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Abstract

After colonization population sizes may vary across the species range depending on environmental conditions and
following colonizations. An interesting question is whether local adaptation occurs more frequently in large ancestral
populations or in small derived populations. A higher number of new mutations and a lower effect of genetic drift should
favor selection in large populations, whereas small derived populations may require an initial local adaptation event to
facilitate the colonization of new habitats. Wild tomatoes are native to a broad range of different habitats characterized
by variable abiotic conditions in South America, and represent an ideal system to study this interplay between demog-
raphy and natural selection. Population genetic analyses and statistical inference of past demography were conducted on
pooled-sequencing data from 30 genes (8,080 single nucleotide polymorphisms) from an extensive sampling of 23
Solanum chilense populations over Chile and Peru. We reveal first a north–south colonization associated with relaxed
purifying selection in the south as shown by a decrease of genetic variation and an increasing proportion of nonsynon-
ymous polymorphism from north to south, and population substructure with at least four genetic groups. Second, we
uncover a dual picture of adaptation consisting of 1) a decreasing proportion of adaptive amino acid substitutions from
north to south suggesting that adaptation is favored in large populations, whereas 2) signatures of local adaptation
predominantly occur in the smaller populations from the marginal ranges in the south.
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Introduction
Demography and adaptation are important interacting fac-
tors that determine the evolution of plant species. Plant spe-
cies are often substructured into populations or demes
connected by variable migration (metapopulations;
Husband and Barrett 1996). Following the colonization of
new habitats, population sizes tend to decrease from the
ancestral to the derived ranges of the species distribution.
At the level of populations, local adaptation can best be stud-
ied for organisms with restricted migration (Lange et al. 1990).
As plants are sessile organisms, they also have to cope with
both biotic and abiotic stresses. Therefore, adaptations to
local environmental conditions are essential to ensure survival
of the species. An interesting unanswered question is under
which conditions local adaptation occurs in such a metapo-
pulation system and to what extent population size and mi-
gration strength influence local adaptation. In large
populations more new mutations arise each generation
and, as the effect of genetic drift is low, selection is expected
to increase the frequency of advantageous mutations over
time. In small populations, however, the effect of genetic
drift is strong and can therefore counteract selection and
eliminate possible advantageous mutations. This classic

population genetics expectation suggests that local adapta-
tion should occur more frequently in large than in small
populations (e.g., Willi et al. 2006; Hough et al. 2013).
A survey study of reciprocal transplant experiments revealed
that local adaptation was indeed more common in large
populations (Leimu and Fischer 2008). However, recently de-
rived populations may also exhibit local genetic adaptation to
novel conditions. This is puzzling because founding popula-
tions are usually small and derived from a larger ancestral
population, thus their adaptive potential is a priori limited
(Willi et al. 2006). In the new habitat, founding populations
are confronted with different environmental conditions and
therefore different selection pressures. The establishment of a
derived founding population should thus require an initial
local adaptation event to the new habitat in which selection
acts on available standing genetic variation (Innan and Kim
2008). A key for local adaptation may thus be whether a new
advantageous mutation arises in a derived population, or
whether an existing, previously neutral mutation becomes
advantageous due to new or changing environmental condi-
tions. Furthermore, migration can not only accelerate the
spread of beneficial mutations across populations but also
prevent the fixation of beneficial mutations by introducing
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other variants to the population (migration generates malad-
aptation; Kirkpatrick and Barton 1997).

Wild tomatoes (Solanum section Lycopersicon) are a good
model system to study plant demography and local adapta-
tion. They represent a young group of 13 species (Peralta et al.
2008), which diversified about 3 Ma (S€arkinen et al. 2013).
They are distributed from Ecuador to northern Chile with two
endemic species on the Gal�apagos Islands (Moyle 2008;
Peralta et al. 2008). Many wild tomato species show spatial
structuring with populations scattered throughout their spe-
cies distribution and exhibiting extinction and recolonization
events (e.g., Peralta et al. 2008; Chetelat et al. 2009). The geo-
graphic distribution of the various species is determined by
the abiotic and biotic conditions they encounter (Nakazato
et al. 2010). Signatures of adaptation to abiotic and also biotic
stresses were already detected in the two green-fruited out-
crossing sister species S. peruvianum and S. chilense (Xia et al.
2010; Fischer et al. 2011; H€orger et al. 2012). Significant pat-
terns of isolation by distance (IBD) were observed in some
wild tomato species including S. pimpinellifoium, S. lycopersi-
cum, and S. peruvianum (Nakazato and Housworth 2011;
Nakazato et al. 2012) and in two related nightshade species,
S. lycopersicoides and S. sitiens, which occur in sympatry with
some wild tomato species in Chile (Chetelat et al. 2009;
Albrecht et al. 2010). Furthermore, it was hypothesized that
some of the wild tomato species, including S. chilense, might
be derived from S. peruvianum (Baudry et al. 2001). This sug-
gests that colonization of new habitats from an ancestral
species is a likely scenario for several wild tomato species.
Previous studies on genetic variation and demography re-
vealed that the between-species nucleotide variation depends
strongly on the type of mating system, and self-incompatible
species exhibit significantly higher silent nucleotide diversity
than self-compatible species (Baudry et al. 2001; Roselius et al.
2005). In addition, the outcrossing sister species S. peruvianum
and S. chilense present very high levels of genetic diversity,
which are explained by the existence of long-term seed banks
(Tellier, Laurent, et al. 2011).

