection in the pL.C30-15 3’UTR
As expected at non-coding regions, nucleotide diversity increases when looking at 3’pLC
compared to the pLC30-15 gene (Table 4.2). However, this is not true in the Tacna population

where Ow and m remain low when moving downstream. The downstream region of pLC30-15
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is indeed highly conserved. Furthermore, Fay and Wu’s H becomes extremely negative,

indicating positive selection (Table 4.4).

Table 4.3 Haplotype diversity of pAsr2, pAsr4, 5’pLC, 3’pLC, and their corresponding genes

Hy pAsr2 Asr2® pAsrd Asr4® 5 pLC pLC* 3'plLC
S. chilense® 0.916 0.975 0.986 0.946 0.959 0.954 0.974
Quicacha 0.286 0.800 0.933 0.600 0.667 0.711 0.889
Tacna 0.933 0.978 0.982 0.982 1.000 0.978 0.982
S. peruvianum® 0.965 0.979 0.980 0.985 0.977 0.977 0.965
Canta 0.945 0.933 1.000 0.956 1.000 0.978 0.972
Tarapaca 0.964 0.956 0.905 0.933 0.889 0.822 0.889

* Pooled over two populations
® From Fischer et al. (2011)
¢ From Xia et al. (2010)

Table 4.4 Results of the neutrality tests for pAsr2, pAsr4, 5’pLC, 3’pLC, and their

corresponding genes

Tajima's [ pA sr2° Asr2"® pAsrd Asrd"® 3'plLC pLC* 3'plC
S. chilense® 0.542 -0.832 0.244 -0.349 -0.071 -1.114 -0.158
Quicacha -1.688° 0.602 0.356 0.511 0.887 2.342° 0.022
Tacna 1.122 -0.372 0.078 -1.429 -0.811 -0.358 -0.499
S. peruvianum® -1.299 -0.551 -0.603 -1.139 -0.207 -0.755 -1.051
Canta -0.936 -0.121 0.432 0.548 0.008 -0.339 -0.700
Tarapaca -0.783 0.356 0.170 0.029 0.137 0.010 -0.144
Fuand Lis D

S. chilense® 0.246 -0.191 -0.391 -1.084 -0.310 -2.085 0.754
Quicacha L7917 -0.121 0.883 0.382 1.8537 15877  -0.432
Tacna 0.661 0.031 0.230 -2.326° -1.220 -0.384 0.281
S. peruvianum® -1.678 -0.551 -1.656 -2.635° -1.196 -1.463 -2.058
Canta -1.423 -0.590 -1.179 -0.982 -0.916 -0.673 -1.497
Tarapaca -0.784 0.225 -0.214 -0.223 0.180 0.119 -0.401
Fay and Wu's H

S. chilense® NA 2.588 3.320 -5.183 2427 2.244 1.767
Quicacha NA -0.927 -3.556 -8.709 -0.190 -1.067 -2.667
Tacna NA 5.626 3.200 =5 127 -1.727 1.511 -28.673
S. peruvianum® NA 4.064 3.323 1.293 0.754 3.871 4.462
Canta NA 0.444 3.778 1.867 7.911 0.978 8.806
Tarapaca NA 0.000 5.143 (.889 -3.167 2.311 1.511

* Pooled over two populations

® From Fischer e7 al. (2011)

“ From Xia et al. (2010)

4 no outgroup available. Fu and Li’s D* without outgroup was calculated instead.
NA Not applicable

" P<0.05, " P<0.01 (significant results are in bold)
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Different types of motifs in the regulatory regions of Asr2, Asr4, and pLC30-15

We analyzed the regulatory regions of Asr2, Asr4, and pLC30-15 in silico in order to identify
cis-acting elements. As these motifs are short (4-10 bases), some were discovered by chance.
Here, we describe only those motifs related to hormone and stress response and organ specific
expression, and motifs which lie in conserved regions (i.e. without polymorphism) in the
whole species alignment (see Table 4.S4 for additional information of the described motifs).
At pAsr2, we detected a motif conserved in both species involved in salicylic acid
responsiveness (TCA-element). We discovered one motif conserved in S. chilense and one
conserved in S. peruvianum involved in ethylene (ERE) and ABA responsiveness (ABRE),
respectively. The ERE and ABRE (conserved in S. peruvianum) motifs can also be found at
pAsr4. In addition, pAsr4 contains a conserved auxin responsive element (Aux-RR-core). At
5’pLC we can find five conserved ABRE motifs and a motif involved in methyl jasmonate
responsiveness (CGTCA-motif); at 3’pLC conserved ABRE and CGTCA-motifs are located,
as well as an AuxRR-core.

Conserved stress related regulatory elements at pAsr2 are involved in anaerobic induction
(ARE), drought responsiveness (MBS), and general stress and defence response (TC-rich
repeats). At pAsr4, a conserved stress related motif is ARE. TC-rich repeats and MBS motifs
are conserved at 5’pLC and 3’pLC. 3’pLC also contains motifs involved in low-temperature
responsiveness (LTR) and heat stress responsiveness (HSE). We also found conserved motifs
related to organ specific expression: regulatory elements specific for endosperm expression
can be found at all regulatory regions studied (GCN4-motif at pAsr2 conserved in S. chilense,
Skn-1-motif at pAsr4, 5’pLC, and 3’pLC). At pAsr2 and pAsr4 we also see the CAT-box,

involved in meristem expression.

DISCUSSION

We determined the expression patterns of the stress responsive genes Asrl, Asr2, Asr4, and
pLC30-15 in wild tomato populations from contrasting environments in order to detect local
adaptation at the gene expression level. The plants were submitted to drought and cold stress
and the transcript levels of the candidate genes were measured using quantitative PCR, a
much more sensitive method than the ones previously used for these genes (Maskin et al.,
2001; Frankel et al., 2006). We found gene expression of Asr4 to be adaptive to drought
conditions and the gene to be of potential interest for further functional studies. However, we
also observe plasticity in Asr and pLC30-15 expression. Analyses of the regulatory regions

show a conserved Asr2 promoter region and positive selection acting at 3’pLC in a population
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from a dry environment. In silico analyses of the promoter regions also give valuable insights

into potential future downstream experiments.

The general expression pattern of the investigated genes is consistent with the expectation
for early response genes. This kind of genes, activated within minutes after stress perception,
usually consist of transcription factors which activate the late response genes (Mahajan &
Tuteja, 2005). Asr genes were already described to be desiccation induced in several plant
species including Solanum chacoense (Silhavy et al., 1995), P. taeda (Padmanabhan et al.,
1997), Lilium longifolium (Wang et al., 1998), G. biloba (Shen et al., 2005), or O. sativa
(Philippe et al., 2010). These genes, however, have also been shown to be induced by other
osmotic stress conditions. An Asr/ homolog in S. tuberosum is induced by cold (Schneider e?
al., 1997) and other Asr homologs are responsive to salt stress in O. sativa (Vaidyanathan et
al., 1999) and G. biloba (Shen et al., 2005). We found that the Asr genes and pLC30-15 are
induced much stronger by water deficit than by cold, suggesting that they play a more

important role in drought response than in cold response pathways in wild tomato species.

One very interesting finding of this study is that Asr4 is induced much faster upon water
deficit in the Tacna accession, which represents a very dry environment in S. chilense,
compared to the other S. chilense accession from less dry habitats. We also observe a down-
regulation of Asr4 in this accession after 3h. This could explain the findings by Frankel et al.
(2006), where Asr4 expression could not be detected after 24h in drought-stressed wild
tomato plants from a dry environment. Induction and down-regulation seem to be faster in
populations from dry habitats and the transcript was simply not present in a measurable
amount after 24h. In the Tacna population, Fischer et al. (2011) describe a predominant Asr4
haplotype which seems to be favoured in this dry habitat but was absent in other S. chilense
populations. The accession tested here is homozygous for this haplotype. In addition, Asr4 is
more strongly induced in a Tacna accession from a high altitude following cold stress
compared to the other S. chilense accessions. These results suggest that the Asr4 regulation is
also adaptive — at least in S. chilense — and we therefore corroborate its role as a candidate

gene for further functional experiments.

Asrl shows a gradual induction after both stress treatments and no obvious difference
between accessions according to their habitat. The findings disagree with the results of
Frankel ef al. (2006) who detected Asrl to be expressed only in water-deficit-stressed wild
tomato plants from humid environments after 24h. Our data shows Asr/ to be highly

expressed in all accessions after 24h, after drought as well as after cold stress. One
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explanation for this discrepancy may be that the method (Northern Blot) used by Frankel et
al. (2006) was not sensitive enough to detect small amounts of Asr/ transcripts. Another
explanation could be considerable differences of gene expression between accessions of wild
tomato, which will be discussed in the next paragraph. It has been demonstrated that Asr/ is
highly conserved (Carrari et al., 2004; Frankel et al., 2006; Fischer et al., 2011), which fulfils
Ohno’s (1970) prediction on gene families that (at least) one member is subject to purifying
selection and maintains the original function. Therefore it can be suggested that not only the
Asrl gene but also its expression pattern, which could represent that of the ancestral Asr gene,

1s conserved.

Asr2 responds to water deficit more strongly in one S. peruvianum accession from the
very dry habitat of Tarapaca (LA2744), but not in the other Tarapaca accession (LA2745).
This is surprising, as both accessions were sampled in close proximity and under the same
environmental conditions. Similar differences between both accessions can also be observed
at the expression patterns of Asr4 and pLC30-15. Therefore, it is crucial to keep in mind that
differences in gene expression do not necessarily have to be adaptive. It has been
demonstrated that stress-related genes have a more variable expression than housekeeping
genes (Blake et al., 2006; Maheshri & O'Shea, 2007) and a higher expression divergence of
duplicated genes in A. thaliana (Ha et al., 2007). Some variability in gene expression was
argued to be advantageous as it allows the plant to rapidly respond to environmental changes
(Lopez-Maury et al., 2008). It was suggested that noise in gene expression helps the organism
to adapt fast to new — not yet experienced — challenges (Furusawa & Kaneko, 2008). Indeed,
Asr genes have been shown to be very variable in their expression kinetics. They show
differences in organ specific expression (Padmanabhan ez al., 1997; Maskin et al., 2001),
different patterns depending on the gene copy (Frankel ef al., 2006; Philippe et al., 2010) or
applied stress (Schneider et al., 1997; Shen et al., 2005). Phillippe et al. (2010) even
described differential expression patterns of rice Asr4, Asr5, and Asr6 depending on the

cultivar.

