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Abstract

Evolutionary dynamics at the population level play a central role in creating the diversity of life on our planet. In this
study, we sought to understand the origins of such population-level variation in mating systems and defensive acylsugar
chemistry in Solanum habrochaites—a wild tomato species found in diverse Andean habitats in Ecuador and Peru. Using
Restriction-site-Associated-DNA-Sequencing (RAD-seq) of 50 S. habrochaites accessions, we identified eight population
clusters generated via isolation and hybridization dynamics of 4–6 ancestral populations. Detailed characterization of
mating systems of these clusters revealed emergence of multiple self-compatible (SC) groups from progenitor self-
incompatible populations in the northern part of the species range. Emergence of these SC groups was also associated
with fixation of deleterious alleles inactivating acylsugar acetylation. The Amotape-Huancabamba Zone—a geographical
landmark in the Andes with high endemism and isolated microhabitats—was identified as a major driver of differen-
tiation in the northern species range, whereas large geographical distances contributed to population structure and
evolution of a novel SC group in the central and southern parts of the range, where the species was also inferred to have
originated. Findings presented here highlight the role of the diverse ecogeography of Peru and Ecuador in generating
population differentiation, and enhance our understanding of the microevolutionary processes that create biological
diversity.
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Introduction
How new phenotypes emerge and evolve in populations has
been a long-standing question in evolutionary biology (Darwin
1859; Mayr 1942; Schlichting 1986; Reznick and Ricklefs 2009;
Harvey et al. 2019). Over the past decade, high-throughput
sequencing has enabled integration of phylogenetic and
mechanistic studies of phenotypic variation across popula-
tions, improving our understanding of microevolution
(Andrews et al. 2016; Harvey et al. 2019). In this study, we

investigated the evolution of significant reproductive and met-
abolic variation observed in the wild tomato species Solanum
habrochaites, found in Peruvian and Ecuadorian Andes. Using
Restriction site Associated DNA Sequencing (RAD-seq) (Miller
et al. 2007; Baird et al. 2008) in conjunction with phenotyping
of mating systems and defensive metabolites called acylsugars,
we sought to characterize how this phenotypic variation was
shaped by the evolutionary history of the species and the
unique geography of the Andes.
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Solanum habrochaites (Knapp and Spooner 1999) is a phe-
notypically diverse species with a range from the upper
reaches of the Atacama desert in southern Peru to the trop-
ical forests of central Ecuador. Tracking the western slope of
the Andean mountain range in the south, this species is gen-
erally found 1,000–3,000 m above sea level but also extends to
sea level in central Ecuador. This species range overlaps with
the tropical Andes biodiversity hotspot, home to a sixth of
global plant life and >20,000 endemic plant species (Myers
et al. 2000; Hazzi et al. 2018). Understanding the origins of
genetic and phenotypic diversity in S. habrochaites can thus
provide molecular mechanistic insights into the origins of
biological diversity in this region.

Previous studies in this species (Gonzales-Vigil et al. 2012;
Kim et al. 2012; Schilmiller et al. 2015; Fan et al. 2017) have
demonstrated substantial variation in two trichome-localized
compound classes—acylsugars and terpenes—that are im-
portant for defense against herbivores (Weinhold and
Baldwin 2011; Leckie et al. 2016). For example,
S. habrochaites accessions were grouped into two chemotypic
superclusters based on their acylsugar profiles—a “northern”
supercluster that failed to add an acetyl (C2) group to the
sucrose R2 position in acylsugars, and a “southern” superclu-
ster that retained this activity (Kim et al. 2012). This loss of C2
addition resulted from mutational inactivation of acylsugar
acyltransferase 4 (ASAT4)—the final enzyme in the Solanum
acylsugar biosynthetic pathway—occurring via different
means. Another study demonstrated differential acylation
between northern and southern accessions on the furanose
ring of the acylsugar, which could be traced back to gene
duplication, divergence and loss in ASAT3, an upstream en-
zyme in the pathway (Schilmiller et al. 2015). However, de-
mographic processes that influenced this evolution of
acylsugar profiles remain unknown.

Solanum habrochaites is also an attractive system for the
study of reproductive trait evolution, with extensive diversity
both in mating system and in reproductive barriers that affect
interpopulation and interspecific gene flow. Solanum habro-
chaites is predominantly an obligate outcrossing species due
to gametophytic S-RNase-based self-incompatibility (SI)
(Mutschler and Liedl 1994; Peralta et al. 2008; Bedinger
et al. 2011). In this type of SI, the S-locus encodes pistil-
expressed S-RNases and pollen-expressed S-locus F-box pro-
teins that determine the specificity of the SI interaction. In
addition, other pistil-expressed (e.g., HT protein) and pollen-
expressed (e.g., CUL1) factors that are not linked to the S-
locus play a role in self pollen rejection (reviewed in Bedinger
et al. 2017). SI is widespread in flowering plants, and acts to
preserve genetic diversity and diminish inbreeding depression
(Stebbins 1957; Lande and Schemske 1985; Schemske and
Lande 1985; Takayama and Isogai 2005; Igic et al. 2008).
However, there may be a selective advantage for transitions
to self-compatibility (SC) during the dispersal of species, since
a single SC individual could conceivably colonize a novel en-
vironment in the absence of other individuals or pollinators
(Baker 1955; Stebbins 1957; Baker 1967; Pannell et al. 2015).

SC populations of S. habrochaites have been identified at
the northern and southern species range margins (Martin

1961; Rick et al. 1979) in Ecuador and southern Peru, respec-
tively. These marginal SC populations represent independent
SI to SC transitions (Rick and Chetelat 1991). Groups of SC
populations at the northern species margin exhibit diverse
reproductive barriers acting at the individual, population, and
species levels (Martin 1961; Broz, Randle, et al. 2017). Previous
work that combined reproductive trait data with sequence
analysis of S-RNase alleles identified two distinct SC groups
(SC-1 and SC-2), and suggests that SC has arisen at least twice
at the northern margin (Broz, Randle, et al. 2017).

The ancestral SI populations of S. habrochaites originated
in northern/central Peru (Rick et al. 1979; Peralta et al. 2008;
Pease et al. 2016) and, as the species spread, it traversed the
Amotape-Huancabamba Zone (AHZ)—a region of cordillera
disruption bordered in the south by R�ıo Chicama in Peru and
in the north by R�ıo Jubones in Ecuador. This geographical
disruption—one of the lowest altitude regions in tropical
Andes—was generated through repeated geological fragmen-
tation and remodeling over millions of years (Antonelli et al.
2009; Hoorn et al. 2010), creating a number of unique micro-
habitats and rare east-west passages for species movement in
the Andes. The AHZ includes a floristically diverse region
called the Huancabamba Depression (HD) in the central
part of the AHZ, which contains the lowest point in the entire
Peruvian Andes (Weigend 2002). The HD has sometimes
been referred to (Richter et al. 2009)—controversially
(Weigend 2004; Mutke et al. 2014)—as a barrier to dispersal
of some high altitudinal plant species due to its low-lying
nature. The species diversity in the overall AHZ is 6-8 times
higher than in the area adjacent to the AHZ (Weigend 2002).
With its highly variable microhabitats and low-lying geology,
the AHZ also shows high rates of endemism for both plants
and animals (Berry 1982; Weigend 2002), and may have also
influenced S. habrochaites evolution.

To determine how both SI to SC transitions and acylsugar
diversification occurred in the context of S. habrochaites spe-
cies range expansion, we first determined the species’ popu-
lation structure using RAD-seq and studied patterns of gene
flow between different populations. We identified additional
independent SI to SC transitions at the northern species mar-
gin, which were also associated with evolution of new acylsu-
gar phenotypes. Our results revealed that alleles that
eventually led to fixation of these novel phenotypes in
Ecuador first emerged in the AHZ during the northward mi-
gration of S. habrochaites from central Peru. In contrast, we
found a greater impact of geographical distance in central/
southern Peru in the production of locally isolated popula-
tions. This work underscores the critical role of ecogeography
and of repeated evolution of SC in shaping biological diversity.