In this study, we focused on the wild tomato species
S. chilense. This species is native to southern Peru and north-
ern Chile. It exhibits a patchy population distribution across
desert, high altitude and coastal regions (Peralta et al. 2008;
Chetelat et al. 2009). Therefore, different populations encoun-
ter different abiotic stresses including drought, cold, salinity,
and also combinations of these factors. In comparison to
other wild tomato species, S. chilense can grow under the
driest and coldest conditions (Moyle 2008). This makes
S. chilense an ideal candidate species to study demography
and the local adaptation associated with it. In fact, signatures
of local adaptation possibly associated with either drought or
cold stress were found in abiotic stress-related genes (Xia et al.
2010; Fischer et al. 2011; Mboup et al. 2012). Different levels of
genetic variation were also observed between populations
indicating different demographic histories of individual pop-
ulations (Arunyawat et al. 2007).

We specifically addressed two objectives: 1) To infer the
demographic history of the species, that is, the genetic rela-
tionships between populations and their migration or

colonization pattern; and 2) to reveal where local adaptation
occurs. To accomplish these goals, we sequenced multiple
genes (442 kb) from an extensive sampling of 23 populations
using a pooling approach of 25 diploid plants per population.
Pooling provides a cost-effective approach to study a high
number of populations by neglecting individual information.
This method was successfully applied to detect selection in
animals and plants (e.g., Obbard et al. 2009; Turner et al.
2010). We applied a “relaxed” candidate gene approach,
that is, like in the “classic” candidate gene approach our
gene set comprises genes that may be under selection (the
candidate genes) and genes that may evolve neutrally (the
reference genes). To study past demography and spatial struc-
turing, we used all genes together to approximate the
genome average. When studying selection acting on the can-
didate genes, we also explored the possibility of selection to
occur at reference genes. We used 1) standard population
genetic methods including the proportion of adaptive amino
acid substitutions and the distribution of fitness effects (DFE)
to characterize the population nucleotide diversity, 2) maxi-
mum likelihood and distance-based methods to quantify the
relationships between populations, and 3) outlier methods to
identify single nucleotide polymorphisms (SNPs) under selec-
tion. Our analyses revealed four groups of populations and a
strong north–south pattern, which is in accordance with col-
onization from north to south. Outlier methods identified
SNPs that are highly differentiated over the species range.
Five of these SNPs are in the transcription factors AREB1
and JERF3, which are involved in the abiotic stress response.
These genes are highly differentiated at the coast and in the
southern mountain range indicating local adaptation to the
southern environments.

Results
We sequenced 30 genes from 23 populations of the wild
tomato species S. chilense using a pooling approach
(25 plants per population). The 30 genes consist of genes
involved in the abiotic stress response and presumably neu-
tral reference genes (see supplementary materials and meth-
ods and tables S2 and S3, Supplementary Material online). On
average, 10,082,038 (6,328,429–14,601,371) paired-end reads
were obtained per population and 91.96% (81.40–97.41 %)
were successfully mapped to reference sequences (see sup-
plementary materials and methods and table S7,
Supplementary Material online). Number of reads and
number of mapped reads are highly correlated (R2 = 0.981,
Spearman’s rank correlation �= 0.983, P value< 0.001). No
correlations with nucleotide variation (as measured by �W

and �; Watterson 1975; Nei and Li 1979) were found
(number of reads with �W: R2 = 0.002, �= 0.025, P = 0.907;
number of reads with �: R2 = 0.014, �= 0.061, P = 0.777;
number of mapped reads with �W: R2 = 0.007, �= 0.063,
P = 0.768; number of mapped reads with �: R2 = 0.029,
�= 0.106, P = 0.621).

To evaluate the repeatability of our approach, we se-
quenced one population sample twice and found significant
correlations between the repetitions for the population ge-
netic statistics �W,�, and Tajima’s D (�W: R2 = 0.786, �= 0.864,
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P value< 0.001; �: R2 = 0.982, �= 0.976, P value< 0.001;
Tajima’s D: R2 = 0.804, �= 0.880, P value< 0.001; number of
segregating sites, S: R2 = 0.982, �= 0.982, P value< 0.001).

The number of SNPs per population varied between 672
and 1,914 and per gene between 72 and 688 (supplementary
table S8, Supplementary Material online), as a function of the
gene length (R2 = 0.827, �= 0.891, P value< 0.001).

Population Genetic Analyses Reveal a Clinal Pattern

We assessed the genetic variation of each population by cal-
culating the Watterson estimator (�W) and the nucleotide
diversity (�) for all sites and silent sites, averaging over two
gene sets to disentangle selection from demographic effects:
1) The 14 reference genes and 2) all 30 genes (supplementary
table S9, Supplementary Material online). The average popu-
lation values of �W and � are in the ranges of previously
reported values for S. chilense populations (St€adler et al.
2008; Mboup et al. 2012). The overall pattern between the
populations is similar for both gene sets and also for all sites
and silent sites. Genetic variation differs greatly between the
populations. The northern populations have three (�W) to
five (�) times higher genetic variation than the populations in
the south. This results in a significant decrease of genetic
variation from north to south (fig. 1A and supplementary
figs. S2 and S3, Supplementary Material online). The test sta-
tistic Tajima’s D was also calculated for each population for
both gene sets (supplementary table S9, Supplementary
Material online). Again the populations differ greatly in
their values. Tajima’s D values range from above 0 for some
populations from the central region to values below�1 in the
southern range leading to a significant decrease from north to
south (fig. 1B and supplementary fig. S4, Supplementary
Material online). This cline in genetic variation and Tajima’s
D values indicates a north-to-south colonization scenario.

For both estimators of genetic variation and for Tajima’s D,
this pattern is observed for both gene sets and for all sites and
silent sites, therefore giving comparable results. This implies
that a moderate number of genes are sufficient to analyze the
demographic history of a population or species even if some
of the genes are possibly under selection, especially in S. chi-
lense where nucleotide diversity is high, generating a large
numbers of SNPs.