Studying cis-regulatory elements became of great interest over the last years as
phenotypic changes sometimes result from variation in these regions rather than in coding
regions (Wray, 2007). A relatively straightforward way to investigate this is to first analyze
sequence variation and search for motifs in promoter regions (Proost et al., 2009). Depending
on the outcome of these investigations, feasible downstream experiments can be determined.
When analyzing the Asr2 promoter region, it is quite striking how highly conserved it is —

even more than the Asr2 gene itself. This suggests an important function of this region and the
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action of purifying selection against changes at pAsr2. A study using a pAsr2-reporter gene
construct already conferred promoter activity and induction by ABA (Rossi et al., 1998). A
similar approach could shed light on other factors inducing Asr2 expression. In silico search
for potential motifs at pAsr2 may give hints which factors to investigate. Apart from a
conserved ABA responsive element, we found ethylene and salicylic acid responsive
elements. Both hormones are known to be involved in plant development and transpiration
modulation. Other motifs suggest drought responsiveness, but also general stress response.
Additionally, the 3’UTR of pLC30-15 showed a low nucleotide diversity and patterns
consistent with positive selection in the Tacna population. This observation is not necessarily
linked to the pLC30-15 gene but this region could be associated with another locus nearby. As
the tomato genome is not yet fully aligned and analyzed it is not possible to make any
suggestions about nearby loci. Motif analysis of 3’pLC shows many conserved stress
responsive elements, involved in drought, heat, and low temperature stress. We also found
motifs linked to auxin and methyl jasmonate responsiveness — both hormones are involved in
wounding stress.

Unlike pAsr2 and 3’pLC, pAsr4 and 5°pLC are more polymorphic than their
corresponding transcribed regions. Interestingly, the patterns consistent with local adaptation
at Asr4 in the Tacna population described by Fischer et al. (2011) disappear when moving
upstream — neutrality tests show no deviation from a neutral scenario. Also, the haplotype
structure observed in Quicacha (Fischer et al., 2011) is not present at pAsr4. This shows that
the evidence for local adaptation described before are exclusive to the Asr4 transcribed
regions. We stated before that the expression of Asr4 seems to be adaptive to dry
environments. In the motif search we could not identify motifs involved in water deficit
response but gene expression could also be modulated by other factors or yet not described
motifs. It has also been shown that the promoter region of an Asr4 homolog in potato is
desiccation responsive (Ddczi et al., 2002). Reporter gene constructs can give more insight if
this is also the case in tomato. 5’pLC is more polymorphic than the transcribed region, the
haplotype structure and patterns of positive selection detected by Xia et al. (2010) in
Quicacha remain, suggesting that the forces acting at pLC30-15 are not limited to the gene. It
is possible that these forces might as well be demography rather than selection. Consistent
with our findings that pLC30-15 is involved in drought stress response, the motif search
revealed several conserved ABA responsive elements and a drought responsive element at

5°pLC.
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One has to keep in mind that our experiments applied extreme stresses. Especially drought
stress is usually much less dramatic in nature. Here, we provide a study where we analyzed
expression variation on a population based level in natural populations. So far, such surveys
are rare in plant populations coming from their natural habitat. Such studies cannot only shed
light on forces shaping natural phenotypic variation. They also provide candidate genes worth
of further investigation, e.g. Asr4 for transgenic experiments. We found Asr4 to be an
interesting candidate, in accordance with a previous study (Fischer et al., 2011). A publication
already confirmed an over-expression of maize Asr/ to increase the drought tolerance in Zea
mays (Jeanneau et al., 2002). But there are also examples from transgenic plants: Tomato
Asrl over-expressed in Nicotiana tabacum confers higher salt tolerance (Kalifa et al., 2004b)
and L. longifolium Asr leads to higher drought and salt resistance in A. thaliana (Yang et al.,
2005). In silico analysis of the regulatory regions can narrow down the possible factors which
could have an effect on the Asr genes and pLC30-15 expression. Our findings have of course
to be confirmed using for example reporter gene constructs. Testing for expression variation
and in silico analysis of promoter regions are relatively fast first steps towards the
improvement of agricultural plant species. Limiting factors of this study are, however, that not
all gene expression differences between populations have to be adaptive. There is a natural
noise in the responses of stress related genes (Lopez-Maury et al., 2008). Additionally, neutral
transcriptome evolution has also been observed (Broadley er al., 2008) but so far a model
concerning this theory is lacking. Future studies on natural (plant) populations will certainly
provide more insights into transcriptome evolution, also with special respect to local
adaptation. Our work provides a good example for local adaptation to drought in a natural
wild tomato population and, along with other surveys (Frankel et al., 2003; Giombini et al.,
2009; Xia et al., 2010; Fischer et al., 2011), proves Asr genes and dehydrins to be promising
candidate genes to investigate plant evolution and wild tomato species a valuable genetic

resource for genes conferring resistance to abiotic stress.
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5 General Discussion

For this thesis I studied wild tomato species from natural environments in order to detect
patterns consistent with local adaptation on the DNA and gene expression level. The aim of
the work presented in the first chapter was to investigate the potential for adaptation and the
strength of selection acting at housekeeping genes in four Solanum species which dwell in
different habitats. We found very strong purifying selection was acting at non-synonymous
sites in all analyzed species. Purifying selection was also acting at non-coding sites (introns),
but the strength of selection varied between species. However, we found no evidence for
positive selection shaping the pattern observed at these loci. The goal of the work presented in
the second chapter was to detect signatures of local adaptation in populations of two wild
tomato species, S. chilense and S. peruvianum, at the Asr gene family. To distinguish between
natural selection and demography we used a set of reference loci studied in the previous
chapter. Those loci were already used to infer population structure and speciation in S.
chilense and S. peruvianum (Roselius et al., 2005; Stidler et al., 2005; Arunyawat et al.,
2007; Stadler et al., 2008). While sequencing the four members of the Asr gene family
previously described we discovered a new copy, designated Asr5, which is highly similar to
Asr3. Indeed, both copies seem to be subject to gene conversion. We analyzed all five copies
of the Asr gene family and detected patterns consistent with local adaptation in a S. chilense
population, but not in S. peruvianum. The individual members of the Asr gene family show
quite diverse evolutionary histories, ranging from purifying selection, over gene conversion,
to local adaptation. In the third chapter, I present results of a study which aimed to determine
the expression pattern of the stress responsive genes Asrl, Asr2, Asr4, and pLC30-15 from
wild tomato populations from contrasting environments. We did this in order to detect local
adaptation at the gene expression level. The plants were submitted to drought and cold stress
and the transcript level of the candidate genes was measured by gqPCR. As this method is more
sensitive than the ones previously used to quantify gene expression of Asr genes in tomato
(Maskin et al., 2001; Frankel et al., 2006), we gained more elaborate insight into the
regulation of these genes. We describe gene expression of Asr4 to be adaptive to drought
conditions and the gene to be of potential interest for further functional studies. However,
plasticity in Asr and pLC30-15 expression is also evident. Analysis of the regulatory regions
shows a conserved Asr2 promoter region and positive selection acting at the 3’UTR of
pLC30-15 in a population from a dry environment. In silico analysis of the promoter regions

also gives valuable insight into potential future downstream experiments.
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5.1. Fitness effects of derived mutations at housekeeping genes in closely related

Solanum species

Estimation of the strength of selection in four wild tomato species from different habitats
using SFS-based methods revealed purifying selection acted at non-synonymous (NS) and
non-coding (NC) sites. This is characterized by an excess of low-frequency derived
polymorphism. However, past demographic expansions reported for these species created a
similar pattern (Stddler er al., 2008; Stadler et al., 2009). As SFS-based methods are sensitive
to demographic events (Fay et al., 2001; Eyre-Walker & Keightley, 2007) this was taken into
account when measuring the DFE. We also quantified the strength of selection using the
fixation index F. Strong purifying selection will increase F as deleterious mutations cannot
rise in frequency and will remain private to one population. In principle, DFE and Fy
estimates are in agreement with regards to the intensity of selection, except for S. arcanum
where DFE revealed strong purifying selection at NS and NC sites but Fy is lower than for
synonymous (S) sites. These results can also be explained by very strong purifying selection
in this species. Potential linkage disequilibrium in combination with very strong negative
selection can lead to reduced Fy if the effective population size is small (Pamilo et al., 1999),
which is the case in S. arcanum. As all studied loci are housekeeping genes, it is not surprising
that purifying selection is acting on their coding region. New mutations in coding regions can
either be nearly neutral due to probable redundancy of protein function, or lethal if they hit
key functions; recent empirical studies give evidence for this scenario and its role in the shape
of the DFE (Fudala & Korona, 2009). Somewhat more unexpected is the fact that purifying
selection acted at NC sites, although it varies among species. But evidence for natural
selection on NC regions has been reported before, e.g. in mouse and human (Jareborg et al.,
1999), A. thaliana (Thomas et al., 2007), or in balsam poplar (Olson et al., 2010). As also
introns have important functions (e.g. by expression regulation, correct splicing), purifying

selection, however weaker than at NS sites (Jareborg et al., 1999), might not be surprising.

The fact that these genes experienced purifying selection might make it problematic to use
them as reference genes in the candidate gene approach applied in Chapter 2. Indeed,
neutrally evolving loci would be preferable. However, it is extremely difficult to find loci
fulfilling these requirements even in model organisms. The fact that we did not detect patterns
consistent with local adaptation at these loci is of course advantageous but one has to keep

these results in mind when interpreting the findings of the candidate gene study. In the past,
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these reference loci served well to estimate demography and speciation in wild tomato
(Roselius et al., 2005; Stidler et al., 2005; Arunyawat et al., 2007; Stidler et al., 2008; Stadler
et al., 2009; Tellier et al., 2011b). Employing next generation sequencing techniques will
certainly provide more data on wild tomato and loci better suited for estimating past
demographic events. Such approaches are currently realized by T. Stiddler at the ETH in

Zurich and in our lab.

5.2.  The evolution of pLC30-15 and members of the Asr gene family

Investigating the expression pattern of pLC30-15 and the Asr genes shows consistency
with the expectation for early response genes. This kind of genes, activated within minutes
after stress perception, usually consist of transcription factors which activate the late response
genes (Mahajan & Tuteja, 2005). Asr genes were already described to be desiccation induced
in several plant species: e.g. an Asr4 homolog in the wild potato Solanum chacoense (Silhavy
et al., 1995), in roots of the pine species P. taeda (Padmanabhan et al., 1997), in desiccated
pollen of Lilium longifolium (Wang et al., 1998), in several organs of G. biloba (Shen et al.,
2005), or source and sink leaves of O. sativa (Philippe et al., 2010). Those genes, however,
have also been shown to be induced by other osmotic stress conditions. An Asr/ homolog in
S. tuberosum is induced by cold (Schneider et al., 1997) and other Asr homologs are
responsive to salt stress in O. sativa (Vaidyanathan et al., 1999) and G. biloba (Shen et al.,
2005). We found that the Asr genes and pLC30-15 are induced much stronger by water deficit
than by cold, suggesting that they play a more important role in drought response than in cold
response pathways in wild tomato species.