Results

Preliminary Analysis of RAD-Seq Data
For RAD-seq, we selected 52 out of the >100 accessions of
S. habrochaites in the TGRC germplasm database (https://
tgrc.ucdavis.edu/, last accessed April 01, 2021) that span the
entire species range—a distance of �2,000 km from Jipijapa,
Ecuador (accession LA1625) in the north to Oca~na District,
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Peru in the south (accession LA1928). Four Solanum pennellii
accessions were included as outgroups. As expected, there
was large variation in the number of reads obtained per sam-
ple (supplementary fig. S1A, Supplementary Material online),
ranging from 5,707 to 5,348,246. After filtering the initial reads
based on quality, one or both replicates of five accessions—
LA2868, LA2976, LA1978, LA2098, LA0716—were removed
(supplementary fig. S1A, Supplementary Material online),
leaving a total of 53 accessions for further analyses (supple-
mentary file S1, Supplementary Material online). We did not
find any correspondence between number of reads between
technical replicates (supplementary fig. S1B, Supplementary
Material online) suggesting that the read number variation
was due to the randomness associated with restriction cleav-
age and the RAD-seq library preparation protocol as opposed
to within-species variation of restriction sites. To improve
read coverage per accession, we combined reads from the
technical replicates and mapped all reads to the draft-quality
S. habrochaites LYC4 genome (Aflitos et al. 2014) to make
clustered read stacks (Catchen et al. 2013). The number of
retained loci and mean coverage across all loci also varied
across accessions (supplementary fig. S1C and D,
Supplementary Material online). The median read coverage
across all sites after filtering was 9.5, with 20 out of 53 acces-
sions having a mean read coverage�10� (supplementary fig.
S1D, Supplementary Material online).

Eight Population Clusters Can Be Identified in the
Sampled S. habrochaites Accessions
To assess the genetic relatedness between S. habrochaites
accessions across the range, we first inferred SNP-genotype
based ancestral populations (K) using three different SNP
data sets. These results suggested that the sampled
S. habrochaites individuals arose from 4 to 6 ancestral pop-
ulations (fig. 1; supplementary fig. S2, Supplementary Material
online)—three of which (purple, red, yellow) lie south of the
AHZ. While K¼ 4 was the optimal cluster size based on the
cross-entropy criterion (fig. 1B), manual observation of pop-
ulation assignments at multiple Ks (supplementary fig. S2,
Supplementary Material online), previous results using simple
sequence repeat (SSR) markers (Sifres et al. 2011) and empir-
ical observations of S. habrochaites reproductive and meta-
bolic diversity led us to also consider the possibility of six
ancestral populations (fig. 1C). In Ecuador, the optimal
K¼ 4 suggested presence of one ancestral orange population
(fig. 1) while K¼ 6 discriminated individuals in this region as
originating from two different ancestral populations—orange
and green—with different degrees of genotype sharing be-
tween them (fig. 1C). We also observed that multiple acces-
sions—at both K¼ 4 and K¼ 6 values—across the range had
small yet non-negligible probabilities of being assigned to
yellow, red, and purple populations, fixed south of the HD.

PCA using Set 1 and 2 markers (fig. 1D; supplementary fig.
S3, Supplementary Material online) showed a close relation-
ship between accessions north of the HD, but interestingly in
the south, the southernmost purple individuals were more
related to yellow individuals near the central part of the
range—near Huancabamba/Cajamarca—than to their

geographically close red individuals. To better understand
this observation, we employed coalescent tree (Bryant et al.
2012) and network-based approaches. The coalescence-based
approach, obtained using 3,965 markers represented in all
S. habrochaites and S. pennellii accessions, infers Bayesian trees
for every SNP identified in the population and integrates for
coalescence across all trees. Eight genotypically distinct pop-
ulation clusters within S. habrochaites (fig. 2A) were identified,
largely following the clusters inferred from structure analysis
at K¼ 6 (fig. 1C). The two additional clusters 3 and 6 com-
prised hybrids between the green-orange and red-yellow pop-
ulations (fig. 1C). Population clusters 1–4 (supercluster 1;
northern supercluster) correspond to samples from mid/
southern Ecuador and northern Peru, while clusters 5–8 (su-
percluster 2; southern supercluster) correspond to samples in
central and southern Peru (fig. 2A). The two superclusters are
separated at the HD. The coalescent tree also supported the
PCA finding that cluster 8 was not closely related to its geo-
graphical neighbor cluster 7 but was genetically equidistant
from clusters 5 to 7.

Split network-based approaches are used to model events,
such as gene loss/duplication, horizontal gene transfer, re-
combination, hybridization as well as systematic errors that
are typically not modeled in a phylogenetic tree. The system-
atic errors in model-based tree reconstructions—multiple
parallel edges in split networks are indicative of incompati-
bilities between tree-based phylogenetic relationships (Huson
and Bryant 2006). A split network of S. habrochaites acces-
sions revealed that clusters 4–6 in the Huancabamba/
Cajamarca region and three accessions from cluster
8 (LA1772, LA0094, LA1298) exhibit substantial incompatibil-
ities (fig. 2B). In the coalescent tree-based analysis, the three
cluster 8 accessions formed a distinct subgroup (fig. 2A), and
the structure analysis suggested that all contain a mixture of
three genotypes (purple, red, yellow; fig. 1C). These cluster
8 relationships are further clarified below when the mating
systems of the different accessions are taken into account.
Nonetheless, based on the above results and considering pre-
vious knowledge that S. habrochaites originated further north
near the AHZ (Rick et al. 1979; Sifres et al. 2011; Pease et al.
2016), we propose that cluster 8 was established largely by
southward migration from near the AHZ (clusters 5, 6).
Under this scenario, cluster 7 would result from an indepen-
dent, local fixation of the red genotype, and would explain
results from all four analyses above. This scenario also allows
for a rapid separation of the two superclusters via northward/
southward migrations, as seen in the coalescent analysis
(fig. 2A) and previous studies (Rick et al. 1979; Sifres et al.
2011; Pease et al. 2016).

Taken together, the four methods suggest that there are
eight current population clusters across the sampled
S. habrochaites accessions, likely derived from 4 to 6 ancestral
populations. Three clusters 1, 7, 8 were well-differentiated in
all analyses performed, clusters 2–3 and 5–6 were found to be
more similar to each other, and cluster 4—in the heart of the
AHZ—is genetically substantially differentiated from other
clusters. We note that six of the eight population clusters
occur north of the southern boundary of the AHZ, while
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only clusters 7, 8 occur entirely south of the AHZ. This finding
is consistent with the notion of AHZ as a diversifying force.
Furthermore, several of the observed population clusters re-
flect the distribution of distinct SC populations identified in
previous studies (Rick et al. 1979; Broz, Randle, et al. 2017),
offering a possible mechanistic explanation for the existence
of these clusters. We thus examined reproductive traits to
evaluate the contribution of mating systems to population
structure.

Reproductive Traits in S. habrochaites as Drivers of
Population Differentiation
Reproductive traits including mating system can directly im-
pact reproductive isolation of populations. Mating system
transitions from SI to SC are a common evolutionary event
in plants (Stebbins 1974), especially at species margins where
dispersal into a new environment can create a population
bottleneck. In this scenario, mates can become limiting,
resulting in strong selection for SC (Baker 1955, 1967) with
subsequent reduction in gene flow between newly estab-
lished SC populations and their ancestral SI populations.

Solanum habrochaites displays substantial diversity in the
expression of reproductive traits (Martin 1961, 1963; Rick
et al. 1979; Mutschler and Liedl 1994; Sacks and St. Clair
1998; Covey et al. 2010; Baek et al. 2015; Markova et al.
2016; Broz, Randle, et al. 2017) (https://tgrc.ucdavis.edu/,
last accessed April 01, 2021). The SC-1 and SC-2 groups pre-
viously reported at the northern S. habrochaites species mar-
gin (Broz, Randle, et al. 2017) aligned well with coalescent

clusters 2 and 1, respectively. We therefore thoroughly ana-
lyzed reproductive traits in additional S. habrochaites acces-
sions to establish trait groups and align these with population
structure. Seven reproductive traits—mating system, S-RNase
expression, S-RNase allele, HT protein expression, pollen- and
pistil-side interpopulation barriers, and unilateral incompati-
bility (UI) between S. habrochaites and other tomato clade
species—were analyzed, enabling us to produce a compre-
hensive inventory of reproductive traits for 34 accessions
throughout the S. habrochaites range (table 1). We confirmed
an SC mating system for 19 accessions at the northern species
margin in Ecuador and for four accessions at the southern
species margin. Further analysis of reproductive traits allowed
identification of distinct SC groups (supplementary text 1,
Supplementary Material online).