As the seeds were not collected in the wild, but from
populations outbred for a few generations at the Tomato
Genetics Resource Centre (supplementary table S1,
Supplementary Material online), breeding procedures could
influence the observed genetic variation. However, we do not
find any correlation between genetic variation and the
number of generations ex situ (�W: R2 = 0.016, �= 0.015,
P = 0.9456; �: R2 = 0.020, �= 0.231, P = 0.2892).

Population Differentiation, IBD, and Population
Clustering

To infer the genetic differentiation between each population
pair, we calculated average FST values over the 14 reference
genes and over all 30 genes for each population pair (supple-
mentary table S10, Supplementary Material online). Overall

FST values increase with increasing geographic distance lead-
ing to a significant pattern of IBD (fig. 1D and supplementary
fig. S6A, Supplementary Material online). Interestingly, high
FST values are observed not only between populations from
north and south but also between populations from the coast
in the south and populations from high altitudes in the south.
This is remarkable as the geographic distance between the
coast and the high altitudes in the south is approximately
200–300 km whereas the distance between the southern and
northern populations is in the range of 800–1,200 km. The
analysis of the genetic differentiation indicates that the 23
populations can be clustered into four groups with high be-
tween-group and low within-group FST values: A northern
group (NG: LA1930, LA3784), located in the northern range
of the species; a southern low altitude group (SLG: LA2750,
LA2932, LA4108, LA4107), located in the southern coastal
range; a southern high altitude group (SHG: LA4332,
LA4118, LA4119, LA2880), located in the southern mountain
range; and a central group (CG: All remaining populations; fig.
2 and supplementary table S11, Supplementary Material
online). Although the pattern of IBD is observed for the
whole sample, it is not observed for the CG populations.
A trend for IBD, however, is observed within SLG and SHG
(supplementary fig. S6, Supplementary Material online). The
underlying structure of the data set is further characterized by
a higher relative number of private than shared SNPs for the
groups (supplementary fig. S7, Supplementary Material
online). The relative number of private SNPs ranges from
53 in SHG to 373.5 in NG. The relative number of shared
SNPs is lower ranging from 1.7 (shared between NG, SHG,
and SLG) to 14.9 (shared between CG and SHG).

This population grouping is supported by the following
additional methods that were applied to further investigate
the genetic relationships between the S. chilense populations.
TreeMix infers population splits and admixture events from
SNP frequency data (Pickrell and Pritchard 2012). The
TreeMix topology reflects the geographic distribution of the
populations and the four groups: The CG populations split
from NG, and SHG and SLG split from CG. Also the most
northern populations of CG (LA0456, LA1958, LA3111) split
first from NG. The TreeMix topology including a pooled pop-
ulation sample from S. chilense’s sister species S. peruvianum
shows that the NG populations are the closest to S. peruvia-
num (supplementary fig. S8, Supplementary Material online).
All gene and reference gene consensus phylogenies also imply
that the NG populations are early derived populations, as
they form a highly supported sister clade to all other S. chi-
lense populations (fig. 2C and supplementary fig. S9,
Supplementary Material online). SHG and SLG are highly sup-
ported clades nested within the populations of CG, but do
not form sister clades as might be expected from the TreeMix
topology. They also do not form sister clades in the genetic
distance networks (supplementary fig. S10, Supplementary
Material online).

According to the FST values (supplementary table S10,
Supplementary Material online), LA4332 is as close to popu-
lations from CG as it is to the other three populations from
SHG and could therefore be grouped within CG as well. The
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TreeMix analyses, the genetic distance networks and the phy-
logenies, however, support the placement of LA4332 in SHG.

These results indicate a likely scenario where S. chilense
originates in the north, possibly from S. peruvianum, with
an early split of NG and CG. The two southern groups,
SHG and SLG, appear to have diverged independently from
CG and colonized different habitats.

Adaptive Evolution and DFE

We assessed the proportion of adaptive amino acid substi-
tutions, �, with the methods of Bierne and Eyre-Walker
(2004; hereafter �BEW) and Eyre-Walker and Keightley
(2009; hereafter �EWK). The latter takes the effect of slightly
deleterious mutations into account by simultaneously esti-
mating the DFE of new deleterious mutations. Slightly del-
eterious mutations contribute to polymorphism but not to
divergence and therefore can lead to an underestimation of
� (Charlesworth and Eyre-Walker 2008). In fact, the �EWK

values are higher than the �BEW values for most populations.
The majority of the northern/central populations (53 %) has

positive �EWK values, four even have an �EWK value higher
than 25% (LA1963: �EWK = 0.277, LA1968: �EWK = 0.273,
LA2748: �EWK = 0.353, LA2773: �EWK = 0.262), whereas only
one of the southern populations has a positive �EWK value
(LA4332: �EWK = 0.194). Both � estimates decrease from
north to south (supplementary fig. S5A, Supplementary
Material online), and the decreasing trend is stronger for
�BEW. This implies that the southern populations have
more slightly deleterious mutations, that the adaptive
potential may be higher in the northern/central popula-
tions, and that both contribute to the observed cline. The
DFE shows that the proportions of weakly deleterious (Ns 1–
10) and deleterious (Ns 10–100) new mutations increase
from north to south, whereas the proportion of strongly
deleterious (Ns 4 100) new mutations decreases (fig. 3).
This is in agreement with �BEW. We further observe an in-
crease of�a/�s from north to south (fig. 1C) due to a steeper
decrease of �s than �a (supplementary fig. S5B,
Supplementary Material online). In addition, we also show
that the southern populations tend to have more genes with
low P values for the McDonald–Kreitman (MK) test due to