Studying cis-regulatory elements became of great interest over the last years as
phenotypic changes are suggested to result from variation in these regions rather than in
coding regions (Wray, 2007). A relatively cheap way to investigate this is to first analyze
sequence variation and search for motifs in promoter regions in silico (Proost et al., 2009).
Depending on the outcome of these investigations feasibility of downstream experiments can
be determined. The promoter region of pLC30-15 is more polymorphic than the gene, the
haplotype structure and patterns of positive selection described in a previous study (Xia et al.,
2010) in Quicacha remain, suggesting that the forces acting at the pLC30-15 gene are not
limited to the gene. It is possible that these forces might as well be demography rather than
selection. Not surprisingly, the motif search revealed several conserved ABA responsive

elements and a drought responsive element at the pLC30-15 promoter region. Analysis of the
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3’UTR of pLC30-15, however, showed low nucleotide diversity and patterns consistent with
positive selection in the Tacna population. This observation must not necessarily be linked to
the pLC30-15 gene since this region could be associated with another locus nearby. As the
tomato genome is not yet fully aligned and analyzed it is not possible to make any suggestions
which locus lies nearby to date. Motif analysis of the 3’UTR of pLC30-15 shows many
conserved stress responsive elements, involved in drought, heat, and low temperature stress.
We also found motifs linked to auxin and methyl jasmonate responsiveness — both hormones
are involved in wounding response. These conserved motifs could regulate a nearby stress-
responsive gene (if not pLC30-15 itself) and future analysis of the tomato genome will
undoubtedly provide candidate genes in close proximity.

When analyzing the Asr gene family, one interesting aspect is the likely occurrence of
gene conversion between Asr3 and Asr5. A previous study describes Asr3 to be exclusive to
tomato (Frankel et al., 2006); therefore the Asr3-Asr5 duplication most likely occurred after
the tomato cladogenesis. In our dataset, only the coding region seems to be target of gene
conversion and it is therefore probable that two similar protein copies are beneficial for the
plant’s fitness. More proteins of the same kind are favoured in a “dosage” scenario which has
been suggested to be the case in stress responsive genes in variable environments
(Kondrashov et al., 2002; Innan & Kondrashov, 2010). Another case where gene conversion
is advantageous is when diversifying selection is acting, since new haplotypes can be created
(Innan, 2009). Unfortunately, it is extremely difficult to detect signatures of diversifying
selection in genes that undergo gene conversion as standard neutrality tests cannot be applied
(Innan, 2003; Thornton et al., 2007).

At the Asrl gene, we found evidence for purifying selection that has been acting on the
coding region. This conclusion can be drawn as the nucleotide diversity is very low in the
coding region in both species, even compared to the reference loci. In addition, Asr/ shows
low divergence to the outgroup, with a K,/K; ratio close to zero. Asrl has been described
before to be very conserved (Frankel et al., 2006). But in contrast to Frankel et al. (2006) we
did not observe lower synonymous nucleotide diversity at Asr/ than at the other Asr genes.
The level of polymorphism at synonymous sites is also comparable with that of the reference
loci. But the low level of non-synonymous polymorphism leads to almost identical protein
sequences of ASR1 among all studied lines. When investigating the expression pattern, Asr/
shows a gradual induction after both stress treatments and no obvious difference between
populations. The findings disagree with the results of Frankel et al. (2006), who detected Asr/

to be expressed after 24h only in plants from humid environments after application of water-
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deficit stress. Our data shows Asrl highly expressed in all accessions after 24 h, after drought
as well as after cold stress. One explanation for this discrepancy can be that the method
(Northern Blot) used by Frankel et al. (2006) was not sensitive enough to detect small
amounts of Asr/ transcripts. Another explanation could be considerable differences of gene
expression between accessions of wild tomato (discussed in the next paragraph). As Asrl is
highly conserved (Carrari et al., 2004; Frankel et al., 2006) it fulfils Ohno’s (1970) prediction
on gene families that (at least) one member is subject to purifying selection and maintains the
original function. The fact that Asr homologs with a similar protein sequence to tomato Asrl/
can be found over the plant kingdom (Frankel et al., 2006) suggests that this gene has an
important function and even small alterations in the protein have serious consequences for the
plants’ fitness. It has been shown that Asr/ is expressed in a housekeeping manner in
unstressed plants (Maskin et al., 2001; Frankel et al., 2006). Therefore, it can be suggested
that not only the Asrl gene but also its expression pattern, which could represent the one of

the ancestral Asr gene, is conserved.

5.3.  The significance of Asr2 as a candidate gene

Asr2 responds to water deficit much stronger in one S. peruvianum accession from the
very dry habitat of Tarapaca (LA2744), but not in the other Tarapaca accession (LA2745).
This is surprising, as both accessions were sampled in close proximity and in the same
environmental conditions. Similar differences between both accessions can also be observed
at the expression patterns of Asr4 and pLC30-15. 1t is therefore crucial to keep in mind that
differences in gene expression do not necessarily have to be adaptive. It has been
demonstrated that stress related genes have noisier expression than housekeeping genes
(Blake et al., 2006; Maheshri & O'Shea, 2007) and a higher expression divergence of
duplicated genes in A. thaliana (Ha et al., 2007). It has been argued that some variability in
gene expression is advantageous as it allows the plant to rapidly response to environmental
changes (Lopez-Maury et al., 2008). It was suggested that noise in gene expression helps the
organism to adapt fast to new — yet not experienced — challenges (Furusawa & Kaneko, 2008).
Indeed, Asr genes have been shown to be very variable in their expression kinetics. First, they
show differences in organ specific expression. For example, an Asr homolog water-deficit-
stressed in loblolly pine is expressed in roots, but not in stems and needles (Padmanabhan et

al., 1997) and tomato Asr/ is induced upon drought in leaves, but not in roots (Maskin et al.,
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2001). Second, different patterns depending on the gene copy can also be observed. Unlike
Asr2, Asrl and Asr4 seem to be induced after desiccation in wild tomato (Frankel et al., 2006)
and rice Asrl and Asr2 are up-regulated in water-deficit-stressed source leaves, whereas Asr3
and Asr4 are down-regulated (Philippe et al., 2010). Third, different kinds of stress lead to
expression differences. An Asr/ homolog in potato tubers is induced after cold, but not after
drought and salt stress (Schneider et al., 1997). In ginkgo roots, Asr shows a higher induction
following desiccation than after treatment with NaCl (Shen et al., 2005). Philippe et al. (2010)
even described differential expression patterns of rice Asr4, Asr5, and Asr6 depending on the
cultivar. Additionally, neutral transcriptome evolution has also been observed (Broadley et al.,
2008) but so far a model concerning this theory is lacking. Future studies on natural (plant)
populations will certainly provide more insight into transcriptome evolution, also with special

respect to local adaptation.

Two previous studies detected patterns consistent with local adaptation at the Asr2 gene in
tomato populations from dry environments (Frankel et al., 2003; Giombini et al., 2009). In
our data, we find no indication for adaptation at Asr2, such as patterns of low diversity within
a population and a high fixation index between populations. Therefore, we cannot confirm
this previous hypothesis. Frankel et al. (2003) used a phylogenetic approach to detect
adaptation where only few (four to eight) alleles were analyzed for each of the seven Solanum
species/cultivars investigated. They found a K,/K; ratio >1 in several between-species
comparisons and an accelerated rate of evolution in species from dry environments (i.e. S.
chilense and S. peruvianum v. humifusum). They retrieved their samples from the Tomato
Genetics Resource Center where the S. chilense accession derived from Antofagasta. The
Antofagasta sample was again used in the study by Giombini et al. (2009) who also found
signatures of positive selection in S. chilense using a candidate gene approach. However,
previous analysis of the Antofagasta sample in our group showed that this population deviates
strongly from equilibrium conditions (Arunyawat et al., 2007). Population bottlenecks can
cause skews in the site frequency spectrum that may be confounded with natural selection
(Holliday et al., 2010). In both studies, Antofagasta was the only sample analyzed to infer
adaptation in S. chilense and Giombini et al. (2009) found the same patterns described at Asr2
at the reference locus used in their analysis. It remains possible that local adaptation acted in
this population. However, given the results of Arunyawat et al. (2007), a demographic effect
is more likely to have caused the patterns observed by Frankel ef al. (2003) and Gombini et
al. (2009).
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When analyzing the Asr2 promoter region, however, it is quite striking how highly
conserved it is — even more than the Asr2 gene itself. This suggests an important function of
this region and purifying selection is acting against changes at the promoter of Asr2. A study
using a pAsr2-reporter gene construct already conferred promoter activity and induction by
ABA (Rossi et al., 1998). A similar approach could shed light on other factors inducing Asr2
expression. In silico search for potential motifs at the Asr2 promoter region can give hints
which factors to investigate. Apart from a conserved ABA responsive element, we found
ethylene and salicylic acid responsive elements and both hormones are known to be involved
in plant development and transpiration modulation. Other motifs suggest drought

responsiveness, but also general stress response.

5.4. The role of Asr4 in adaptation to drought

In contrast to the Asr2 gene, we found patterns of local adaptation at Asr4 in two S.
chilense populations, Quicacha and Tacna. The interpretation of the data may be somewhat
ambiguous for Quicacha, as in this population the reference loci also show some indication of
population structure (although not significant). In Tacna on the other hand, the evidence for
adaptation is striking since we do not observe any haplotypic structure at the reference loci in
this population. Moreover, the fixation index Fy between Tacna and the other S. chilense
populations is very high compared to the reference loci and the other Asr genes — indicating
limited gene flow at Asr4 between Tacna and its neighbouring populations. An elevated F; is
a hallmark for local adaptation where an allele is favoured in one population, but not in others
(Beaumont & Balding, 2004; Foll & Gaggiotti, 2008; Riebler er al., 2008). Interestingly, the
patterns consistent with local adaptation at Asr4 in the Tacna population disappear when
moving upstream — neutrality tests show no deviation from a neutral scenario. Also, the
haplotype structure observed in Quicacha at Asr4 is not present at the promoter region. This
shows that the evidence for local adaptation is exclusive to the Asr4 gene. The first part of the
first exon seems to play a major role in adaptation. This region is characterized by a repetitive
region with a very high level of polymorphism and indels of different length. This repetitive
region possesses a SYG motif that has been described to be stress responsive in
Saccharomyces cerevisiae (Treger & McEntee, 1990). A similar region was also detected in
DS2, an ASR4 homolog in wild potato (Silhavy et al., 1995). The authors describe this part of
the protein as highly hydrophilic and discuss sequence similarities with LEA proteins as these

also show this hydrophilic character at the N-terminal end. Interestingly, the rice ASR6
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protein has an insertion at the N-terminal, which displays some sequence similarity to the
tomato ASR4 (Frankel et al., 2006), but lacks the SYG motif. Since this insertion is already
present at an Asr gene in a monocot, an important function of this region can be inferred as it
was already present in an ancestral Asr gene in early land plants. Alternatively, these domains
might also have been gained independently, which would be a remarkable example of
convergent evolution. Since the zinc-binding sites of the ASR1 protein are located in the first
exon (Rom et al., 2006), it may be that variation in this region of ASR4 has an influence on
the zinc-binding activity.