The expression of functional S-RNase proteins is required
for SI, and we found that all SI and mixed SI/SC population
(MP) accessions expressed S-RNases, as expected. In contrast,
S-RNase proteins were not detectable in styles of the northern
SC accessions (with the exception of PI251305) in agreement
with previous findings (Broz, Randle, et al. 2017). The south-
ern marginal SC accessions expressed S-RNase protein, as has
previously been shown for the southern SC accession LA1927
(Covey et al. 2010). In several cases, specific S-RNase alleles
could be correlated with SC (table 1). In nine SC accessions in
western coastal to central mountainous regions of Ecuador,
the low-expression LhgSRN-1 allele is associated with SC-2
and SC-3 groups (Kondo et al. 2002; Covey et al. 2010; Broz,
Randle, et al. 2017). In a north-south corridor centered on

A C

B D

FIG. 1. Population structure of Solanum habrochaites. (A, C) Population structure plots obtained using K¼ 4 and K¼ 6 as predefined number of
genetic clusters using Set 1 SNPs. Population cluster numbers as per figure 2A are noted below the bar plot in (C). (B) Cross-entropy criterion
showing K¼ 4 as the optimal number of genetically differentiated ancestral populations. (D) Principal components analysis, with populations
defined based on K¼ 6. Color corresponds to the major ancestral population predicted in subfigure C.
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Loja, the newly identified low-expression hab-7 S-RNase allele
(supplementary fig. S5, Supplementary Material online) is as-
sociated with seven SC-1 group accessions. At the southern
species margin, the expressed but low-activity hab-6 S-RNase
allele (Covey et al. 2010) was detected in all four SC accessions
tested, and this SC group was designated as SC-4.

Expression of HT protein, a pistil-specific SI and UI factor
(McClure et al. 1999; Tovar-M�endez et al. 2014, 2017), was
detected in styles of all tested accessions except for three
from central Ecuador (LA1223, PI390515, and PI251305).
PCR amplification and sequencing of the HT-A gene demon-
strated that these three Ecuadorian accessions all have the

same nonsense mutation in the second exon of the gene
(supplementary fig. S6, Supplementary Material online).

Since interpopulation reproductive barriers based on pol-
len tube rejection in styles also act to reduce gene flow and
allow for population differentiation, we tested for this repro-
ductive trait. Unidirectional interpopulation barriers between
central SI S. habrochaites populations and the northernmost
(SC-2) SC populations have been documented (Martin 1963;
Broz, Randle, et al. 2017) and are associated with the muta-
tional loss of pollen-side SI factors (Markova et al. 2016). In
this study, we found that pollen tubes of two previously
uncharacterized northern accessions (LA4656 and

A

B

FIG. 2. Coalescent and migration analysis. (A) Results of coalescent analysis using SNAPP, obtained using markers shared between all sampled
individuals. LA2975 was left out from this analysis because its level of heterozygosity was >3� the next highest sample, suggesting possible
contamination or other unexplained behavior. AHZ, Amotape-Huancabamba Zone; HD, Huancabamba Depression. Population cluster numbers
are marked within the phylogeny. Region names in red as per Sifres et al. (2011) and do not represent provinces. (B) A split network of the
population clusters shows close relationships within the northern and within southern clusters and significant variation in the Cajamarca and
Huancabamba accessions. Significant incongruencies are seen for clusters 4–6 and three accessions of cluster 8. AHZ, Amotape-Huancabamba
Zone.

Landis et al. . doi:10.1093/molbev/msab092 MBE

3206



PI309515) were rejected in styles of SI accessions, indicating
the presence of pollen-side interpopulation barriers in these
accessions, like those present in the SC-2 group. In addition,
we confirmed that any accessions (either SI or SC) that ex-
press any S-RNase protein reject SC-2 group pollen tubes in
styles and thus possess pistil-side interpopulation barriers
(Broz, Randle, et al. 2017) (supplementary fig. S4,
Supplementary Material online; table 1).

The final reproductive trait that we analyzed was the pres-
ence/absence of UI reproductive barriers between
S. habrochaites and other tomato clade species. The absence
of UI barriers would impact population structure if

S. habrochaites hybridized with co-occurring tomato clade
species, such as Solanum pimpinellifolium. A previous study
identified a single S. habrochaites accession (LA1223, group
SC-3) that lacked interspecific barriers (Broz, Randle, et al.
2017). In this study, we found one additional SC accession,
PI390515, which lacked UI barriers (table 1; supplementary fig.
S4, Supplementary Material online) but 29 other accessions
tested had intact UI barriers.

Based on our phenotyping results, we were able to distin-
guish four SC groups, SC-1, SC-2, SC-3, and SC-4. Surprisingly,
in one region of central Ecuador near Alaus�ı, we found dif-
ferent combinations of reproductive traits including S-RNase

Table 1. Reproductive Traits for Solanum habrochaites Accessions.

Accession Mating System
and SC Group

S-RNase
Protein

S-RNase
Allele(s)

HT
Protein

Interpop
pollen-side

Interpop
pistil-side

UI RAD-Seq
Cluster

LA4656 SC-2 N LhgSRN-1 Y Y N Y na
LA1624a SC-2 N LhgSRN-1 Y Y N Y C1b
PI129157a SC-2 N LhgSRN-1 Y Y N Y C1b

LA1625a SC-2 N LhgSRN-1 Y Y N Y C1
LA1266a SC-1 N hab-7 Y N N Y na
PI134417 SC-2 N LhgSRN-1 Y nt N nt C1b

LA1264a SC-1 N hab-7 Y N N Y na
PI390515 SC-2/3 N LhgSRN-1 N Y N N C1b

LA0407a SC-2 N LhgSRN-1 Y Y N Y C1
LA1223a SC-3 N LhgSRN-1 N N N N C1
PI251305 SC-1/2/3 Y hab-7/LhgSRN-1 N N Y Y C1b

LA4654 SC-6 N Unknown Y N N Y na
LA4655 SC-6 N Unknown low N N Y na
LA2119a SC-1 N hab-7 Y N N Y C2
LA2868a SI Y Multiplec Y N Y Y C1b

LA2128 SC-1 N hab-7 Y N N Y C2
LA1252 SC-1 N hab-7 Y N N Y C2
LA2855d MP Y Multiple Y N Y Y C3
LA2106a SC-1 N hab-7 Y N N Y C2
LA2101a SC-5 N Unknown Y N N Y C3b

LA2860 SC-5 N Unknown Y N N Y C2
LA2864a SI Y Multiple Y N Y Y C3b

LA2099a MP Y Multiplec Y N Y Y C3b

LA2098a MP Y Multiple Y N Y Y C3
LA2175a MP Y Multiple Y N Y Y C5
LA1391a MP Y Multiplec Y N Y Y C4b

LA2314a SI Y Multiple Y N Y Y na
LA1353a,e SI Y Multiplec Y N Y Y na
LA1777a,e SI Y Multiple Y N Y Y C7
LA0094d MP Y Multiplec inc hab-6 Y N Y Y C8
LA1560d SC-4 Y hab-6 nt N nt nt C8
LA1753d SC-4 Y hab-6 Y N nt nt C8
LA1691 SC-4 Y hab-6 nt N nt Y C8
LA1927e SC-4 Y hab-6 Y Y Y Y C8b