A B

C D

FIG. 1. Correlations between genetic data and latitude. (A) Correlation between genetic diversity and latitude: Watterson estimator (�W; filled circles;
solid line; R2 = 0.336, �= 0.492, P = 0.0182; dashed line: 0.95 confidence interval) and nucleotide diversity (�; open circles; dotted line; R2 = 0.639,
�= 0.712, P = 0.0002; dotted line: 0.95 confidence interval). (B) Correlation between Tajima’s D values and latitude (R2 = 0.410, �= 0.525, P = 0.0112;
dashed line: 0.95 confidence interval). (C) Correlation between �a/�s ratio and latitude (R2 = 0.0.410, �=�0.513, P = 0.0122; dashed line: 0.95 confidence
interval). �W, �, �a/�s, and Tajima’s D values were averaged over all genes. (D) Genetic distance (FST; averaged over all genes) between populations
plotted against geographic distance reveals significant pattern of IBD (R2 = 0.382, Mantel test P value< 0.001; dashed line: 0.95 confidence interval).
See also supplementary table S9 and figures S2–S6, Supplementary Material online.
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an excess of nonsynonymous low-frequency polymorphisms
(supplementary fig. S5C, Supplementary Material online).
These findings suggest relaxed purifying selection in the
south, likely due to the stronger effect of genetic drift.

Signatures of Selection

We applied a correlation-based (Bayenv2; G€unther and Coop
2013) and a frequency-based (BayeScan; Foll and Gaggiotti
2008; Riebler et al. 2008) method to detect outlier SNPs in our
data set. Bayenv2 detected 142 outlier SNPs among the 5,760
SNPs that were used in this analysis (supplementary table S12,
Supplementary Material online). Most of them were detected
as outliers for correlations including either latitude or longi-
tude or both. These SNP frequency patterns follow the geo-
graphic distribution of the populations with highest
differentiation between northern and southern populations.
Four SNPs correlate with temperature and either longitude or
altitude, differentiating thus between low and high altitude

populations. No correlation between any of the SNPs and
precipitation (as measured as annual precipitation and pre-
cipitation of the wettest quarter) was detected.

BayeScan detected 37 outlier SNPs for positive selection
based on the FST values (supplementary table S13,
Supplementary Material online). The majority of these SNPs
differentiates either populations from the northern range or
SLG populations from the remaining populations. Two SNPs
differentiate the SHG populations from populations from the
other three groups.

We compared the results from the two methods and
found 29 SNPs that were identified by both (table 1 and
supplementary table S14, Supplementary Material online).
Twenty-two of them differentiate the NG populations from
the other three groups or populations from NG and some
from CG from the remaining populations. Interestingly, 15 of
these SNPs are in the gene CT189, which encodes a 40S ribo-
somal protein S19. Three SNPs (SNP_168, SNP_205 in AREB1,
and SNP_4383 in CT251) and two SNPs (SNP_1070 and

A

B

C

FIG. 2. Population substructure of the data set. (A) Mean within- and between-group FST values for all genes. (B) Phylogenetic tree from concatenated
consensus sequences with Solanum ochranthum (LA2682) and S. lycopersicoides (LA2951) as outgroup species. (C) Map with distribution of all sampled
S. chilense populations by the TGRC (gray), the 23 S. chilense populations of this study (black), and the four population groups (dashed circles).
Population groups are indicated: NG, northern group; CG, central group; SLG, southern low altitude group; SHG, southern high altitude group. See also
supplementary table S11 and figures S7–S10, Supplementary Material online.
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SNP_1244 in JERF3) are in high frequency in the SLG and SHG
populations, respectively, and one SNP (SNP_276 in AREB1) is
in high frequency in the SLG and SHA populations.
Interestingly, most of the high frequency SNPs in SHG and/
or SLG populations are also present in lower frequency in at
least one of the other populations suggesting local adaptation
from standing genetic variation in the derived southern pop-
ulations. One SNP (SNP_3441 in CT166) is either fixed or in
high frequency in the NG and SLG populations. Nineteen of
the SNPs identified by both programs are in intronic regions,
nine are synonymous, and one is nonsynonymous (SNP_4753
in GBSSI) implying that protein-coding positions are not the
primary target of selection.

Discussion
In this study, we sequenced multiple genes of a large popu-
lation sample of the wild tomato species S. chilense and in-
vestigated the demographic history and patterns of natural
selection and adaptation. In the following sections, we discuss
the main findings in detail.

Clinal Pattern Indicates Colonization from North to
South

Population genetic analyses revealed great differences be-
tween populations and significant north–south correlations
for most statistics (fig. 1 and supplementary table S9 and figs.
S2–S4, Supplementary Material online). This north–south
pattern suggests that S. chilense originated in the northern
range of its current distribution where it co-occurs with its
sister species S. peruvianum (e.g., Moyle 2008; St€adler et al.

2008) and migrated to the south. This scenario is also in
agreement with the hypothesis that S. chilense may be derived
from S. peruvianum (Baudry et al. 2001). This colonization
resulted in three (�W) to five (�) times lower genetic variation
in southern than in northern/central populations. Note that
the southern S. chilense populations, despite the weak bottle-
neck, still have relatively high levels of genetic variation (mean
�W = 0.0066, mean �= 0.0044; supplementary table S9,
Supplementary Material online), showing that there was no
strong founder event in these populations and pointing to
the potential role of seed banks in maintaining genetic diver-
sity (Tellier, Laurent, et al. 2011). Most populations have neg-
ative Tajima’s D values indicating that they are in the process
of population expansion. Due to the more recent coloniza-
tion these signatures are stronger in the south. However,
some high altitude populations from the central region
have elevated Tajima’s D values suggesting that they are
less expanding possibly due to geological and geographical
constraints in the mountains.

Furthermore, a significant pattern of IBD was observed for
the 23 S. chilense populations (fig. 1D). This is also in agree-
ment with a north–south colonization. This was also reported
for other wild tomato species including S. peruvianum,
S. pimpinellifolium and S. lycopersicum (Nakazato and
Housworth 2011; Nakazato et al. 2012) and in the related
Solanaceae species S. lycopersicoides and S. sitiens (Albrecht
et al. 2010), which occur in sympatry with S. chilense in north-
ern Chile (Peralta et al. 2008; Chetelat et al. 2009). This may
indicate that IBD is a common feature of wild tomatoes and
related Solanaceae species in western South America.