Interestingly, the gene expression of Asr4 is induced much faster upon water deficit in the
Tacna accession, which represents a very dry environment in S. chilense, compared to the
other S. chilense accession. We also observe a fast down-regulation of Asr4 in this accession
after 3h and a very low transcript level after 24h. These results are consistent with the findings
by Frankel et al. (2006): In their study, Asr4 expression could not be detected after 24h in
drought-stressed wild tomato plants from a dry environment. Most likely the transcript was
not present in a measurable amount after 24h as our data indicates that induction as well as
down-regulation seems to be faster in populations from dry habitats. In the Tacna population,
we describe a predominant Asr4 haplotype which seems to be favoured in this dry habitat and
was absent in other S. chilense populations. Indeed, the accession tested here is homozygous
for this predominant haplotype. In addition, Asr4 is more strongly induced in a Tacna
accession from a high altitude following cold stress compared to the other S. chilense
accessions. Our results suggest that the Asr4 regulation might also be adaptive and we
therefore corroborate its role as a candidate gene for further functional experiments. However,
in the motif search we could not identify regulatory elements involved in water-deficit or cold
response but gene expression could also be modulated by other factors. It has also been shown
that the promoter region of an Asr4 homolog in potato is desiccation responsive (D6czi et al.,

2002). Again, reporter gene constructs can give more insight if this is also the case in tomato.
5.5. Conclusions and outlook

Wild relatives of crop species have many advantages making these non-model organisms
interesting tools for studying plant evolution. First, they provide a first step towards

agriculture improvement of their cultivated relatives. Second, a certain amount of genomic

information from their domesticated sister species is usually available. And third, they are
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sampled from the ecological context they evolved in. We provide a study where we analyzed

genetic and expression variation on a population based level in natural populations (Fig. 5.1).
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Figure 5.1 Interdisciplinary approaches to evolutionary and ecological genomic studies. Approaches
are shown linking variation in phenotypes to variation on genotypes, followed by testing natural
selection and fitness in natural environments. The left part of the chart is a general picture; the right
part provides specific details from this study. Our contribution is highlighted in red, the further
outlook in blue. QTL, quantitative trait locus; Asr, abscisic acid/water stress/ripening induced.

Modified from Song & Mitchell-Olds (2011).

So far, surveys combining both are rare in plant populations coming from their natural habitat.
Such studies cannot only shed light on forces shaping natural phenotypic variation. They also
provide candidate genes worth of further investigation, e.g. for transgenic experiments. We
found Asr4 to be an interesting candidate, both in the expression and population genetics
analysis (Fig. 5.1). A study already confirmed an over-expression of maize Asr/ to increase
the drought tolerance in maize (Jeanneau et al., 2002). But there are also examples from
transgenic plants: Tomato Asrl over-expressed in Nicotiana tabacum confers higher salt
tolerance (Kalifa et al., 2004b) and lily Asr leads to higher drought and salt resistance in A.
thaliana (Yang et al., 2005). Wild Solanum species served as genetic resource for their
cultivated relatives in recent years, however mostly for pathogen resistance traits. Solanum
nigrum is one such case and shows resistance to races of late blight, which is caused by the
oomycete Phytophthora infestans — a serious disease in tomato and potato (Campos et al.,

2002; Lebecka, 2008). Resistance to P. infestans has successfully been transferred from
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species of the S. nigrum complex to potato (Colon et al., 1993; Zimnoch-Guzowska et al.,
2003). In addition, in silico analysis of the regulatory regions can narrow down the possible
factors which could have an effect on Asr and pLC30-15 expression — findings which have to
be confirmed using for example reporter gene constructs. Testing for expression variation and
in silico analysis of promoter regions are relatively fast first steps towards improvement of
agricultural plant species (Proost et al., 2009).

In conclusion, we observed that the Asr family is highly dynamic as the individual
members show quite diverse evolutionary histories. This observation is not uncommon in
plants, since adaptive specialization is thought to occur after gene duplication (Flagel &
Wendel, 2009). In rice, a recent study of the Asr gene family revealed the same pattern we
observe here: the members are experiencing different (gene- and species-specific)
evolutionary histories and a candidate gene for drought tolerance (rice Asr3) could be
identified (Philippe et al., 2010). Interestingly, this potential candidate for drought adaptation
clusters in tandem with rice Asr4, whereas the other rice Asr genes are distributed over the
whole genome (Frankel ef al., 2006). This supports recent findings, mostly in Arabidopsis and
rice, that stress responsive gene families are preferably clustered in tandem (Maere et al.,
2005; Mondragon-Palomino & Gaut, 2005; Rizzon et al., 2006; Hanada et al., 2008; Zou et
al., 2009). With the Asr gene family we therefore provide a good example of a tandemly
arrayed gene family that is of importance in adaptation to drought. We detected patterns of
local adaptation to dry environments at an Asr gene in the S. chilense population from Tacna,
which is the driest S. chilense environment sampled. Interestingly, we did not find any
evidence for local adaptation in S. peruvianum, a species that inhabits a broader geographical
and environmental range. This is consistent with the results from the first chapter: constraint
is more relaxed on the NC regions (maybe influencing the gene expression) of S. peruvianum
and S. habrochaites. This could lead to a higher phenotypic plasticity which is advantageous
for species inhabiting a broad variety of habitats. Solanum arcanum and S. chilense, on the
other hand, occupy narrower niches and sometimes extreme environments. This leads to a
higher constraint in plasticity which is in consistency with previous studies (Arunyawat et al.,
2007; Xia et al., 2010). As S. peruvianum (and S. habrochaites) shows high nucleotide and
morphological diversity, it may be hypothesized that this species can cope with a great variety
of environmental conditions, unlike S. chilense (and S. arcanum) which seems to be
undergoing local adaptations more frequently. In consistence with previous work by Nakazato
et al. (2010) we find the potential distribution of S. peruvianum to be broader than the one of

S. chilense. Indeed, S. peruvianum seems to be covering a large variety of potential habitats.
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S. chilense, on the other hand, shows the best fitting area at the Atacama Desert, one of the

driest regions in the world.
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Section 1: Species-wide analysis

Table A.S1 Habitat characteristics of the analyzed populations of four Solanum species.
Where applicable, the TGRC accession numbers are indicated (for descriptions, see Stidler et

al., 2005). All S. chilense and S. peruvianum populations have been described in Arunyawat

et al. (2007).

) . . Coordinates Altitude  Ecological
Species Population Location
(latitude, longitude) (m) habitat
Tarapaca
northern Chile  18°33'S, 70°09'W 400 dry
(LA2744)
S. peruvianum Arequipa southern Peru  16°27'S, T1°42'W 2180 dry
Nazca southern Peru  14°51'S, 74°44'W 2140 dry
Canta central Peru 11931'S, 76°41'W  2000-2060 mesic
Antofagasta .
northern Chile 22°14'S, 68723'W 2900 dry
(LA2884)
S. chilense Tacna southern Peru  17°53'S, 70°07T"W 1270 dry
Moquegua southern Peru  17°04'S, 70°52'W 2490 dry
Quicacha southern Peru  15°37'S, 73°48'W 1830 dry
Canta central Peru 11931'S, 76°41'W  2000-2060 mesic
Ancash
central Peru  09°31°S, 77°53"W  000-1800 mesic
. (LA1775)
S, habrochaites
Otuzco northern Peru  07°56'S, 78736'W 2450 mesic
Contumaza northern Peru  07°22'S, 7T8°48'W 2670 mesic
Lajas northern Peru  06°33'S, 78°46'W  1880-2090 dry-mesic
Otuzco northern Peru  07°56'S, 78°36'W  2350-2550 mesic
Rupe northern Peru  07°18'S, 78°48'W  1710-2000  dry-mesic
S. arcanum
San Juan northern Pern  07°17'S, 78°31'W  1780-2300 mesic
Cochabamba northern Peru  06°29'S, 78°54'W  1850-1930 dry-mesic

81



Table A.S2 Chromosome location, putative function, and sizes of coding and non-coding

regions of the studied loci in S. habrochaites. The number of sites in each category was

estimated with the method of (Yang & Nielsen, 2000) and is based on the alignment of all

available sequences in S. habrochaites (depending on the locus, 39-60 sequences).

Non- Coding region
Locus Chromosome Putative protein function coding non-
.= synonymous i
region Synonymous
CToOe6 10 Arginine decarboxylase 0 36l 083
S-adenosylmethionine
CT093 5 359 273 755
decarboxylase proenzyme
CT1e6 2 Ferredoxin-NADP reductase 862 118 322
CT179 3 Tonoplast intrinsic protein D-type 279 177 402
CT198 9 Submergence induced protein 2-like 424 88 245
CT208 9 Alcohol dehydrogenase, class 111 660 119 328
CT251 2 At5g37260 gene 376 336 1002
CT268 1 Receptor-like protein kinase 0 396 1488
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Table A.S3 Values of Tajima’s Dr per locus and per species for the pooled samples. SNPs
are grouped by categories: synonymous, silent sites (i.e. non-coding and synonymous), and all

sites.

average

Species Site type CTO66 CT093 CTlee CT179 CT198 CT208 CT251 CT268 DA
T

synonymous -0.486 -1.436 -1.879* -0.694 -0.205 -0.982 -0.393 -0528 0.825
8. peruvianum silent  -0.486 -1.681 -1.675 -0.803 -0.793 -1.129 0781 -0.528 -0.985
all sites  -0.561 -1.689 -1.684 -0.884 -0.784 -1.149 -0.938 -0.798 -1.061

synonymous -0.293 -0.187 -0561 0.010 -0.859 -1.480 0.746 0.809 0.227
8. chilense silent  -0.293 -0.880 0.006 -0.634 -1.099 -0.411 0.098 0809 -0.301
all sites  -0.661 -1.068 -0.103 -0.715 -1.076 -0.411 -0246 0065 -0.527

synonymous -0.225 -1.360 -1.164 -0.242 -0.147 0210 0.134 0215 0.322
8. habrochaites silent 0.068 -1.623 -1.445 -1.198 0202 -0.655 0232 0215 0526
all sites  -0.390 -1.773 -1.480 -1.184 0.190 -0.655 -0.625 -0.140 0957

synonymous 0.191 -1.717 -1.041 0503 -1.440 -0.938 -0.754 -1.274 -0.809
S. arcanum silent 0,191 -1L.719 -0.241 0347 -0.268 -1.775 -0.895 -1.274 0704
all sites  0.032 -1.820 -0.241 0.237 -0.207 -1.775 0965 -1.107 0.731

* significance level of P < 0.05

* arithmetic mean across eight loci

With the exception of S. arcanum, Dy values of all sites are lower than those of synonymous
sites for most loci (and for the average across loci), whereas silent sites exhibit values that are
on average close to those for synonymous sites or only slightly lower (Table 2.1). A few
comparisons, however, do not follow this trend because some loci (CT066 and CT268) have
only a coding region or have only one non-synonymous polymorphism (CT208 in S.