NOTE.—Reproductive traits documented for each accession include mating system as detected by fruit production after self-pollination and/or pollen tube growth analysis (SC,
self-compatible; SI, self-incompatible); expression of S-RNase protein as detected by immunoblotting; S-RNase allele as detected by allele-specific PCR. Expression of HT protein
as detected by immunoblotting; pollen-side interpopulation reproductive barriers as detected by pollen tube growth in crosses with pollen from different accessions onto
pistils of SI accession LA1777 (Y¼ pollen tubes rejected, N¼ pollen tubes accepted); pistil-side interpopulation barriers as detected by pollen tube growth with pollen of SC
accession LA0407 onto pistils of different accessions (Y¼ pollen rejected, N¼ pollen accepted); interspecific unilateral incompatibility (UI) detected by pollen tube growth in
crosses using cultivar (Solanum lycopersicum) pollen onto pistils of different accessions (Y ¼ pollen tubes rejected, N ¼ pollen tubes accepted); and SC group based on the
combination of reproductive traits and S-RNase allele present.
aData from Broz, Randle, et al. (2017).
bBy inference, due to either TSS data or due to geographic location, na¼ not applicable because no accessions from this region were included in the RAD-seq analysis, nt¼ not
tested. Unshaded portion of the table shows accessions from Ecuador and shaded portion of the table shows accessions from Peru.
cPresence of LhgSRN-1 allele detected at a low frequency.
dMating system reported here differs from TGRC designation.
eData from Covey et al. (2010).
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alleles, HT expression, interpopulation barriers and interspe-
cific barriers associated with the SC-1, SC-2, and SC-3 groups,
suggesting that these SC groups meet and interbreed in this
area. In addition, there were two other geographically distinct
sets of SC accessions (one near Gir�on, Ecuador and one near
Cariamanga, Ecuador) with unknown S-RNase alleles, whose
relationships to other SC groups were unclear.

After delineating the reproductive trait groups, we evalu-
ated the association of these groups with the population
clusters. Because there were several accessions of significant
phenotypic interest that were not included in the RAD-seq
population genetic study, we utilized Targeted Sanger
Sequencing (TSS) of 22 broadly represented and high cover-
age polymorphic RAD-seq loci to incorporate these acces-
sions into the population study.

When the TSS and RAD-seq data for the 22 loci were
combined and analyzed, seven ancestral populations could
be identified that corresponded closely with reproductive
traits (fig. 3A). The distinct coalescent cluster 1 (orange; figs.
2A and 3A) mapped to the SC-2 group and includes acces-
sions found at the northernmost species margin along a steep
altitudinal cline in central Ecuador (fig. 3B). Notably, the
northernmost SI accession in Ecuador, LA2868, which con-
tains the LhgSRN-1 S-RNase allele at a low frequency (table 1)
also clusters with this group and may therefore represent an
ancestral SI population. Another distinct cluster (green; figs.
2A and 3A) contained SC-1 group accessions in northeastern
Loja (fig. 3B).

The relationship of SC-1/SC-2 to other SC groups was
clarified by the population analysis. Two SC accessions col-
lected west of the town of G�ıron in central Ecuador LA4654
and LA4655 (fig. 3B), share a unique polymorphism pattern in
the TSS analysis (fig. 3A, red/green/orange) and these acces-
sions were tentatively designated as group SC-6 (table 1). The
SC group near Cariamanga (blue, fig. 3A) clusters with SI and
MP accessions but does not cluster with other SC groups.
Therefore, SC accessions in this cluster were tentatively des-
ignated as group SC-5. In the full population structure anal-
ysis, this cluster appeared as a hybrid between orange and
green genotypes (fig. 1C), but is resolved into an independent
population with the 22 TSS markers. The co-clustering of SC,
MP and SI accessions in the blue cluster suggests that the
emergence of distinct SC-5 and MP groups in southwest
Ecuador region (fig. 3B) is recent enough that only moderate
genetic differentiation has occurred between these groups
and their SI progenitors.

The population structure results using both RAD-seq and
TSS markers are also consistent with the phenotyping results
suggesting that different SC groups can interbreed when they
encounter each other in the region noted as SC-1/SC-2/SC-3
overlap (fig. 3B). The finding of multiple Ecuadorian SC groups
with distinct genetic and reproductive characters suggests
that northward migration through the geographically disrup-
tive AHZ, combined with recurring, independent, rounds of
selection for SC under conditions of mate limitation, led to
population differentiation at the northern species margin.

In southern Peru, the SC-4 group with the hab-6 S-RNase
allele (Covey et al. 2010) clusters with two SI accessions

(LA1772 and LA1298) and one MP accession (LA0094)
from the same region (fig. 3A, B, purple). The emergence of
the SC-4 group could have occurred from an MP type pop-
ulation (e.g., similar to LA0094) as a result of selection for
reproductive assurance as the species migrated southward.
Alternatively, LA0094 could be a hybrid between the purple
SC and the SI sub-populations. Further experiments will be
needed to address the origins of the MP individuals.

Overall, our detailed phenotyping of reproductive traits
suggests that the six population clusters identified in the
AHZ are a result of 1) population differentiation of SI clusters
3, 4 and 5, and 2) the independent establishment of multiple
different SC groups. The unidirectional reproductive barriers
seen between some populations further strengthened repro-
ductive isolation, resulting in population differentiation be-
tween some SC and SI groups. Therefore, using the larger
RAD-seq data set, we asked how the independent emergence
of SC has influenced gene flow between different clusters in
the context of the unique geographical features of Ecuador
and Peru.

Characterizing Population Differentiation in
S. habrochaites
The characterization of mating systems across the
S. habrochaites range allows us to ask two questions using
genome-wide RAD-seq data: 1) what is the extent of gene
flow between the different SC and SI/MP clusters?, and 2)
which other evolutionary mechanisms contributed to
S. habrochaites population structure besides emergence of
SC? Three properties were assessed to address these ques-
tions—heterozygosity, population differentiation, and proba-
bility of isolation by distance (IBD). We also tested the effect
of historical migration between clusters, but this was not
found to be a major contributor to population structure
(supplementary fig. S8B and supplementary text 1,
Supplementary Material online).

Heterozygosity was measured separately using just variant
or both variant and invariant sites. Both approaches showed
that SC accessions had lower heterozygosity than SI acces-
sions (fig. 4A, supplementary fig. S7, Supplementary Material
online). A previous study (Sifres et al. 2011) concluded based
on SSR markers that the highest heterozygosity existed
among accessions from the Huancabamba and Cajamarca
regions. Our absolute heterozygosity values varied based on
whether they were estimated using variant calls or using all
sites (see supplementary text 1, Supplementary Material on-
line) and were different from the SSR-based study as expected
due to differences in techniques (Sunde et al. 2020). However,
the trend between different ecogeographic groups defined
using SSRs was consistently reproduced in our analysis
(fig. 4A; supplementary fig. S7C, Supplementary Material
online).

Fixation index (Fst) quantifies the degree to which total
nucleotide diversity in a pair of populations can be attributed
to between-population diversity, with values close to 0 indi-
cating frequent inter-breeding and higher values indicating
differentiation (Wright 1931; Weir 2012). Emergence of SC
can inflate Fst values, hence, absolute population divergence
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(dxy) (Nei and Li 1979), which ignores within-population di-
versity, was also calculated. Both Fst and dxy differentiated the
two superclusters at the HD (fig. 4C, supplementary fig. S8A,
Supplementary Material online), and showed a close relation-
ship between SI cluster 3 and SC clusters 1 and 2 (fig. 4B and C,
supplementary fig. S8A, Supplementary Material online). This
could occur either due to continued gene flow or a recent
progenitor-descendent relationship, the latter supporting the
inference based on reproductive trait analysis (fig. 3A, table 1).
In the southern part of the range, both metrics also showed a

closer genotype sharing between clusters 6–7 and 6–8, but
not 7–8 (fig. 4B), again providing evidence for a separate
establishment of cluster 8 from ancestral populations of clus-
ters 5/6. Interestingly, neighboring SI clusters 4 and 5—lo-
cated near the HD—were found to be the most
differentiated using both Fst and dxy in their pairwise compar-
isons versus other pairs of neighboring clusters (fig. 4B and C),
mirroring coalescent and split tree analyses. Nucleotide diver-
sity in cluster 4, however, was lower than in clusters 5/6
(supplementary text 1, Supplementary Material online).
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FIG. 3. Mating system and population structure in Solanum habrochaites. (A) Population structure plot incorporating accessions analyzed using
RAD-seq and TSS organized in a north to south array from left to right. Coalescent cluster IDs are noted at the top of the structure plot. Mating
systems indicated include SC groups 1–6 (table 1), Mixed Population (MP) accessions containing both SI and SC individuals as well as purely SI
accessions (SI). #, mating system not assessed. Where known, specific S-RNase alleles associated with accessions are indicated. *accessions
containing the LhgSRN-1 S-RNase allele, ^accessions containing the hab-7 S-RNase allele, **S-RNase allele unknown, and multiple (M) S-RNase
alleles are found in SI and MP accessions. (B) Map of Ecuador and Peru displaying the locations of accessions with different mating systems as
shown in (A) and listed in table 1.