Seed banks contribute to the observed genetic variation in
S. chilense (Tellier, Laurent, et al. 2011). The lower genetic
variation in the southern range of the species distribution
indicates shorter seed banks in the south. This could be ex-
plained by the populations in the south being younger either
because the southern range was colonized later or because
generation times are longer in the south or both. The more
extreme environmental conditions in the south could ac-
count for longer generation times. The coastal region of
Chile is greatly affected by the El Ni~no’s southern oscillations,
which provide heavy rainfall. Some Solanum populations
were reported to be present only during El Ni~no years
(Chetelat et al. 2009). The El Ni~no strongly affects plant
growth, reproduction, and seed banks in coastal Chile
(Holmgren et al. 2001; Guti�errez and Meserve 2003).
Reproduction and/or seed germination may only be possible
during El Ni~no years leading therefore to longer generation
times. However, mainly coastal populations should be af-
fected by the El Ni~no and not the high altitude populations
(Houston 2006; Chetelat et al. 2009). Therefore, it is unlikely
that the El Ni~no caused elongated generation times, and thus
lower genetic variation, in both regions.

Clustering of Populations

Our analyses revealed that the 23 S. chilense populations of
our sample can be clustered in four groups (CG, NG, SHG, and
SLG; fig. 2). On average, the within-group FST values are lower

A B

C D

FIG. 3. DFE of new mutations for the 23 Solanum chilense populations
plotted against latitude with 0.95 confidence intervals. (A) Proportion of
effectively neutral mutations, Ns (0–1) with R2 = 0.030, �=�0.216,
P = 0.323; (B) proportion of weakly deleterious mutations, Ns (1–10)
with R2 = 0.242, �=�0.464, P = 0.027; (C) proportion of deleterious mu-
tations, Ns (10–100) with R2 = 0.196, �=�0.425, P = 0.043; and (D)
proportion of strongly deleterious mutations, Ns (4 100) with
R2 = 0.268, �= 0.488, P = 0.019.
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than the between-group FST values. This suggests that gene
flow between populations from the same group is higher than
between populations from different groups. This is also sup-
ported by the finding that IBD is present in the whole sample

but absent from CG (supplementary fig. S6, Supplementary
Material online). The groups differ in their degree of genetic
variation following the north–south colonization:
Populations of NG and CG tend to have more genetic

Table 1. Summary of Outlier SNPs Detected Jointly by Bayenv2 and BayeScan.

SNP No. Gene Type Bayenv2 BayeScan

Environmental Variable Bayes Factor Alpha q Value FST

168 AREB1 Intron Latitude 4.04 1.226 0.02454 0.731

205 AREB1 Intron Latitude 6.26 0.812 0.01994 0.664

276 AREB1 Intron Latitude 7.46 0.658 0.02624 0.633

1070 JERF3 S Longitude
Tmin

6.24
3.35

1.263 0.00108 0.747

1234 JERF3 Intron Longitude 4.60 1.029 0.03499 0.698

1239 JERF3 S Longitude 4.92 1.312 0.00765 0.751

1244 JERF3 S Longitude
Tmin

4.93
3.01

0.910 0.02978 0.680

1736 pLC30-15 S Longitude 3.25 1.048 0.03568 0.700

2441 CT021 Intron Latitude
Longitude

6.09
6.73

0.847 0.01172 0.672

3441 CT166 Intron Longitude
Altitude
Tmean

Tmin

5.76
4.05
3.31
3.75

0.674 0.01661 0.638

3659 CT189 S Latitude
Longitude

6.28
12.71

1.054 0.00745 0.710

3662 CT189 S Latitude
Longitude

7.11
14.02

1.194 0.00241 0.735

3663 CT189 S Latitude
Longitude

4.59
14.48

1.341 0.00043 0.760

3672 CT189 Intron Latitude
Longitude

5.01
12.55

1.340 0.00027 0.760

3682 CT189 Intron Latitude
Longitude

4.70
11.31

1.356 0.00049 0.762

3685 CT189 Intron Latitude
Longitude

6.42
9.52

0.775 0.02509 0.656

3686 CT189 Intron Latitude
Longitude

6.01
10.78

0.773 0.02798 0.656

3766 CT189 Intron Latitude
Longitude

6.13
13.77

1.203 0.00193 0.737

3783 CT189 Intron Latitude
Longitude

6.15
12.43

1.193 0.00234 0.735

3789 CT189 Intron Latitude
Longitude

7.68
10.25

0.816 0.01848 0.665

3801 CT189 Intron Latitude
Longitude

7.73
12.48

0.860 0.01464 0.674

3810 CT189 Intron Latitude
Longitude

6.53
11.94

1.215 0.00139 0.739

3812 CT189 Intron Latitude
Longitude

6.67
10.79

0.932 0.00848 0.688

3816 CT189 Intron Latitude
Longitude

7.14
13.44

0.909 0.01035 0.684

3822 CT189 Intron Latitude
Longitude

4.45
10.49

0.884 0.02624 0.676

4383 CT251 S Latitude 3.48 0.816 0.01144 0.666

4753 GBSSI NS (Lys/Thr) Longitude 6.34 1.396 0.00275 0.766

4777 GBSSI Intron Longitude 4.44 1.221 0.00705 0.737

4785 GBSSI S Longitude 4.34 1.197 0.00986 0.733

NOTE.—S, synonymous; NS, nonsynonymous; Tmin, minimum temperature of the coldest month; Tmean, mean annual temperature.
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variation than the populations of SHG and SLG (fig. 1A and
supplementary table S9, Supplementary Material online). The
phylogenies show that SHG and SLG are derived from CG and
that NG is a sister group to all other S. chilense populations
(fig. 2B and supplementary fig. S9, Supplementary Material
online). This is also confirmed by the TreeMix analyses and
the genetic distance networks (supplementary figs. S8 and
S10, Supplementary Material online).