peruvianum).
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Table A.S4: McDonald-Kreitman table for the four species (pooled samples for coding

regions).
Sy . - . Non- Non- P-value of
VRONYIOWS VRORVIMOUS ; )
Speci Locus Substitutions  polymorphisms .5'_\=nw11} (o ymcon) S Fisher’s
pecies ocus ' ? substitutions  polymorphisms oy a0t test
Ds Ps Dn P {two-tailed)
CT066 20 54 5 12 1.000
CT093 10 48 4 11 0.467
CT166 29 124 0 2 1.000
CT179 18 86 2 [ 0.632
S. peruvianum  CT198 14 94 2 6 0.507
CT208 26 o0 1] 1 1.000
CT251 28 87 18 45 0.593
CT268 12 80 14 50 0.190
CT066 24 S0 5 13 0.784
CT093 8 29 4 21 0.747
CT166 30 76 0 3 0.560
P, CT179 24 15 | 3 I_QD{}
' CT198 20 50 3 4 0.667
CT208 25 57 0 0 na
CT251 27 67 20 42 0.722
CT268 12 47 16 42 0.393
CTO66 28 14 6 11 0.042%
CT093 16 17 o] 3 0.697
CT166 32 41 0 1 1.000
8. habrochaires e = 5 - 2 e
T ©  CT198 18 36 3 2 0.337
CT208 34 25 1] 0 na
CT251 36 16 26 9 0.639
CT268 18 a0 14 26 0.828
CTO66 21 42 5 9 1.000
CT093 12 32 4 12 1.000
CT166 31 89 0 0 Ha
S arcanum CT179 17 R 2 2 0.574
: CT198 16 37 3 1 0.044#
CT208 27 58 0 0 na
CT251 3 58 19 39 0.860
CT268 16 31 16 30 1.000

na: not applicable (absence of non-synonymous polymorphisms and substitutions)

* significance level of P < 0.05
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Table A.S5 K./K ratios for each locus and species.

Species CToee CT093  CTie6 CT179 CTI98 CT208 CT251 CT268

S. peruvianum 0.066 0.228 0.005 0.054 0.243 0.001 0306 0246
S. chilense 0.057 0.236 0.004 0.049 0.276 0* 0344  0.270
S. habrochaites  0.073 0.218 0.001 0.065 0.313 0* 0319  0.230
S. arcanum 0.061 0.196 0* 0.048 0.338 0* 0348 (0.292

* absence of non-synonymous polymorphisms/divergence

Taking divergence between species (or to an outgroup) into account, the K,/K; ratios are

lower than one for all species and all loci. Loci CT166 and CT208 contain zero or few non-

synonymous SNPs, indicating that they are under strong purifying selection. The McDonald-

Kreitman test does not show significant departures from neutrality, except for two marginally

significant cases (Table A.S4). At locus CT066 in S. habrochaites, a higher non-synonymous

polymorphism than expected is observed (Fisher’s exact test, P < 0.05). A lower non-

synonymous polymorphism than expected is detected for CT198 in S. arcanum (Fisher’s

exact test, P < 0.05).
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Table A.S6 Summary of DNA polymorphism for all polymorphic sites of each species. S*,
NS* and NC* denote the proportions of polymorphic sites for synonymous, non-synonymous
and non-coding sites for each frequency class (i.e. rare, intermediate, and common). The *
denotes the number of SNPs per site, so the proportion of non-synonymous sites NS* is
calculated as 1 minus the number of synonymous sites divided by the total number of coding

region sites.

# #
Frequency of
Species SNPs 5SNPs SNPs NS* S NC#* NS#HS5% NCHE5*

SNPs
S NS NC

rare (f < 5%) 135 712 167 0013 0073 0.0601 0,178 0.836
. intermediate

S. peruvianum ) ) a5 28 127 0,005 0.035 0.046 0,143 1.314
(5% =f < 20%)

common (f=20%) T8 26 44 0.005 0.042 0016 0119 0.381

rare (f < 5%) 71 72 83 0013 0.039 0029 0333 074
S. chilense ermediate 55 17 57 0003 0.030 0020 0100 0.667
(5% < f < 20%)

common (f =20%) 63 27 73 0.005 0.034 0.026 0.147 0.765

rare (f = 3%) 29 29 S0 0005 0.016 0.017 0313 1.063
S habrochai intermediate
. habrochaites 20 18 27 0,003 0.011 0009 0973 0818
(3% =f < 20%)

common (f = 20%) 35 11 41 .002 0019 0.014 0105 0.737

rare (f < 3%) 76 46 86 0008 0.041 0030 0195 0.732
) inrermediate _ i i
S. arcanum 47 16 70 0.003 0.026 0025 0.115 0.962
(5% =f < 20%)

common (f = 20%) 48 18 50 0.003 0026 0.018 0115 0.692
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Table A.S7 Summary of the number of S, NS, NC polymorphisms used in the DFE

calculations.
# SNPs # SNPs # SNPs
Species
Synonymous  Non-synonymous Non-coding
S. peruvianum 278 126 338
S. chilense 189 116 213
S. habrochaites 84 58 118
S. arcanum 171 30 206

Table A.S8 Eyre-Walker o for the multi-locus datasets as estimated using the DoFE software
(Bierne and Eyre-Walker, 2004) with [confidence intervals], compared to estimates obtained

with the method by Eyre-Walker and Keightley (2009).

Method 8. peruvianum S. chilense 8. habrochaites  S. arcanum
@ (Bierne and Eyre- 0.216 0.004 -0.17 0.043
Walker, 2004) [-0.23,05]  [-057.0.36] [-096,0.3]  [-0.53,0.39]

¢ (Eyre-Walker and
Keightley, 2009)

-0.098 0.262 -0.23 -0.14
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Table A.S9 Mean of log-likelihood ratios over 50 simulated datasets in the power analysis.

. . Mean of log- Mean of estimated
Simulated -N E(s) Expansion?
likelihood —N.E(5)

0 no expansion -2137 116
(neutral) 5-fold -3622 155
; no expansion  -2750 3-10°
' 5-fold -3697 151-10°
S0 no expansion -2380 22.10°
) 5-fold -3249 424-10°

no expansion 23095 87-10°
500 0

5-fold -4979 2-10

no expansion 3522 38.10°
5000

5-fold -4525 55-10"

Note that the highest log-likelihood ratios are for simulated datasets without population
expansion and low selection coefficients (-N.E(s) = 5 or 50). Estimates of —N,.E(s) show very

high values tending to infinity (in bold).
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Table A.S10 Mean of the log-likelihood for each species for DFE estimates of NC and NS

sites.
Non-synonymous sites Non-coding sites
. o mean of estimated mean of log- mean of estimated
Species mean of log-likelihood o
-N.E(s) likelihood -N.E(s)
S. peruvianum -2351 210" 3112 5.1
S. chilense -1935 7.8 10" -2401 182
S. habrochaites -1100 5-10" -1473 204
S. arcanum -1562 2-10" -2224 205

There is no correlation between the log-likelihood score and the number of segregating sites.
Fewer non-synonymous polymorphisms occur, compared to non-coding polymorphisms.

However, the estimates of DFE show a higher log-likelihood for non-synonymous sites.
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Section 2: Population sample analysis

BayeScan analysis We use the program BayeScan by Foll and Gaggiotti (2008) to detect
outlier SNPs that deviate from the expected distribution of Fy values. In the approach
developed by Foll and Gaggiotti (2008), the posterior probability that a locus is under
selection is estimated assuming an island model of the metapopulation. Two selection models
are given: a locus is or is not under selection. For both models, a Bayes Factor (BF) will be
calculated and this factor indicates which model better fits the data. The program BayeScan
calculates the F, for every SNP and estimates the posterior probability of a SNP to be under
the effect of selection. As above, to compensate for the low number of non-synonymous
polymorphisms, the F\; distribution of silent polymorphisms (S + NC sites) is computed. The
strength of selection acting on NC sites is thus inferred by comparing the F, distribution at
synonymous sites to that at silent sites. Then, the distribution at silent sites (S + NC) is
compared to the one at all sites (S + NC + NS) to reveal selection on non-synonymous SNPs.
Before running the program, polymorphic sites that are only present at low frequencies < 5%
in the pooled samples are removed because they could contribute excessively to high Fy,
values. We chose a sample size (i.e. number of iterations used for estimation) of 5000 and a
thinning interval (i.e. number of iterations between samples) of 20. The total number of
iterations is the sample size times the thinning interval (in our case 100,000). Before starting

the sampling, we ran ten pilot runs (with a run length of 5000) to adjust the proposal rates.
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Figure A.S1a
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Figure A.S1 F; analysis of individual SNPs from four populations of S. chilense with BayeScan (Foll
and Gaggiotti, 2008). The Bayes Factor and F, are calculated for each SNP: (a) synonymous (shown
as white diamonds) and non-coding (grey diamonds) SNPs, (b) all SNPs, with non-synonymous SNPs

shown asblackdiamonds.
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In Figure A.Sla, the F, distribution at non-coding SNPs is shown to be higher than that
for synonymous polymorphisms. The distribution of Fy at NS sites shows an intermediate
position between that at synonymous and NC sites (Figure A.S1b). One non-synonymous
SNP is shown to exhibit a signal of positive selection (local adaptation) at locus CT268
(Figure A.S1b). The difference between results from all SNPs (Figure 2.3 in text) and those in
BayeScan is the exclusion of low-frequency SNPs at the species level (rare at f < 5%). In S.
chilense, NS sites have a “lower” Fy, distribution compared to NC sites without these rare
SNPs, indicating that many NS polymorphic sites are found only as singletons or doubletons
in the species and are private to single populations.

Note that despite the lack of statistical power for using BayeScan with only four or five
populations, we show that the intraspecific Fj, pattern due to purifying selection is observable
in S. chilense (Figure A.S1). Sites under purifying selection are not, however, expected to be
outliers in such an Fy-based method (Foll and Gaggiotti, 2008). Indeed, Fy; increases

noticeably with an increasing amount of private intermediate-frequency SNPs.
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Section 3: Regulatory motif analysis

We analyzed the non-coding regions of the CT loci wusing PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), a database to detect described
regulatory elements in DNA sequences. We classify regulatory motifs by length. The
rationale is that small regulatory motifs in introns (length < 7 bp) may be found only by luck,
although they may not perform a regulatory function. Longer motifs (> 7 bp) might be better
indicators of key regulatory elements in these genes.

In CT093, the sequenced non-coding region consists only of the 5> UTR. Not surprisingly,
most of the inferred motifs are common cis-acting elements. The motifs in the 5° UTR of
CT093 seem to be more conserved than the motifs in the non-coding regions of the other loci,
which might be expected since it is a promoter region.

The non-coding region analyzed for CT166, which encodes a Ferredoxin-NADP reductase
involved in photosynthesis, has four introns. We found light-responsive elements: 3-AF1
binding site, AE box (not in S. chilense), Box 4, and GT1 motif. One of these motifs, 3-AF1
binding site, contains SNPs that disrupt the motif in S. chilense, but not in S. arcanum.