Evolution of Solanum habrochaites Populations . doi:10.1093/molbev/msab092 MBE

3209



These observations may result due to a lack of closely related
populations among the accessions sampled in clusters 4 and 5
but could also be driven by the geography of the region,
where the deep valleys and high mountain ranges near the

HD may lead to more reproductive isolation and genetic
divergence.

While the AHZ appears to be a diversifying force in the
northern and central parts of the range, southern populations

A

B

C

D

E

F

FIG. 4. Analysis of population relatedness and demographic events (A) Observed heterozygosity estimates based on all genome-wide RAD
mapping sites, for individuals classified by their geographic regions. Northeastern Loja and Western Loja all comprise individuals assigned to
clusters 2 and 3, respectively. Number in green above the boxplot corresponds to the median heterozygosity from this study, while those in red
below the region names correspond to SSR marker estimates of observed heterozygosity as per Sifres et al. (2011). (B) Estimates of pairwise dxy and
Fst between SNAPP coalescent clusters. Cells are colored on a continuous scale from blue (high) to pink (low), with yellow/green (intermediate
high); orange (intermediate low) colors as intermediate. (C) Unrooted tree based on the dxy matrix shows differentiation between clusters that
follows the two SNAPP superclusters. Branch-wise dxy values are shown; Fst tree shown in supplementary figure S8A, Supplementary Material
online. (D–F) Isolation by distance analysis considering all S. habrochaites individuals, as well as those in Supercluster 1 and Supercluster 2. Mantel’s
test P-values were estimated using 100,000 simulated permutations of the Set 2 SNPs.
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are characterized by large geographic distances, creating a
new kind of barrier for interpopulation gene exchange, as
seen by higher absolute divergence values for clusters 5–8 ver-
sus clusters 1–3. Using IBD analysis, we asked if geographical
distance played a role in population differentiation. A signif-
icant association between genetic and geographic distance
was not seen when all the populations were included
(association¼–0.02, Mantel’s test P¼ 0.77) (fig. 4D). When
northern and southern superclusters were analyzed sepa-
rately as superclusters 1 and 2, the northern accessions
showed a slight positive yet nonsignificant association of
0.32 (Mantel’s test P¼ 0.06) (fig. 4E), but the southern acces-
sions showed a significant IBD with an observed association of
0.63 (Mantel’s test P¼ 0.001) (fig. 4F), providing validation for
genetic differentiation due to geographical distance.

Overall, these results reveal the role of three important
players—the evolution of SC, population fragmentation
caused by movement through the AHZ/HD, and IBD south
of the HD—in S. habrochaites population differentiation. To
determine the phenotypic correlates of this population dif-
ferentiation, we used previously studied metabolic, namely
acylsugar, phenotypes as a model.

Loss of Acylsugar Acetylation Is Associated with
Movement through the AHZ and Emergence of SC
Groups
Previous studies identified differences in acylsugar profiles
between S. habrochaites accessions (Kim et al. 2012;
Schilmiller et al. 2015), and here, we asked if these patterns
can be explained by genetic structure. Kim et al. (2012)
assessed the enzyme ASAT4—the last enzyme in the acylsu-
gar biosynthetic pathway—which was inactivated in many
northern accessions resulting in loss of acylsugar acetylation
(supplementary fig. S9, Supplementary Material online). We
re-analyzed this result in the context of population structure
and SC/SI groups. As S. habrochaites sampled in this study
were obtained from the stock center independently of the
previous study, we resampled the leaf surface acylsugars from
2 to 3 replicates of 40 out of 50 accessions used for RAD-seq.
In both previous studies (Kim et al. 2012; Schilmiller et al.
2015), LA1362, LA2409, and LA2650 had been identified as
chemotypic outliers in their geographical area (i.e., their acyl-
sugar phenotype matched not with their neighbors but with
accessions very distant from their documented geographical
area). The full RAD-seq data revealed that all three accessions
were also genotypic outliers in their recorded geographic area
(figs. 1 and 2A). However, while LA2409 and LA2650 chemo-
types matched previous results and their “true” geographic
area based on their genotype, LA1362 profile did not appear
as a chemotypic outlier in this study (fig. 5), the reasons for
which are not currently clear.

Loss of acetylation in the north was previously found to
occur via three different mechanisms—loss of ASAT4 gene
expression (chemotype E), frameshift mutation in ASAT4
(chemotype D) and likely loss of the ASAT4 gene (chemotype
C) (Kim et al. 2012). We found that chemotypes C and D were
completely confined to the northern SC groups 1–6 (except

SC-4, which is in southern Peru), and chemotype E was wide-
spread across SI/MP accessions within the boundary of the
AHZ (fig. 5; supplementary fig. S9, Supplementary Material
online). The two chemotypes A and B with acetylating, func-
tional versions of ASAT4—representing the ancestral ASAT4
activity—were associated with all SI, MP and SC accessions
from clusters 7 and 8. The northernmost accession with a
functional ASAT4 allele (LA2329) lies in cluster 7 in the
Cajamarca region south of the AHZ. This finding further
supports the model of origination of S. habrochaites in the
Cajamarca region, and thereby implies that the functional
ASAT4 allele was inactivated during the northward migration
into the AHZ (fig. 6).

Discussion
In this study, we explored the genetic, reproductive and met-
abolic diversification of S. habrochaites in the context of pop-
ulation structure defined using genome-wide RAD-seq
markers. Our results show eight different population clusters
across the species range, which have been substantially influ-
enced by geographic variation. The Ecuadorian accessions lie
in areas that range from densely forested mountains with
high precipitation to either dry or wet coastal regions. On
the other hand, accessions south of the AHZ in Peru are often
confined to isolated river valleys and experience more uni-
form environments with regard to altitude and temperature
fluctuations. Diverse biotic and abiotic interactions and geo-
graphical features are associated with a range of metabolic
and reproductive phenotypes in this species (Rick et al. 1979;
Sacks and St. Clair 1998; Finkers et al. 2007; ten Have et al.
2007; Gonzales-Vigil et al. 2012; Kim et al. 2012; Arms et al.
2015; Schilmiller et al. 2015; Markova et al. 2016; Broz, Randle,
et al. 2017; Kilambi et al. 2017; Fan et al. 2017), some of which
were assessed here in the context of population history.