CG comprises the populations from the central region of
the species distribution (approximately 16�300S–21�300S; fig.
2C). Two groups are in the southern range of the species
distribution and are according to the phylogenetic and
TreeMix analyses derived from CG. SHG includes the four
populations from the high altitude region around Calama,
San Pedro de Atacama and the nearby Salar de Atacama
(LA4332, LA4118, LA4119, LA2880). This group is also mor-
phologically distinctive, for example, the leaf segments are
broader (Chetelat et al. 2009). However, it has to be noted
that LA4332 is genetically close to the other three populations
of this group and also to many populations from CG (sup-
plementary table S10, Supplementary Material online). This
suggests that LA4332 is a “link” between SHG and CG. The
same conclusion was reached by the Tomato Genetics
Resource Center (TGRC) collectors (Chetelat et al. 2009). A
recent admixture or hybridization event has been hypothe-
sized for an S. chilense population in 50-km distance to
LA4332 (Baudry et al. 2001). This might indicate that the S.
chilense populations in this area represent “links” between
populations from the central part and populations from
the Salar de Atacama region or that this area was colonized
by at least two different colonization waves from the central
region. Nevertheless, LA4332 grouped clearly with the other
three SHG populations in the phylogenetic tree confirming
our classification of LA4332 as belonging to SHG (fig. 2B).

The second from CG-derived group in the south (SLG)
includes the four populations from the coast near Tocopilla
(LA2750, LA2932) and Taltal (LA4107, LA4108). However, FST

values between Tocopilla and Taltal are in the range of the
observed between group FST values. Therefore, the four SLG
populations most likely form two subgroups. A further inter-
esting aspect is that the genetic differentiation between SHG
and SLG is similar to the genetic differentiation between these
two groups and NG. This is surprising as SHG and SLG are
geographically much closer to each other. This finding could
be explained by the climatic differences between the two
southern habitats. The SLG populations at the coast receive
most rainfall during the winter season, whereas the SHG pop-
ulations at the high altitudes receive most rainfall during the
summer season (Houston 2006). This factor could lead to a
temporal barrier to gene flow. Additionally, the desert condi-
tions separating the two groups could prevent pollen and
seed dispersal between the groups. Analyses also show that
SHG and SLG are derived from CG (fig. 2B). However, they do
not form sister clades in the phylogenies or genetic distance
networks although TreeMix suggests that they are derived
from the same ancestral population (supplementary figs.
S8–S10, Supplementary Material online). This disagreement
may be explained by old split times between the groups.

Simulation studies will be required to estimate split times
between the groups.

The third group is represented by only two populations of
our sample, LA1930 and LA3784, located north of CG.
Interestingly, the two NG populations form a sister clade to
the rest of the S. chilense populations in the phylogeny of the
consensus sequences indicating that they are not derived
from CG (fig. 2B). In the TreeMix topology, they are closest
to the sister species S. peruvianum (supplementary fig. S8B,
Supplementary Material online). This could indicate that the
northern S. chilense populations are an early diverged group
of S. chilense and/or that they are partly admixed with other
wild tomato species, that is, that interspecies gene flow is still
occurring. The split between S. chilense and its sister species
S. peruvianum was estimated to be relatively recent (<1 Ma;
St€adler et al. 2008; S€arkinen et al. 2013). Therefore, it is also
possible that speciation is not complete yet and that gene
flow continues in regions where both species co-occur.
Speciation with gene flow has actually been reported for
the species pair S. peruvianum and S. chilense (St€adler et al.
2005, 2008). This further suggests that this group most likely
coincides with the origin of the species from its sister species
S. peruvianum as suggested before (Baudry et al. 2001). This is
also supported by the high genetic variation observed.
Alternatively, incomplete lineage sorting could cause this pat-
tern. Ancestral alleles that were lost during the first split (NG
and CG) in the majority of the S. chilense populations could
still be present in the northern populations. In fact, a trans-
species polymorphism at the CBF2 locus is shared between a
northern S. chilense population and an S. peruvianum popu-
lation (Mboup et al. 2012). Seed banks could further contrib-
ute to the observed pattern. The large seed banks in the north
could maintain seeds from prespeciation times that carry
ancestral alleles.

Colonization Associated with a Shift in Adaptive
Evolution and Intensity of Selection

The proportion of adaptive amino acid substitutions, �, is
lower in the south than in the north (supplementary fig.
S5A, Supplementary Material online). When estimated with
the method of Bierne and Eyre-Walker (2004), � is negative
for all populations whereas several populations have positive
� values with the method of Eyre-Walker and Keightley
(2009). We found four populations with a relative high po-
tential of adaptive evolution (�EWK 4 25 %). The difference
between the two methods implies that slightly deleterious
mutations are present in all populations and that the south-
ern populations have more slightly deleterious mutations
than the northern ones (see also DFE), possibly contributing
to the observed cline. Positive � values are correlated with
genetic variation in the S. chilense data, implying the potential
for adaptive evolution predominantly in large populations
(supplementary fig. S11, Supplementary Material online).
This would support the classic population genetics expecta-
tion. In fact, nine of the ten populations with positive � values
are from NG and CG. A positive correlation between adaptive
evolution and effective population size has been previously
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suggested (Gossmann et al. 2012). Overall our data imply that
adaptive evolution is low in S. chilense, especially in the south-
ern range, which is consistent with the little evidence of adap-
tive evolution found in many plant species (but see
Helianthus; Gossmann et al. 2010) and a previous study in
wild tomatoes (Tellier, Fischer, et al. 2011), due to the spatial
structuring of populations and also the seed banks which
slow down selection and increase the time for beneficial mu-
tations to get fixed.