In CT179, encoding a tonoplast intrinsic protein A-type involved in water transport, the
non-coding region contains two introns. In S. arcanum and S. habrochaites, we find the MBS
motif and a MYB binding site involved in drought-inducibility. The non-coding region
features many indels disrupting the motifs. This is especially the case in S. arcanum where we
cannot observe any conservation of motifs, the MBS motif also being affected by these indels.

The non-coding region of CT198 comprises three introns and part of the 3° UTR. CT198
is described as submergence induced protein 2-like. We found gibberellin-responsive
elements (GARE motif — only in S. habrochaites; P box — not in S. peruvianum) which are
exclusive to CT198. Gibberellins are known to be involved in dormancy, germination, sex
determination, and flowering; an involvement in the water status of the plant has not been
described. The motifs in S. chilense are more conserved than in S. arcanum, where almost
every motif is disrupted by indels and/or SNPs.

At CT208, the non-coding region consists of three introns. No motif related to the fact that
CT208 encodes an alcohol dehydrogenase can be found. The non-coding region of S.
arcanum 1s more conserved than in S. chilense, as there are far fewer disruptions by indels.

The non-coding region of CT251 consists of four introns and the 3° UTR. Compared to
the other loci, there are much fewer motifs. CT251 is described as putative At5g37260 gene.

In Arabidopsis thaliana, this gene encodes a MYB transcription factor. The lack of motifs can
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be explained by the fact that CT251 itself encodes a transcription factor. But it is also possible
that the non-coding region contains motifs which are not described yet. Again, the S. arcanum

non-coding region seems to be more conserved and we find more indels in S. chilense.

1007 & —a— S. chilense indels
—B— S. chilense SNPs
\ —a&— S. arcanum indels
80 \ —a— S. arcanum SNPs
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Figure A.S2 Percentages of regulatory motifs disrupted by SNPs (dashed lines) or indels (solid lines)
in non-coding (intronic) regions of S. chilense (black) and S. arcanum (red), shown as a function of the

length of the motif.
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Appendix B: Supplementary Online Material Fischer ef al. (2011)

Supporting Information Methods S1

We predicted the potential species distribution of S. chilense and S. peruvianum based on
bioclimatic data. For this, we used the DIVA-GIS software (http://www.diva-gis.org/),
applying the BIOCLIM (Bioclimate Prediction System) algorithm. BIOCLIM quantitatively
describes the climatic environment inhabited by a species by defining a percentile distribution
for each environmental variable considered. The BIOCLIM algorithm then compares the
climatic characteristics of a geographic layer with the percentile distributions of variables
inferred from species occurrences. With the BIOCLIM Classic option, the program
determined six types of areas: “not suitable” areas for which one or more climate variables are
outside the 0-100 percentile envelope; areas of “excellent” suitability within the 20-80
percentile envelope for each variable; areas of “very high” suitability within the 10-90
percentile envelope; areas of “high” suitability within the 5-95 percentile envelope; areas of
“medium” suitability within the 2.5-97.5 percentile envelope and areas of “low” suitability for
which at least one variable is at the boundaries of the 0-100 envelope (i.e. between 0-2.5%
and 97.5-100%). In our study, we used data of collecting sites from the UC Davis database
(http://tgrc.ucdavis.edu/index.aspx). Only accessions where the collection site was clearly
defined (latitude, longitude) and which were according to the latest taxonomic definition
(Solanum) were taken into account. This left us with 141 and 123 accessions for S. chilense
and S. peruvianum, respectively. Ecological niche modeling (ENM) of the species was
determined using current conditions (1950-2000) derived from the WorldClim global climate
database (http://www.worldclim.org/), considering all 19 bioclimatic variables (at a 30 arc-
second resolution, approximately lkm?): (1) annual mean temperature; (2) mean diurnal
range, (3) isothermality, (4) temperature seasonality, (5) maximum temperature of warmest
month, (6) minimum temperature of coldest month, (7) temperature annual range, (8) mean
temperature of wettest quarter, (9) mean temperature of driest quarter, (10) mean temperature
of warmest quarter, (11) mean temperature of coldest quarter, (12) annual precipitation, (13)
precipitation of wettest month, (14) precipitation of driest month, (15) precipitation
seasonality, (16) precipitation of wettest quarter, (17) precipitation of driest quarter, (18)
precipitation of warmest quarter, and (19) precipitation of coldest quarter.

The Area Under Curve (AUC), referring to the Receiver Operation Characteristic curve

(ROC - Pearce & Ferrier, 2000), is commonly applied to evaluate ecological niche models by
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measuring its ability to discriminate locations where the species is present to those where it is
absent (Hanley & McNeil, 1982). To calculate AUC, we divided the occurrences for each
species into training (selecting 75% of the occurrence data sets randomly) and test points
(including the remaining 25%) incorporated by “pseudo-absent” points by random sampling
within South America, using DIVA-GIS. AUC values range from 0.5 for models no better
than random and 1 indicating that the model can discriminate perfectly between presence and
absence records. Models associated with AUC > 0.7 are considered as well performing

(Fielding & Bell, 1997).

References

Fielding HA, Bell JF. 1997. A review of methods for the assessment of prediction errors in
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characteristics (ROC) curve. Radiology 143: 29-36.
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developed using logistic regression. Ecological Modelling 133: 225-245.
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Supporting Information — Tables

Table B.S1 Primer sequences and amplification conditions for PCR of the Asr genes

annealing

Locus Type of primer  primer sequence 3' =2 3' temperature
Asrl forward ATG GAG GAG GAG AAA CAC 54°C
reverse CATCACACGAGATIGGTAA 54°C
Asr2 forward GTG ATT AGG TAA ACG CAA GG 36°C
reverse TTG ATT AGT AGT GGT GGT GG 56°C
Asr3 forward ACT ATC CCATAG CGT TG 54°C
reverse TTATCT TGT GTT TGT C 54°C
Asrd forward GAA GAC ACCCCC ATT GAG AA 61°C
reverse GCTTCTTTC TTC TGA TGA TGT TC  61°C
Asr3 forward TCC ACT TGA ATT GTT TGA TTA GG 59°C
reverse ATG GAATGCAAATCC ACCAG 59°C

Table B.S2 Numbers of alleles sequenced for each locus

Species/populations  Asr/ Asr2 Asr3 Asrd Asrs
S. chilense 35 34 27 31 31
Quicacha 14 11 8 11 11
Moquegua 7 9 9 9 10
Tacna 14 14 10 11 10
S. peruvianum 30 30 30 29 28
Canta 10 10 9 10 10
Nazca 10 10 11 9 8
Tarapaca 10 10 10 10 10

Table B.S3 Numbers of site categories

non- length of

total SYNONYMOoUs SYNONymous non- intron  flanking
Locus length® coding”  sites™” sites™” coding  length® region®
Asrl 1462 282 57.01 224.99 1180 998 182 (3")
Asr2 837 318 59.92 258.08 519 141 378(5")
Asr3 1163 153 304 122.6 1010 632 378(5")
Asrd 501 396 84.45 311.55 105 105 -
Asrd
repetitive
region 108 108 23.38 84.62 - - -
Asr3 1357 180 33.95 146.05 1207 833 3 (5")

* excluding sites with gaps based on the total alignment

® calculated using the Nei & Gojobori (1986) method
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Table B.S4 Nucleotide diversity of the Asr genes and the reference loci

Asrd

repetitive reference
T Asrl Asr2 Asr3 Asrd region  Asr5 loci®
S. chilense® 0.025 0.020 0.037 0.018 0.034 0.032 0.012
Quicacha 0.024 0.016 0.033 0.009 0.015 0.019 0.010
Moquegua 0.024 0.022 0.020 0.023 0.040 0.026 0.011
Tacna 0.018 0.020 0.033 0.015 0.029 0.028 0.010
S. peruvianum®  0.024 0.022 0.040 0.019 0.035 0.039 0.014
Canta 0.024 0.020 0.041 0.019 0.036 0.037 0.014
Nazca 0.021 0.015 0.035 0.014 0.019 0.038 0.012
Tarapaca 0.022 0.022 0.039 0.021 0.028 0.035 0.013
Ow
S. chilense® 0.028 0.025 0.038 0.020 0.042 0.032 0.014
Quicacha 0.025 0.014 0.028 0.011 0.020 0.020 0.010
Moquegua 0.027 0.027 0.026 0.021 0.038 0.024 0.011
Tacna 0.015 0.022 0.031 0.022 0.042 0.024 0.009
S. peruvianum®  0.032 0.026 0.051 0.029 0.028 0.052 0.020
Canta 0.025 0.020 0.048 0.021 0.036 0.043 0.016
Nazca 0.020 0.014 0.036 0.015 0.018 0.035 0.012
Tarapaca 0.023 0.021 0.036 0.020 0.026 0.038 0.013
Tlsynonymous
S. chilense® 0.032 0.047 0.040 0.035 0.058 0.032 0.026
Quicacha 0.019 0.024 0.034 0.019 0.022 0.022 0.022
Moquegua 0.039 0.057 0.016 0.030 0.046 0.010 0.026
Tacna 0.015 0.053 0.035 0.028 0.050 0.010 0.020
S. peruvianum®  0.044 0.091 0.041 0.040 0.067 0.049 0.031
Canta 0.046 0.095 0.037 0.049 0.069 0.049 0.030
Nazca 0.045 0.039 0.034 0.031 0.041 0.025 0.026
Tarapaca 0.032 0.087 0.043 0.025 0.034 0.061 0.030
Tlhon-synonymous
S. chilense® 0.0007  0.0087  0.0159 0.0118 0.0273  0.0157  0.0031
Quicacha 0.0006  0.0068  0.0193  0.0060  0.0133  0.0066  0.0018
Moquegua 0.0000  0.0087  0.0073  0.0218 0.0382  0.0113  0.0026
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Tacna 0.0020 0.0081 0.0089 0.0129 0.0234 0.0123 0.0026
S. peruvianum®  0.0025 0.0083 0.0119 0.0124 0.0262 0.0136 0.0033
Canta 0.0000 0.0020 0.0166 0.0108 0.0259 0.0174 0.0034
Nazca 0.0037 0.0008 0.0074 0.0091 0.0122 0.0080 0.0030
Tarapaca 0.0020 0.0153 0.0123 0.0170 0.0265 0.0121 0.0024
Thon-coding

S. chilense® 0.032 0.024 0.041 0.024 - 0.036 0.013
Quicacha 0.032 0.024 0.036 0.012 - 0.020 0.012
Moquegua 0.031 0.027 0.022 0.020 - 0.029 0.010
Tacna 0.023 0.024 0.037 0.011 - 0.031 0.010
S. peruvianum®  0.033 0.021 0.045 0.023 - 0.045 0.016
Canta 0.034 0.020 0.045 0.018 - 0.041 0.017
Nazca 0.024 0.020 0.040 0.014 - 0.045 0.013
Tarapaca 0.028 0.017 0.044 0.033 - 0.044 0.013
Toon/Tsyn”