Previous studies have placed the origin of S. habrochaites in
either the Piura-Cajamarca-La Libertad provinces in northern
Peru (Rick et al. 1979; Sifres et al. 2011) or slightly more to the
south, in the La Libertad-Ancash provinces in north-central
Peru (Pease et al. 2016). Based on our population structure
analysis (fig. 1C), PCA using S. pennellii (supplementary fig. S3,
Supplementary Material online), as well as a complete lack of
the ancestral ASAT4 allele and acetylation phenotypes in
northern Peru (fig. 5), we infer that S. habrochaites originated
in north-central Peru near the southern boundary of the AHZ
(fig. 6) supporting the model of Pease et al. (2016). Placing the
center of origin in this region also better explains inter-species
relationships between S. habrochaites–S. pennellii given S.
pennellii’s species range (fig. 6), and with the Arcanum/
Esculentum clades of the Lycopersicon section of the
Solanum genus (Pease et al. 2016). After the species originated
here, two lineages, representing the two superclusters, then
moved north and south from this region to establish the
current species range (fig. 6). The eventual populations
were likely established through a complex pattern of inter-
population hybridizations, inbreeding and re-establishment
(e.g., cluster 7).
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Accessions south of the HD are divided into four clusters
5–8. Based on acylsugar phenotypes where ASAT4 allele is
already inactivated in clusters 5 and 6, it is possible that the
ancestral population established these clusters after clusters 7
and 8—which retain the active/ancestral ASAT4 allele (fig. 6).
Such a topology is also reflected in the coalescent tree
(fig. 2A). As the species moved further north, it crossed the
HD, which is the lowest altitude region in the Peruvian Andes
created by the Mara~n�on and Chicama rivers (Weigend 2004).
Regional vegetation studies reveal an abrupt shift in vegeta-
tion types at the HD (Olson et al. 2001; Richter et al. 2009),
illustrative of the geologic history and climatic complexity of
the region. These observations have also prompted a debate
on whether HD acts as a barrier zone of plant dispersal be-
tween Northern and Central Andes (Weigend 2004; Richter
et al. 2009; Mutke et al. 2014; Quintana et al. 2017). In our
study, a stark contrast is seen in the genotypes spanning the
HD (fig. 2A). For example, between clusters 4 and 5—which
lie geographically close to each other north and south of the

HD—both Fst and dxy are higher than between any other pair
of neighboring clusters (fig. 4B; supplementary fig. S8,
Supplementary Material online). Thus, although the HD
was clearly not a barrier to S. habrochaites’ northward migra-
tion, it may exert a dampening effect on gene flow, increasing
differentiation between populations north and south of this
geological landmark. Identifying the specific nature of evolu-
tionary forces acting on S. habrochaites near the HD and
generally in the AHZ could help illuminate the reasons for
the high floristic diversity in this area.

The northward migration of the species through the AHZ
also resulted in fixation of different S-RNase and HT alleles
associated with SC (fig. 3B, table 1), likely driven by limiting
mates/pollinators. It is noteworthy that the only other to-
mato clade species on both sides of the AHZ—
S. pimpinellifolium and Solanum neorickii—are SC, suggesting
that this mating system may facilitate, or be essential for,
successful migration through the fragmented microhabitats
in the AHZ. In addition, novel environmental factors, such as
new herbivores and/or different temperatures/precipitation
levels in the AHZ—a region with high endemism—may have
contributed to this evolution.

Our population structure results and reproductive analy-
ses suggest potential progenitor-descendant relationships be-
tween SI clusters 5/6 and cluster 8 (SC-4) as well as between SI
cluster 3 and clusters 1, 2 (SC-2/3). Given that the known
inter-population reproductive barriers are unidirectional,
there is still potential for continued gene flow between an-
cestral SI and derivative SC groups. For example, in the case of
the SC-2 and SC-4 groups, the loss of pollen SI factors create a
unidirectional inter-population barrier that would only pro-
hibit gene flow between SC males and SI females (Markova
et al. 2016; Broz, Randle, et al. 2017). Such unidirectional gene
flow between SI and SC populations, as well as hybridization
between distinct SC groups, could partially rescue SC popu-
lations from the evolutionary “dead end” imposed by the
mutational loss of SI (Stebbins 1957; Takebayashi and
Morrell 2001; Igic and Busch 2013). The high levels of selfing
and the observed interpopulation reproductive barriers could
also allow for the purging of deleterious alleles and promote
differentiation between populations.

Characterization of the different SC groups in the north
also helped explain the observed acylsugar phenotype diver-
sity in this species. ASAT4 was initially inactivated at the ex-
pression level in SI/MP clusters 3–6 during the northward
migration (chemotype E; fig. 5). We postulate that this mu-
tation was an epigenetic modification, since the expression of
the allele is restored in the SC clusters 1 and 2 accessions,
although new deleterious ASAT4 alleles rose to fixation in
those clusters. Prior studies in other Solanaceae species sug-
gest that acyl chains can mediate tritrophic interactions in
plant herbivory (Weinhold and Baldwin 2011). However, in
this particular case of loss of acetylation, it is not known
whether the changes were adaptive and in direct response
to the variable habitats of the AHZ, or an indirect conse-
quence of reproductive isolation and genetic differentiation.
Nonetheless, in the form of geographic factors and SC, this
study adds new evolutionary dimensions to previous research

FIG. 5. Acylsugar phenotypes across Solanum habrochaites accessions
and the genotypes of two associated enzymes. Heatmap of acylsugar
peak areas normalized to the internal standard peak area and the
maximum area per column. Rows and columns are arranged based on
figure 2A and types of acylsugars, respectively. Accessions are colored
by their population cluster assignments, using color scheme used in
figure 2A. Three accessions in bold are the geographically misplaced
accessions. ASAT4 inactivation chemotypes (A–E) as per Kim et al.
(2012) are also shown. Note that A, B have acetylated acylsugars and
C, D, E contain only nonacetylated acylsugars, due to ASAT4 loss.
Column names are in the format (peakID-identified acylsugar).
Acylsugars with asterisks indicate those predicted based on MS1
peak and Kim et al. (2012) study without high-confidence MS/MS
patterns.
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within the broader Solanaceae family that showed multiple
factors (e.g., gene duplication, gene loss, enzyme promiscuity,
alteration of allosteric regulation, active site substitutions)
affecting acylsugar diversity (Kim et al. 2012; Schilmiller
et al. 2015; Fan, Miller, et al. 2016; Fan et al. 2017; Moghe
et al. 2017; Leong et al. 2020).

In summary, we explored the genetic and phenotypic di-
versification of S. habrochaites across its range using genome-
wide SNP analysis. Our results demonstrate the central role
played by two geographical features—the AHZ in the north
and geographic distance in the south—in establishing repro-
ductively isolated and/or differentiated populations.
Evolution of SC in the north has impacted at least one chem-
ical defense phenotype in S. habrochaites, and it is possible
that both AHZ and SC have influenced the evolution of other
traits. Further studies in the AHZ will be crucial in under-
standing the full extent to which this fascinating geographic
feature has impacted the S. habrochaites genome and biology.
Overall, our findings present a high-resolution view of the

microevolutionary processes occurring in S. habrochaites
and provide greater insights into the molecular pathways
generating biodiversity in tropical Andes.

Materials and Methods

Plant Growth and Sample Collection for RAD-Seq and
Biochemical Analysis
At Michigan State University, 52 accessions of S. habrochaites
and 4 accessions of S. pennellii (LA1941, LA1809, LA1674,
LA0716) (supplementary file S1, Supplementary Material on-
line, plus LA2868, LA1978) obtained from TGRC were steril-
ized with 10% trisodium phosphate, germinated on moist
filter paper and transferred to peat pots where they were
grown for 2 weeks under 16:8 light:dark conditions at
25 �C/16 �C, respectively. Up to four replicates of two-week
old plants were then transferred to soil (2 Sure mix þ 1/2
sand) where they were grown prior to their harvest for 2 more
weeks under the same long day conditions with regular

FIG. 6. Overall model for Solanum habrochaites evolution. This model is based on integrative analysis of the data presented in this paper. Color
names noted are as per the colors used in figure 2A. Region names refer to the ecogeographic groups of accessions based on Sifres et al. (2011).
**The predicted origin region of S. habrochaites is also likely the northernmost boundary of its sister species Solanum pennellii. Fifty-three out of 56
S. pennellii accessions in TGRC are present south of this region.
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watering. The impact of using stock center accessions on
RAD-seq and mating system analysis is described in supple-
mentary text 1, Supplementary Material online. While the
TGRC takes substantial efforts to maintain the original ge-
netic diversity in the collections, effects due to uneven tem-
poral sampling as well as genetic bottlenecks due to collecting
(generally) 1–5 individuals per location may exist, but were
not modeled in our analysis.