Furthermore, a shift in the strength of selection and genetic
drift is associated with the colonization. The DFE shows an
increase in the proportion of (weakly) deleterious and a de-
crease in the proportion of strongly deleterious new muta-
tions (fig. 3), suggesting that purifying selection is in the south
less efficient than in the north. This shift may be due to the
more recent colonization through a bottleneck and the asso-
ciated effects of genetic drift. Accordingly, the southern pop-
ulations have a higher proportion of nonsynonymous genetic
variation as indicated by the�a/�s and lower MK test P values
due to an excess of nonsynonymous (low-frequency) poly-
morphisms (supplementary fig. S5, Supplementary Material
online). It may also be possible that in the southern range
environments these mutations are not deleterious.

Signatures of Selection

Methods to detect outlier SNPs, that is, SNPs under selection,
are frequently used in plant evolutionary genetics (e.g.,
Alberto et al. 2013; Cullingham et al. 2014). We applied a
correlation-based and a frequency-based method (Foll and
Gaggiotti 2008; G€unther and Coop 2013). Note that as our
scenario involves a metapopulation expansion and nonequi-
librium population structure, we cannot exclude that the
BayeScan results could reflect the underlying demographic
history rather than selective events. In fact, strong bottlenecks
in a data set can cause false positives (Foll and Gaggiotti 2008).
However, as a reasonable number of outlier SNPs was de-
tected by both methods, selection is more likely.

The two methods detected a high number of outlier SNPs;
29 outliers were detected by both. Most of these SNPs are
either intronic or synonymous. These positions may be in-
volved in alternative splicing or codon usage bias. A similar
trend was also found previously (Cullingham et al. 2014). As
linkage disequilibrium (LD) is notoriously low in S. chilense, it
is not expected that most of these SNPs are in linkage with
advantageous nonsynonymous mutations (Arunyawat et al.
2007).

Two outlier SNPs are in the transcription factor JERF3 and
may be associated with adaptation of the SHG populations to
the high altitudes in the south. This gene is upregulated under
salinity and low-temperature stress in the cultivated tomato
and can enhance salt and freezing tolerance in transgenic
tobacco (Wang et al. 2004; Wu et al. 2008). JERF3 may there-
fore be involved in adaptation to these stresses in the SHG
populations. Three outlier SNPs are in the transcription factor
AREB1. This gene may be the key transcription factor in the
abscisic acid-dependent abiotic stress pathway and has been
shown to be involved in different abiotic stress responses

including drought and salinity in tomato (Y�a ~nez et al. 2009;
Orellana et al. 2010). As these SNPs are in high frequency in
the SLG populations, they may indicate that AREB1 is in-
volved in adaptation to high soil salinity at the coast.
A closer look at these high-frequency SNPs in SHG and/or
SLG in JERF3 and AREB1 revealed that they are also present in
lower frequencies in at least one of the other populations
(supplementary table S14, Supplementary Material online).
This fact suggests that these SNPs represent neutral standing
genetic variation that became advantageous, and thus adap-
tive, during the colonization of the new habitats in the south.

Interestingly, we could not detect any outlier SNP differ-
entiating between populations of CG although the CG pop-
ulations occur in different environments. As the CG
populations represent a genetically homogeneous group, as
shown by the absence of IBD, recurrent gene flow slows down
local adaptation.

Outlier SNPs were detected not only in genes related to
abiotic stress but also in the reference genes. This could indi-
cate that some of these genes are also involved in environ-
mentally important pathways. Interestingly, 15 outlier SNPs,
possibly in LD (supplementary table S14, Supplementary
Material online), were detected by both methods in the 40S
ribosomal protein S19 encoding reference gene CT189.
Further analyses of this gene will be required to explain the
observed pattern.

Conclusions
In our study, we reconstructed the evolutionary history of the
wild tomato species S. chilense. Our analyses revealed a strong
demographic signature with a north–south pattern present
in most statistics and four distinct population groups.
Together, these results suggest that the origin of S. chilense
lies in the north of its current distribution and that it colo-
nized its present range from north to south. During the col-
onization, the CG split from the NG and the two southern
groups split from the CG likely through weak bottleneck
events. Furthermore, the colonization was accompanied by
a shift in the strength of purifying selection and in the pro-
portion of adaptive amino acid substitutions suggesting a
higher potential of adaptive evolution in the northern/central
range. We identified five SNPs in two abiotic stress-related
transcription factors, AREB1 and JERF3, which could be asso-
ciated with adaptation to the abiotic environments in the
southern range of the species distribution.

Our results may point toward two other interesting as-
pects regarding the evolutionary history of S. chilense that
may be of interest for future studies. First, we observed pop-
ulations at the southern marginal ranges with decreased ge-
netic variation when all sites were considered, but increased
nonsynonymous genetic variation. Such a pattern has been
observed in selfing compared with outcrossing species (Slotte
et al. 2013; Zuellig et al. 2014). Transitions from outcrossing to
selfing in populations from the marginal ranges of their spe-
cies distribution are not uncommon in wild tomatoes (Rick
et al. 1979; Rick and Tanksley 1981; Graham et al. 2003) and
therefore such a transition may also occur in S. chilense.
Second, we observed an increase in seed weight and size
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from north to south (supplementary fig. S12, Supplementary
Material online). As seed size is determined by major quan-
titative trait loci in tomato (Doganlar et al. 2000), it is unlikely
that genetic drift alone would be responsible for this increase
by acting upon single mutations in single genes. This suggests
that the north–south colonization of S. chilense may have
been accompanied by selection favoring larger seeds. Larger
seeds may be advantageous for S. chilense in the more ex-
treme environments, as has been observed in other species
(Manga and Yadav 1995; Pluess et al. 2005). Larger seeds are
usually associated with shorter seed banks, because they
remain at near-surface depth in the soil (Fenner and
Thompson 2005). Shorter seed banks may therefore be an
adaptation in southern populations of S. chilense.