S. chilense® 0.022 0.185 0.398 0.337 0.471 0.491 0.126
Quicacha 0.032 0.283 0.568 0.316 0.605 0.300 0.100
Moquegua 0.000 0.153 0.456 0.727 0.830 1.130 0.121
Tacna 0.133 0.153 0.254 0.461 0.468 1.230 0.135
S. peruvianum®  0.057 0.091 0.290 0.310 0.391 0.278 0.114
Canta 0.000 0.021 0.449 0.220 0.375 0.355 0.136
Nazca 0.082 0.021 0.218 0.294 0.298 0.320 0.117
Tarapaca 0.063 0.176 0.286 0.680 0.779 0.198 0.077

* average over seven reference loci

nnon-synonymous/ Tlsynonymous

¢ pooled over three populations

Reference:

Nei M, Gojobori T. 1986. Simple methods for estimating the numbers of synonymous and

nonsynonymous nucleotide substitutions. Molecular Biology and Evolution 3: 418-426.
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Supporting Information — Figures
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Figure B.S1 Positions of the Asr genes (purple) in the gene cluster relative to the BAC sequence of S.
lycopersicum (grey line) from the NCBI server (accession number CU468249).
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Figure B.S2 Potential distribution of (a) S. peruvianum and (b) S. chilense estimated from collecting
sites (black dots) along the west coast of South America. The potential distribution of S. peruvianum is
broader and further north (a) than that of S. chilense (b). Colours indicate the fitting zones from

excellent (red) to marginal (dark green).
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Appendix C: Supplementary Online Material Fischer et al. (in preperation)

Table C.S1 Primer sequences and amplification conditions for PCR of pAsr2, pAsr4, and
5’pLC, 3’pLC

annealing
Locus Type of primer  primer sequence §' =2 3' temperature
pAsr2 forward CTG GTG ACA ACT TCT ATG AGG 60°C
reverse AGA TCG CTG TGG TGC TTC 60°C
pAsrd forward TAG TAA ACG CGT ATT GAT GTG 61°C
reverse CCCAAGTTCTTCAAGATGC 61°C
5'pLC forward CGT CAA ACC GAC CACCTG 38°C
reverse GGG ATG AAC GAA AGA GAG AC 38°C
3'pLC forward GAA GTG GAA CACAAGGAG GAG  58°C
reverse CAAGITGTGACGCCATACC 58°C

Table C.S2 Primer sequences and amplification conditions

pLC30-15, and the reference genes

for the qPCR of the Asr genes,

annealing
Locus Type of primer  primer sequence 5' = 3' temperature
Asrl forward CAA ATC GGT AAA CTT GGC A 55°C
reverse TGG TGT CCC CCCTCA G 35°C
Asr2 forward CACCATCACCATTIGTICC 35°C
reverse CTTCTT TGC CTT GTG TTT CTC 35°C
Asrd forward TGG TGG AGG AGT TGG TG 65°C
reverse TTG TGT GCA TGC TCT GGA 65°C
pLC30-15 forward AAG TGG AACACA AGG AGG AG 59°C
reverse ATCTTC TGT CCATCC TCT CCA 59°C
CTi89 forward GGG TTC CGA AGA ATC TAT 58°C
reverse GTT GAA GAA TGT GGC GTG 58°C
TTP41 forward ATGGAGTTTTTGAGT CTTCTGC  63°C
reverse GCT GCGTTT CTG GCT TAG 63°C

Table C.S3 Numbers of alleles sequenced for each locus

Species/populations  pAsr2 pAsrd S'pLC 3'pLC
S. chilense 13 21 19 20
Quicacha 7 10 7 9
Tacna 6 11 12 11

S. peruvianum 19 16 19 19
Canta 11 10 9
Tarapaca 8 9 10

101



Table C.S4 Summary of function and sequences of motifs found at pAsr2, pAsr4, 5'pLC, and
3'pLC using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)

Motif Function Sequence found at

ABRE cis-acting element involved in the CGTACGTGCA pAsr2, pAsrd, 5'pL.C,
abscisic acid responsiveness 3pLC

ARE cis-acting regulatory element TGGTTT pAsr2, pAsr4
essential for the anaerobic
induction

AuxRR-core cis-acting regulatory element GGTCCAT pAsrd, 3'pLC
involved in auxin responsiveness

CAT-box cis-acting regulatory element GCCACT pAsr2, pAsrd
related to meristem expression

CGTCA- cis-acting regulatory element CGTCA S'pLC, 3'pLC

motif involved in methyl jasmonate
responsiveness

ERE ethylene-responsive element ATTTCAAA pAsr2, pAsrd

GCN4-motif cis-regulatory element involved in CAAGCCA pAsr2
endosperm expression

HSE cis-acting element involved in AAAAAATTTC 3pLC
heat stress responsiveness

LTR cis-acting element involved in CCGAAA 3'pLC
low-temperature responsiveness

MBS MYB (transcription factor) C/TAACTG pAsr2, 5'pL.C, 3'pL.C
binding site involved in drought-

inducibility

Skn-1-motif cis-acting regulatory element GTCAT pAsrd, 5'pLC, 3'pLC
required for endosperm expression

TC-rich cis-acting element involved in ATTTTCTTCA pAsr2, 5'pLC, 3'pLC

repeats defense and stress responsiveness

TCA-element cis-acting element involved in CCATCTTTIT pAsr2

salicylic acid responsiveness
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Appendix D — Primers

Table D.1 Complete list of PCR primers

Locus Name Sequence Tm [C°]
Asrl Asrl1For ATG GAG GAG GAG AAA CAC 54
AsrlRev CAT CAC ACG AGATTG GTA A 53
AsrlF2 AAG GCG GAG GAG GG 50
AsrlR2 ATT TAT TGT TAT TAT GCA CG 48
Asr2 Asr2For GTG ATT AGG TAA ACG CAA GG 56
Asr2Rev TTG ATT AGT AGT GGT GGT GG 56
Asr2F2 GTT CCA CCT AAT ATA GAA ATCC 57
Asr2FSeq AAC ATC CAC CAG TCA AAA CC 56
Asr2RSeq TCT ATC TTG TGC TTG TGT GC 56
Asr3 Asr3_aoutlF  ACT ATC CCA TAG CGT TG 54
Asr3_aoutlR TTA TCT TGT GTT TGT C 54
Asrd Asrd_aout3R  GAA GAC ACC CCC ATT GAG AA 61
Asr4_aout3F CTT GTG TGC ATG CTC TGG AT 61
Asr4_F1_ex2 GAA CCA AAA CTT CTG AGG ATT AC 60
Asr4_R1_ex2 CTT TTG CTT CTT TCT TCT GAT G 60
Asrd_R2_ex2 GCT TCT TTC TTC TGA TGA TGT TC 61
AsrS Asr5_aoutlF TCC ACT TGA ATT GTT TGA TTA GG 59
Asr5_aoutlR  ATG GAA TGC AAA TCC ACC AG 59
Asrl promoter pAsr1For ATC TCC TTC ACCTCTTTC C 55
pAsriRev ACA GTG CCA AGT TTA CCG 54
Asr2 promoter pAsr2For GCT CTTCTT GTT TTT TCT CC 60
pAsr2Rev AAA TGG TGA TGG TGT TGG 60
pAsr2F2 CTG GTG ACA ACT TCT ATG AGG 60
pAsr2R2 AGA TCG CTG TGG TGC TTC 60
Asrd promoter pAsr4For GTC CAG GTG TGA TTT CCA AC 61
pAsrdRev CCACCTTCCTCATTACCATAAC 61
pAsrd4F2 TAG TAA ACG CGT ATT GAT GTG 61
pAsrd4R2 CCC AAGTTCTTC AAG ATGC 61
pAsrdF3 CAA GTC AAT TGG ATG TCC GTT 61

pAsr4R3

GGC ACC AACTCCTCC ACC

103

61



pLC30-155°UTR pLC_UTRR1 CGT CAA ACC GAC CAC CTG
pLC_UTRF1 GGG ATG AAC GAA AGA GAG AC

58
58

pLC30-153'UTR pLC_Revl GAA GTG GAA CAC AAG GAG GAG 58
pLC_Forl CAA GTT GTG ACG CCATACC 58
tail PCR rand1 NGT CGA SWG ANA WGA A NA
tAsr2_1 AGA TTG GTG AAC TTG GT NA
tAsr2_2 AAC ACA AGG CAA AGA AG NA
tAsr2_3 CAT TCC ATG AAC ATC ATC NA
other primers M13F GTT GTA AAA CGA CGG CCA 55
MI13R TCA CAC AGG AAA CAG CTA TGA 55
oligo(dT20) TTTTTTTTT TTT TTT TTT TTV 50
Table D.2 Complete list of qPCR primers
Locus primer Sequence Tm [C°]
Asrl rtAsrl_F2 CAA ATC GGT AAA CTT GGC A 55
rtAstl_R2 TGG TGT CCC CCC TCA G 55
Asr2 rtAsr2_F3 CAC CAT CACCATTTGTTCC 55
rtAsr2_ R3  CTT CTT TGC CTT GTG TTT CTC 55
Asrd rtAsrd_F2 TGG TGG AGG AGT TGG TG 65
rtAsr4_R2  TTG TGT GCA TGC TCT GGA 65
pLC pLCRTRI1 AAG TGG AAC ACA AGG AGG AG 59
pLCqF2 CTG CTT TCG ATT CTT CCT TG 59
CTI189 CT189qF GGG TTC CGA AGA ATC TAT 58
CT189qR GTT GAA GAA TGT GGC GTG 58
TIP41 rtTIP41_F ATG GAG TTT TTG AGT CTT CTG C 63
rtTIP4I_R GCT GCG TTT CTG GCT TAG 63
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Appendix E: Protocols, buffers, and nutrition media

DNA Isolation
DNeasy Plant Mini Kit (Qiagen, Hilden, Germany)

10.
11.

12.

13.

14.
15.