Plant Growth for Reproductive Phenotype Analysis
At Colorado State University, seeds were sterilized according
to recommendations of the TGRC (“Tomato Genetics
Resource Center”) and were planted into 4-in. pots contain-
ing ProMix-BX soil (Premier Tech Horticulture, Quakertown,
PA) with 16:8 light:dark conditions 26 �C/18 �C for 2 months.
Plants were transplanted to outdoor agricultural fields at
Colorado State University (May–September 2017) to obtain
sufficient flowers for multiple crosses, and for collection of
stylar tissue for immunoblotting analysis. For S-RNase allele
analysis, plants were grown on a light shelf and a single young
leaf was harvested from each plant for DNA preparation as
previously described (Broz, Randle, et al. 2017). The impact of
using stock center accessions on RAD-seq and mating system
analysis is described in supplementary text 1, Supplementary
Material online.

Library Preparation and Sequencing
Leaf tissue from one of the sampled individuals per accession
was used for DNA extraction using the Qiagen DNeasy kit
(Qiagen, Valencia, CA). Integrity of DNA was verified as a
single high molecular weight band on a 1% agarose gel.
Biological replicates were obtained for two accessions
(LA2098, LA2976 [2�]) and technical replicates for 17 acces-
sions (LA1928, LA1731, LA1778, LA2976, LA1777 [2�],
LA2975, LA1986, LA1352, LA2155, LA1737, LA2175, LA2098,
LA1252, LA2105, LA2861, LA0407, LA1625 [2�]). Four acces-
sions of S. pennellii were selected for outgroup analysis (sup-
plementary file S1, Supplementary Material online)—bringing
the total number of RAD-seq samples to 78. One hundred ng
of the extracted DNA was used for library preparation and
sequencing in two Illumina HiSeq 2000 lanes, as described
previously (von Wettberg et al. 2018). Demultiplexed RAD-
seq reads were deposited in NCBI Short Read Archive under
the BioProject PRJNA623394.

RAD-Seq Data Processing
Overall, �198 million 100 bp single end reads were obtained
after standard Illumina quality filtering. We first converted the
FASTQ reads from Illumina 1.5 encoding to Sanger encoding
using the seqret tool of the EMBOSS v6.5.0 package, trimmed
the reads using FASTX toolkit v0.0.14 to a Phred score >20
and selected only 100 bp reads. Since the first base of all reads,
which constituted part of the barcode, was “N,” it was
trimmed away. The �187 million filtered reads were proc-
essed using the process_radtags.pl script in the Stacks soft-
ware v2.3d (Rochette et al. 2019) with the following
parameter settings (-b barcodes_6b.tab -q -c -t 90 -E phred33
-D -w 0.20 -s 10 –inline-null -e hindIII –adapter-1

ACACTCTTTCCCTACACGACGCTCTTCCGATCT –adapter-
mm 2 –len-limit 90). Overall, 85.3% reads passed all quality
filtering steps and were deemed high-quality (supplementary
file S1, Supplementary Material online). These reads were
mapped to the S. habrochaites LYC4 genome (Aflitos et al.
2014) using BWA MEM v0.7.17 (Li 2013) with default param-
eters. Resulting SAM files were converted to BAM and sorted
using Samtools v1.9 (Li et al. 2009). Variant calling was per-
formed with Stacks v2.3b using the default parameters for the
reference-based mapping pipeline. Unfiltered SNPs were
exported using the populations module with default param-
eters. Filtering of SNPs was performed with vcftools v0.1.15
(Danecek et al. 2011) using the following parameters (–max-
missing 0.8 –min-meanDP 6 –max-meanDP 30 –maf 0.05 –
mac 3). All individuals had <50% missing loci, so none were
removed. Heterozygosity and mean read depth were calcu-
lated for each sample in vcftools, which resulted in sample
LA0716 being removed from downstream analyses due to
higher than expected levels of heterozygosity. Given that
read depth can influence the accuracy of identifying hetero-
zygotes (Fumagalli 2013), heterozygosity values were calcu-
lated in vcftools with several filtering criteria (supplementary
text 1, Supplementary Material online). While vcftools only
calculates values from variant sites, we wanted to verify the
patterns of heterozygosity differences between populations
with a different method relying on mapped reads. Therefore,
heterozygosity was also calculated in ANGSD (Korneliussen
et al. 2014) by only including reads with a high mapping
quality using the following parameters (-dosaf 1 -gl 1 -minQ
20 -minmapq 30). ANGSD results are shown in the main
figure 4A.

To make some downstream analyses easier to complete,
linkage disequilibrium filtering was performed using Plink
v1.90b3.38 and a 10-kb sliding window and a r2 of 0.2 follow-
ing a LD decay plot generated in PopLDdecay (Zhang et al.
2019). Two VCF files, the filtered only and filtered with LD
pruning, were imported back into Stacks to produce the nec-
essary input files for downstream analyses and calculating F
statistics (Fst). Summary statistics such F statistics (Fst) and dxy

were calculated by using the filtered SNP VCF file, as well as
directly from the RAD loci in Stacks using the populations
command (populations –fstats). Accession-wise details are
provided in supplementary file S1, Supplementary Material
online.

Inference of Population Structure
Population structure was assessed with two different
approaches—using inference of ancestral populations and
using coalescent analyses. Ancestral population estimation
was performed using three different data sets for increased
robustness: (Set 1) We assessed 254,263 SNPs using the R
package LEA v2.4.0 (Frichot and François 2015).
STRUCTURE (Pritchard et al. 2000) and ADMIXTURE
(Alexander et al. 2009) rely on simplified population genetic
hypotheses, such as the absence of genetic drift, as well as
Hardy–Weinberg and linkage equilibrium in ancestral popu-
lations. LEA does not rely on the same assumptions and is
more appropriate for inbred lineages (Frichot et al. 2014) and
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was therefore used due to the high-levels of SC found in some
populations of S. habrochaites. (Set 2) Set 1 was further fil-
tered using LD pruning as described above to produce a total
of 93,129 SNPs, and analyzed using LEA. (Set 3). A different
run of Stacks was performed using Stacks v1.44, which
allowed more granularity in parameter selection. The non-
default parameters included (-T 3 -m 5 -S –bound_low 0 –
bound_high 0.02 –alpha 0.05). The populations module in
Stacks v1.44 was called with the following non-default param-
eters (-t 3 -r 0.5 -m 5 –min_maf 0.1 –lnl_lim -6 –merge_sites –
write_random_snp). This set contained 25,752 SNPs. For an-
cestral populations inference, analyses of K¼ 2–15 were per-
formed to determine the best K using the cross-entropy
criterion (Frichot et al. 2014), using an alpha value of 100,
and 200 iterations. Principal Component Analysis (PCA) as
implemented in SNPrelate v1.16.0 (Zheng et al. 2012) was
performed using Set 1 and 2 SNPs. Two PCAs were performed
for each set: the full data set with all individuals included and
with the S. pennellii outgroups (LA1674, LA1809, and LA1941)
removed.

Inference of Population Relatedness Using Coalescent
Analysis
Coalescent analyses were performed with SNAPP as imple-
mented in BEAST2 v2.4.5 (Bouckaert et al. 2014). Due to the
computationally intense nature of SNAPP, the pruned SNP
set was further pruned using vcftools by only including sites
with no missing data and thinning SNPs to have a minimum
of 50,000 bp between successive SNPs. This kept 3,965 SNPs.
The resulting VCF file was then converted to a fasta file using
vcf2phylip (Ortiz 2019). The XML file was created using
BEAUTi keeping each individual as unique species/popula-
tions. The mutation rate U and V were calculated from the
data set with a coalescence rate set to 10. The MCMC was run
for 8 million generations to achieve suitable ESS values
(�449). Tree visualization was performed with DensiTree
(part of the Beast package) using a 25% burnin. The maxi-
mum clade credibility (MCC) was also identified with
TreeAnnotator (part of the Beast package) using a 25% bur-
nin. The tree allowed for classification of eight clades within
the ingroup (plus the outgroup). These clades were then used
for downstream analyses that required population specifica-
tion. The MCC was then plotted on a map along with het-
erozygosity levels using the R package phytools v0.6.99 (Revell
2012).