Materials and Methods
Detailed methods are described in the supplementary mate-
rials and methods, Supplementary Material online.

Sequencing Approach

We sequenced 30 genes of 23 Solanum chilense populations in
a pooling approach (25 diploid individuals of each popula-
tion). Solanum chilense is a diploid (2n = 24), self-
incompatible perennial plant, native to a multitude of differ-
ent habitats in South America ranging from mesic areas in
southern Peru to the hyperarid areas in the Atacama Desert
and the high altitudes in the Andean Mountains in northern
Chile (Moyle 2008; Peralta et al. 2008; Chetelat et al. 2009).
The 23 populations are distributed over the entire species
and habitat range (fig. 2A and supplementary table S1,
Supplementary Material online). For outgroup comparisons,
one population of each S. ochranthum and S. lycopersicoides
was chosen (supplementary table S1, Supplementary Material
online) and the 30 genes were sequenced as described in
Fischer et al. (2011). Both species are close to the wild
tomato clade with estimated split times of around 5.59 and
5.95 Ma, respectively (S€arkinen et al. 2013). Seeds were ob-
tained from the TGRC (UC Davis; http://tgrc.ucdavis.edu, last
accessed August 10, 2015) and plants were grown as de-
scribed in Fischer et al. (2013).

The 30 genes were selected based on previous publications:
14 genes serve as reference genes and are evenly distributed
over the entire genome, whereas 16 genes are involved in the
abiotic stress response and serve as candidate genes for se-
lection (supplementary tables S2–S5, Supplementary Material
online). Genomic DNA was isolated from each plant using the
DNeasy Plant Mini Kit (Qiagen). Genes were amplified by
polymerase chain reaction (PCR) using the Phusion High-
Fidelity DNA Polymerase kit (Finnzymes, distributed by
New England BioLabs, Inc.). PCR products were purified
with the MinElute Gel Extraction Kit (Qiagen). We applied
a three-step pooling approach: 1) Mixing of five individuals
(DNA) to prepools before PCR amplification, 2) mixing of five
prepools (PCR product) to pools before PCR product purifi-
cation, and 3) mixing of all 30 purified PCR product pools of
each population (supplementary fig. S1, Supplementary
Material online). DNA library construction and high-

throughput sequencing (paired-end, 100 bp) on a Genome
Sequencer Illumina HiSeq2000 were performed by the GATC
Biotech AG (Konstanz, Germany). The population LA1968
was sequenced twice starting from the five prepools to eval-
uate the repeatability of the sequencing approach.

Data Assembly and Analyses

The S. chilense short reads were mapped with Stampy v1.0.20
(Lunter and Goodson 2011) against reference sequences. The
SAMtools program (Li et al. 2009) was used to generate pileup
files per population. All positions with SNP information were
extracted from the pileup files and transformed into a table
with SNP information for each position. We conducted all
data analyses based on these SNP tables. Positions with a
sequencing depth below 2,000, a base quality, and/or a map-
ping quality below 20 were masked and excluded from all
analyses. Mutations present in less than 1% of the reads were
considered as sequencing errors and therefore excluded from
all analyses. Indel polymorphisms were also excluded.

We calculated the summary statistics, including the
Watterson estimator, �W (Watterson 1975), the nucleotide
diversity � (Nei and Li 1979), and the neutrality test statistic
Tajima’s D (Tajima 1989), for each gene in each population for
all sites and for silent sites. We also assessed� for synonymous
and nonsynonymous sites and applied statistics based on the
ratios of synonymous and nonsynonymous polymorphism
and divergence to S. ochranthum: The MK test (McDonald
and Kreitman 1991), the proportion of adaptive substitutions
�, and the DFE. The DoFE software was used to calculate �
according to Bierne and Eyre-Walker (2004) and jointly � and
the DFE according to Eyre-Walker and Keightley (2009). We
tested for correlations with geographic parameters by per-
forming regressions and calculating the Spearman’s rank cor-
relation � in R (R Development Core Team 2005).

We assessed the pairwise genetic differentiation between
each population pair with the FST statistics (Hudson et al.
1992). We further tested for IBD in S. chilense by plotting
the pairwise FST values against the geographic distance and
performing regressions and a Mantel test in R (Mantel 1967;
R Development Core Team 2005). Geographic distances were
inferred from the latitudinal and longitudinal decimals from
the TGRC (http://tgrc.ucdavis.edu, last accessed August 10,
2015).

We used TreeMix to investigate the relationships between
the populations (Pickrell and Pritchard 2012). As population
data of S. chilense’s sister species S. peruvianum are available
for seven of the reference genes (Arunyawat et al. 2007), we
also ran TreeMix on this combined data set to distinguish
between ancestral and derived S. chilense populations. In ad-
dition to TreeMix, we also constructed genetic distance net-
works from the FST values in MEGA v5.2.2 (Tamura et al.
2003) and phylogenetic trees from concatenated consensus
sequence alignments using RaxML v7.2.7 (Stamatakis et al.
2005). For the latter, S. ochranthum and S. lycopersicoides
were included as outgroup species.

To identify signatures of selection and local adaptation in
our data set, we applied two methods that detect outlier
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SNPs and take the underlying demography into account.
Bayenv2.0 tests for correlations between SNP frequency pat-
terns and environmental variables (G€unther and Coop 2013).
We used geographic and climatic data as environmental var-
iables (supplementary table S6, Supplementary Material
online). BayeScan v2.1 detects outlier SNPs based on FST sta-
tistics (Foll and Gaggiotti 2008).

Supplementary Material
Supplementary materials and methods, references, tables S1-
S14, and figures S1-S12 are available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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