Grind plant material in a 1.5 ml Eppendorf tube in liquid nitrogen

Add 400 pl Buffer AP1 and 4 ul RNase (fridge!) = vortex until no more clumps are
visible

Lysis: incubate for 15 — 20 minutes at 65°C, mix 2 -3 times by shaking

Protein precipitation: add 130 ul Buffer AP2 and mix gently = incubate for 5 min on
ice

Centrifuge for 5 min at maximum speed (~ 13,200 rpm)

Apply lysate to QIAshredder Mini Spin Column placed on a 2 ml collection tube =
centrifuge for 2 min at maximum speed

Transfer flow-through to a new 1.5 ml Eppendorf tube, do not disturb the pallet

Add 1.5 x volume of Buffer AP3/E and mix by pipetting

Apply 650 pl of the mixture to a DNeasy Mini Spin Column placed on a 2 ml
collection tube = centrifuge for 1 min at 8,000 rpm, discard flow-through (DNA is in
column)

Repeat the previous step with remaining sample

Washing DNA: Place column on a new 2 ml collection tube, add 500 ul Buffer AW -
centrifuge for 1 min at 8,000 rpm, discard flow-through

Add 500 pl Buffer AW - centrifuge 2 min at maximum speed

Elute DNA: Place column on a 1.5 ml Eppendorf tube, put 50 pl of Buffer AE directly
onto the membrane = incubate for 5 minutes at room temperature, centrifuge for 1
min at 8,000 rpm

Repeat step 13

Store DNA at - 20°C
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Polymerase Chain Reaction (PCR)

High Fidelity Phusion Polymerase Thermorcycler
(Finnzymes, Espoo, Finland) (BioRad, Hercules, CA, USA)
12.4 ul HPLC H,O (Sigma-Aldrich, Steinheim, 1 cycle 98°C 30 sec
Germany) 30 cycles 98°C  5Ssec
4.0 ul 5X HF Buffer X*°C 20 sec
0.4 ul  dNTPs 10mM (invitrogen, Carlsbad, 72°C 90 sec
CA, USA) leycle  72°C 8 min
1.0 ul  Primer Forward 10um g°C o
1.0 u1  Primer Reverse 10 um
0.2 ul  Phusion polymerase * see Appendix D for amplification conditions
1.0 ul  genomic DNA
Touchdown PCR - Thermocycler protocol
1 cycle 98°C 30 sec
10 cycles 98°C 5 sec -1°C 20 cycles 98°C 5 sec
Y °C 20 sec e 7" °C 20 sec
72°C 90 sec after 1 cycle 72°C 90 sec
1 cycle 72°C 8 min
8°C o0

*Y = +5 °C optimal T, Z = -5 °C optimal T, according to Appendix D

Tail PCR
12.9 ul
4.0 ul
0.4 ul
1.0 pul
1.0 pul

0.2 ul
0.5 ul

water

Buffer SxHF

dNTPs 10mM

Random primer

Primer I — III (move primer from middle towards end of the fragment)

Phusion polymerase

DNA (first genomic DNA, then 1:50 dilution of PCR product of previous reaction)
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Thermocycler

Reaction I Reaction II Reaction III
1x 98°C 3min |1x 98°C 60 sec |1x 98°C
5x 98°C 25sec |12x  98°C 25sec |30x  98°C
62°C 60 sec 64°C 30 sec 37°C
72°C 120 sec 72°C 120 sec 72°C
1x 98°C 25 sec 98°C 25sec |Ix 72°C
25°C 30 sec 64°C 30 sec 8°C
72°C 120 sec 72°C 120 sec
15x  98°C 25 sec 98°C 25 sec
67°C 30 sec 44°C 30 sec
72°C 120 sec 72°C 120 sec
98°C 25sec |1x 72°C 8 min
67°C 30 sec 8°C 00
72°C 120 sec
98°C 25 sec
44°C 30 sec
72°C 120 sec
1x 72°C S min
8°C o0

Gel electrophoresis
- 1 g agarose (Serva, Heidelberg, Germany) dissolved in 100 ml 1 x TAE buffer
- add 2.5 pl ethidium bromide (Roth, Karlsruhe, Germany) to 100 ml gel

- 3 ul PCR product + 2 ul Loading Dye were applied on the gel

Ex0SAP-IT (GE Healthcare, Freiburg, Germany)
- Add 0.5 ul ExoSAP-IT to 10 ul PCR product
- Incubate for 30 min at 37°C
- Heat inactivation of ExoSAP-IT: 15 min at 80°C
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Cloning

Ligation

StrataClone Blunt (Agilent Technologies - Farnell, Oberhaching, Germany)

2.5ul H,0 (HPLC)

1.5 ul Salt Solution

0.5l Vector Mix

1.5l PCR product - incubate 30 min at RT

Transformation

3.0 ul Ligation

25.0ul  E. coli Cell Solution (thermo competent) -> incubate 20 min on ice

Heatshock:

sec at 42°C

add 250 ul SOB media - incubate 70 min at 37°C
shaking at 200 rpm

plate out on TB agar plates containing 40 ul X-Gal (Peglab Biotechnologie, Erlangen, Germany)

-> incubate over night at 37°C

Colony PCR
Taq Polymerase

(invitrogen, Carlsbad, CA, USA)

154ul  H,O (HPLC) 1 cycle 95°C 4 min
2.0ul Buffer 30cycles 95°C 30 sec
0.8 ul MgCl, 55°C 45 sec
0.8 ul dNTPs 10mM 72°C 90 sec
0.4 ul Primer M13F 1 cycle 72°C 7 min
0.4 ul Primer M13R 8°C

0.2 ul Taq polymerase
Colony picked with a toothpick
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Plasmid preparation

QIAprep Miniprep Kit (Qiagen, Hilden, Germany)

1. Grow colonies over night in 3 ml TB medium containing Kanamycin
2. Transfer half of the cell culture in a 1.5 ml Eppendorf tube = centrifuge for 1 min at
12,000 rpm, discard supernatant by decanting

3. Repeat previous step with remaining sample and remove all the medium

>

Resuspent pallet in 250 ul buffer P1 (containing RNase — fridge!) = vortex until the
pallet is completely resupended

Lysis: add 350 ul Buffer P2 and mix gently by inverting the tube 5 — 6 times

Protein precipitation: add Buffer N3 and mix gently by inverting the tube 5 — 6 times

Centrifuge for 10 min at maximum speed (13,200 rpm)

© 2o W

Apply supernatant to a QIAprep Spin column by decanting = centrifuge for 1 min at

maximum speed and discard flow-through

9. Wash column with 500 ul Buffer PB = centrifuge for 1 min at maximum speed and
discard flow-through

10. Wash column with 750 ul Buffer PE = centrifuge for 1 min at maximum speed and
discard flow-through

11. Dry membrane: centrifuge column for 1 min at maximum speed

12. Place column on a 1.5 ml Eppendorf tube

13. Elute DNA: place 30 ul H,O (70°C) on the membrane and incubate for 5 min at room

temperature

14. Centrifuge 1 min at maximum speed

Sequencing

ABI PRISM BigDye Terminator 1.1 Thermocycler

(Applied Biosystems, Carlsbad, CA, USA)

5.0 ul H,O (HPLC) 1 cycle 96°C 1 min
1.0 ul SeqBuffer 40 cycles 96°C 10 sec
2.0 ul SeqMix 50°C 15 sec
1.0 ul PCR product 60°C 4 min

1 cycle 8°C
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RNA extraction

RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)

1.

10.

11

14.

Take tissue sample and immediately freeze it in liquid nitrogen! Rinse all equipment
with 0.1 M NaOH (Merck, Whitehouse Station, NJ, USA), 1 mM EDTA (Sigma-Aldrich,
Steinheim, Germany), RNAse free water!!! Grind plant tissue.

Weight 30 - 70 mg tissue power into 1.5 ml tube. Don’t let it thaw!!! Store the
remaining powder at -80°C.

Add buffer 450 ul RLT buffer containing 3-Mercaptoethaonl (Merck, Whitehouse Station,
NJ, USA) and vortex vigorously. Incubate at 56°C for 3 min.

Transfer lysate to (lilac) QIAshredder column placed on a 2 ml collection tube. Spin 2
min at full speed. Transfer supernatant in a new tube without disturbing the pellet.
Add 0.5 volume (~ 200 ul) 96% ethanol (Roth, Karlsruhe, Germany) and mix by pipetting.
Transfer lysate to an (pink) RNeasy spin column placed on a 2 ml collection tube.
Spin for 15 sec at 10,000 rpm. Discard flow-through.

Add 350 ul RW1 buffer to column (placed on same collection tube). Spin 15 sec at
10,000 rpm. Discard flow-through. When removing the column, make sure the column
has no contact with the flow-through!

Mix 1x DNase buffer with DNasel (1 ul in 100 pl buffer) and put 80 ul on the filter.
Add 350 ul RW1 buffer to column (placed on same collection tube). Spin 15 sec at
10,000 rpm. Discard flow-through.

Add 500 ul RPE buffer to the column. Spin for 15 sec at 10,000 rpm. Discard flow-
through.

. Add 500 ul RPE buffer to the column. Spin for 2 min at 10,000 rpm.
12.
13.

Place the column on a new collection tube and spin for 1 min at full speed.
Place the column on a 1.5 ml collection tube. Add 30 ul RNase free water to the
membrane. Spin for 1 min at 10,000 rpm.

Repeat step 11
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cDNA synthesis
SuperScriptlll reverse transcriptase (invitrogen, Carlsbad, CA, USA)
1. Add 2 pl oligo(dT),o primers (50 uM)
+ X ul RNA (2 ug —or 22 ul RNA)
+ 2 ul 10 mM dNTP’s
+ X ul sterile water (add up to 26 ul total)
2. Heat to 65°C for 5 min, incubate on ice for at least 1 min
3. Add to solution:
8 ul 5X First-Strand buffer
2ul DTT (0.1 M)
2 ul RNaseOUT (invitrogen, Carlsbad, CA, USA)
2 ul SuperScript III RT
4. incubate at 50°C for 60 min
5. 1inactivate reaction at 70°C for 15 min

6. add 2 pl RNase (New England Biolabs, Ipswich, MA, USA) and incubate for 15 min at RT

qPCR
1Q SYBR Green CFX96 Thermorcycler
(BioRad, Hercules, CA, USA) (BioRad, Hercules, CA, USA)
20ul H,O (HPLC) 1 cycle 95°C 3 min
5.0 ul  SYBR green 40 cycles 95°C 10 sec
0.5ul  Primer Forward 10um X*°C 30 sec
0.5ul Primer Reverse 10 um -> quantification
20ul cDNA
* see Appendix D for amplification conditions
50x TAE buffer

242 g TRIS (Sigma-Aldrich, Steinheim, Germany)

100 ml EDTA [0.5 M] (Sigma-Aldrich, Steinheim, Germany)

57.1 ml 100 % acetic acid (Merck, Whitehouse Station, NJ, USA)
- Ad. 11 with dist. H,O
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SOB medium
30.7 g SOB medium (Roth, Karlsruhe, Germany); Ad 1 1 with dist. H,O

TB (Terrific Broth) medium
12g Tryptone (Roth, Karlsruhe, Germany)
24 g Yeast extract (Roth, Karlsruhe, Germany)
- 4 ml 99 % glycerol (Serva, Heidelberg, Germany)
- Ad. 900 ml with dist. H,O

TB agar
12g Tryptone (Roth, Karlsruhe, Germany)
24 g Yeast extract (Roth, Karlsruhe, Germany)
Agar Agar (Roth, Karlsruhe, Germany)
- 4 ml 99 % glycerol (Serva, Heidelberg, Germany)
- Ad. 900 ml with dist. H,O

Salt solution
23.1 g KH,PO4[0.17 M] + 1254 g K,HPO, [0.72 M] (both Roth, Karlsruhe, Germany); Ad 1 1

with dist. H,O
Before using TB agar and medium, 100ml salt solution and 1 ml Kanamycin [50 pg/ml]

(Sigma-Aldrich, Steinheim, Germany) were added.

All solutions and media were autoclaved at 15 psi for 20 minutes.
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