Other Population Genomic Analyses
Split network analysis was performed by implementing a
Neighbor Net within splitsTree4 (Huson and Bryant 2006).
The program was run with default parameters using the same
set of 3,965 SNPs used for coalescent analysis. IBD analyses
were performed using Mantel’s test of correlation between
the genetic and geographic distance matrices using Set 2
SNPs. The genepop file produced by Stacks was read into
the R package adegenet v2.1.1 (Jombart 2008; Jombart and
Ahmed 2011) as each accession being a unique population.
Two sets of analyses were done: one with all the accessions
found in the coalescent analysis (minus the outgroup) and a

second set of analyses with samples split between northern
and southern super-clusters as seen with the MCC plotted on
a map. Both analyses used Euclidean distances and 100,000
permutations.

TSS for Population Structure
Twenty-two broadly represented high coverage loci were
identified for TSS (supplementary text 1, Supplementary
Material online). An initial nucleotide BLAST was performed
using the LYC4 (Aflitos et al. 2014) S. habrochaites assembly to
identify sequences surrounding the polymorphic sequences
for each of the 22 loci. Primers were designed to specifically
amplify �200 bp spanning the polymorphic regions of each
locus, and the resulting PCR products were purified (Zymo,
Irvine, CA), and sequenced (GENEWIZ, South Plainfield, NJ).
For each of the 22 loci, sequences were aligned in MEGA7
(Kumar et al. 2016) using Muscle (Edgar 2004) with the orig-
inal intended target, the corresponding sequence of LA0407
from the original RAD-seq data set, and the top BLAST hits.

The diploid state of each locus of each accession was de-
termined by aligning the sequences for all accessions, trim-
ming off poor-quality sequences, and examining the set of
trace files for each locus manually for heterozygous base calls
(Chromas Pro, https://technelysium.com.au/wp/chroma-
spro/, last accessed April 01, 2021). If no ambiguous calls
were present in the trace files, the individual was assumed
to be homozygous at that locus.

To combine TSS and RAD-seq data, we performed BLAST
between the trimmed Sanger sequences and the set of all 22
RAD loci consensus sequences to identify each corresponding
RAD-seq locus. Sequences representing the 22 loci were
extracted from the RAD-seq data (51 samples) in the popu-
lations module of STACKS v1.46 using a selection of loci iden-
tified by BLAST. These sequences were combined with their
TSS counterparts using custom scripts, aligned, manually
inspected, and trimmed when necessary. PGDSpider v2.1.1.2
(Lischer and Excoffier 2012) was used to call allele variants for
each locus; the separate matrices generated by PGDSpider
were then combined to create the STRUCTURE v2.3.4
(Pritchard et al. 2000) input matrix of allele variants for all
22 loci for the 69 total samples (15 Sanger sequences from
accessions not in the original experiment, 3 Sanger sequences
from accessions included in the original RAD-seq data set,
and 51 sequences from the RAD-seq samples) using a custom
Python script. STRUCTURE was run using default parameters
with no prior population groups assumed for K¼ 1–8 (three
replicates per K) for 10,000 burn-in and 10,000 MCMC cycles.
Results were extracted using STRUCTURE HARVESTER vA.2
July 2014 (Earl and vonHoldt 2012) and replicate runs were
combined using CLUMPP v1.1 (Jakobsson and Rosenberg
2007). All statistics (adegenet v1.7-15, pophelper v2.3.0),
data analysis (pophelper), and plot generation (ggplot2, scat-
terpie) were performed using R v3.4.1 (Jombart and Ahmed
2011; Francis 2017).

Identification of the hab-7 Allele
A previously published stylar transcriptome of SC accession
LA2119 (Broz, Guerrero, et al. 2017) was used as a BLAST
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database to discover potential S-RNase alleles (NCBI
BioProject PRJNA310635). Using a set of known S-RNase
gene sequences as BlastN queries to the LA2119 assembly, a
single putative S-RNase transcript sequence was recovered.
Allele-specific primers were designed using this putative S-
RNase sequence (supplementary file S2, Supplementary
Material online), and PCR was performed using genomic
DNA from multiple LA2119 individuals. Amplicon sequenc-
ing verified the sequence identified by the transcriptome anal-
ysis and revealed the presence of a single intron in genomic
DNA. Following the convention set by Covey et al. (2010), this
S-RNase allele was dubbed hab-7. The transcript abundances
of the hab-7 allele in LA2119 styles and two different S-RNase
alleles of SI S. habrochaites accession LA1777 were identified
using data from a previous S. habrochaites transcriptome
study (Broz, Guerrero, et al. 2017).

Reproductive Trait Analysis
At least two individuals (each grown from a separate seed) of
each accession were used for phenotyping. Mating system
was determined for previously untested northern accessions
(supplementary fig. S5, Supplementary Material online) and
verified in an additional set of accessions using self-
pollinations as previously described (Broz, Randle, et al.
2017). If production of self-fruit was observed, plants were
recorded as SC. If plants failed to set self-fruit using this ap-
proach, hand pollinations were performed, and/or pollen
tube growth in styles was assessed as previously described
(Covey et al. 2010). When at least three pollen tubes could
be visualized at the base of the style or in the ovary in multiple
independent crosses, plants were considered SC. When no
self-fruit was formed and pollen tube tips could clearly be
visualized terminating within the style, plants were consid-
ered SI.

To test for inter-population reproductive barriers as ini-
tially described by Martin (1961), hand pollinations were per-
formed using S. habrochaites SC accession LA0407 (SC-2
group) as male to test for the presence of pistil barriers
that reject pollen of SC-2 plants and SI accession LA1777 as
female to test for pollen resistance to S-RNase barriers as
previously described (Broz, Randle, et al. 2017). To test for
interspecific reproductive barriers, pistils of S. habrochaites
accessions were pollinated using Solanum lycopersicum culti-
vars VF36, M82 or LA1221 as males.

Expression of S-RNase and an additional pistil SI factor, HT-
protein, was assessed in stylar extracts from at least two
individuals using immunoblotting with anti-peptide antibod-
ies specific to each protein as described previously (Covey
et al. 2010; Chalivendra et al. 2013; Broz, Randle, et al.
2017). The presence or absence of specific S-RNase alleles
was determined for at least three individuals from each ac-
cession. S-RNase alleles were amplified from genomic DNA of
individual plants using allele-specific primers (supplementary
file S2, Supplementary Material online) in PCR reactions, as
described previously (Broz, Randle, et al. 2017). In selected
accessions, the HT gene was amplified from genomic DNA
using conserved gene specific primers (Covey et al. 2010), PCR
products were purified and subjected to Sanger sequencing.

Acylsugar Sampling and MS Data Analysis
Acylsugar sampling was performed from a single uniformly
sized young leaflet of 2–3 plants per accession for 40 of the 50
accessions as previously described (Fan, Moghe, et al. 2016).
Metabolites were analyzed on a Supelco Ascentis C18 col-
umn, using a Shimadzu Ultra High Performance Liquid
Chromatograph (UHPLC) connected to a Waters Xevo quad-
rupole Time of Flight mass spectrometer (MS). Raw files were
converted into ABF format using Reifycs Abf Converter
(https://www.reifycs.com/AbfConverter/, last accessed April
01, 2021) and imported into MS-DIAL (Tsugawa et al. 2015)
for preprocessing. Peaks with an amplitude >100 and with
>2 data points were considered for further analysis. Mass
slice width and sigma windows were set to 0.05 and 0.5, re-
spectively. Peaks across all samples were aligned with a
0.05 min. retention time tolerance and 0.03 Da MS1 tolerance.
Acylsugars were then selected and annotated from the align-
ment results based on manually identified acylsugar peaks,
MS1 m/z values, MS/MS and previous results (Kim et al.
2012). A 5-fold sample max/blank average filter was applied
across the samples. Normalized and filtered data were then
exported. Extracted peak areas were normalized by the inter-
nal standard peak areas per sample, and the normalized peak
areas were averaged for each accession. Only peaks >2�
internal standard peak area in>2 accessions were considered
reliable signals.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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