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Summary

We studied the organisation of the genetic variation of the common bean (Phaseolus
vulgaris) in its centres of domestication.

We used 131 single nucleotide polymorphisms to investigate 417 wild common bean
accessions, including Mesoamerican and Andean genotypes, and we compared these
to a representative sample of 160 domesticated genotypes, for a total of 577
accessions.

By analysing the genetic spatial patterns of wild common bean, we have documented
the existence of several genetic groups and the occurrence of variable levels of
diversity in Mesoamerica and the Andes. Moreover, using a landscape genetics
approach, we demonstrate that both demographic processes and selection for
adaptation are responsible for the observed genetic structure.

We show that the study of correlations between markers and ecological variables at
a continental scale can help in the identification of genes involved in local adaptation.
Also, we located the putative area of common bean domestication in Mesoamerica,
in the Oaxaca Valley, and in the Andes, in southern Bolivia-northern Argentina. These
observations are of paramount importance for the conservation and exploitation of

the genetic diversity preserved within this species and other plant genetic resources.

Key words Phaseolus vulgaris, wild accessions, landraces, SNP genotyping, genetic diversity,

landscape genetics, domestication
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Introduction

The common bean (Phaseolus vulgaris L.) represents the most important food legume for
direct use, and based on the current trends in population growth, its consumption can be
expected to increase (Bellucci et al., 2014a). Thus, for common bean breeding, it will be of
primary importance to obtain improved varieties that can face compelling future challenges,
such as climate change, sustainability, and food security.

Wild P. vulgaris has a Mesoamerican origin and its subsequent independent
expansions to South America gave rise to the following wild gene pools: two in the Andes
(Bitocchi et al., 2012; Desiderio et al., 2013); one in the northern Andes (i.e., Ecuador and
northern Peru) that is characterised by a specific seed storage protein, phaseolin type | (the
‘Inca’) that is not present in the other gene pools (Kami et al., 1995); and one further south
(i.e., southern Peru, Bolivia and Argentina; Kami et al., 1995; Bitocchi et al., 2012). These
have been extensively investigated using phenotypic, biochemical and genetic data that
have shown the higher diversity and stronger population structure of the Mesoamerican
gene pool with respect to the Andean gene pool (Gepts et al., 1986; Singh, 1989; Lynch et
al., 1992; Kwak & Gepts, 2009; Cortés et al., 2011; Desiderio et al., 2013; Goretti et al., 2014;
Bellucci et al., 2014b; Schmutz et al., 2014).

In Central and South America, wild P. vulgaris underwent two independent
domestication events that led to the domesticated Mesoamerican and Andean gene pools.
This offers a unique scenario to study the domestication process (Bitocchi et al., 2013). The
domestication bottleneck was stronger in the Mesoamerican than the Andean gene pool,
probably because loss of diversity occurred in the Andes before domestication (Bitocchi et
al., 2012; Bellucci et al., 2014a; Schmutz et al.,, 2014). Although domestication of the
common bean has been the subject of different studies, the definitive geographical
localisation of these events remains controversial (Beebe et al., 2001; Chacén et al., 2005;
Kwak et al., 2009; Bitocchi et al., 2013). The areas suggested as domestication sites are the
Lerma Santiago Basin (Kwak and Gepts, 2009), and more recently, the Oaxaca Valley
(Bitocchi et al., 2013) in Mesoamerica, and southern Peru (Chacdn et al., 2007) and southern
Bolivia and northern Argentina (Bitocchi et al., 2013) in South America.

To achieve efficient management and deployment of genetic resources, the need to
decipher the population structure, crop history and adaptation is a fundamental prerequisite
(Diamond & Bellwood, 2003; Kovach et al., 2007; van Zonneveld et al., 2014). In this regard,
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the analysis of molecular data in combination with phenotypic and spatial data can be
particularly useful. Indeed, a description of the distribution of genetic diversity and its
relation to geographical and/or ecological information can provide fundamental insights into
evolutionary history, natural selection, adaptation, and the process of domestication (Papa
& Gepts, 2003; Papa et al., 2007; Eckert et al., 2010; Rodriguez et al., 2013; Kraft et al.,
2014). Indeed, comparisons of genetic and spatial data with archaeobotanical and
palaeobiolinguistic data have recently been shown to be useful for tracing back the
geographical origins of domesticated pepper (Kraft et al., 2014).

In the present study we used 131 single nucleotide polymorphism (SNP) markers to
analyse the spatial distribution of the genetic diversity of a large collection of 577 P. vulgaris
accessions that included wild and domesticated forms of both the Mesoamerican and
Andean gene pools. With particular reference to the Mesoamerican gene pool, we
addressed three subtasks: (a) determination of the population structure of wild P. vulgaris in
the Mesoamerican centre of diversity, while also disentangling the role of geographical and
ecological factors in the shaping of the genetic differentiation; (b) detection of loci under
selection at a continental scale; and (c) identification of the most likely domestication sites

of the common bean.

Materials and methods

Plant materials

In the present study, we analysed 577 P. vulgaris accessions subdivided into 435 accessions
that belong to the Mesoamerican gene pool (335 wild [MW]; 100 domesticated [MD]), 128
accessions from the Andean gene pool (68 wild [AW]; 60 domesticated [AD]), and 14 wild
accessions from northern Peru—Ecuador characterised by the phaseolin type | (Phl) ancestral
seed storage protein in Phaseolus (Kami et al., 1995). Each accession was a single-seed-
descent homozygote individual donated by a gene bank or collected in-situ by different
donors, and these were multiplied when necessary in a greenhouse under self-reproduction.
The list of the accessions and their passport information and donors are given in Table S1,

and the sampling sites are indicated in Figure S1.
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These accessions encompass the wide geographical distribution of P. vulgaris in
America. Membership to either one of the two gene pools was determined according to the
passport data and based on previous molecular diversity studies (Angioi et al., 2009; Rossi et
al., 2009; Nanni et al., 2011; Bitocchi et al., 2012; Desiderio et al., 2013; Bitocchi et al.,
2013).

SNP selection and genotyping

The investigated SNPs were from Cortés et al. (2011) and Goretti et al. (2014). They were
mainly from gene regions that are putatively involved in adaptation to both biotic and
abiotic stress. Considering the complex population structure of P. vulgaris, the SNP set was
developed to include both wild and domesticated individuals from the Mesoamerican,
Andean and Phl gene pools, to limit possible ascertainment bias (Clark et al., 2005; Goretti et
al., 2014).

The list of the loci, their putative functions, and the SNP codes is given in Table S2.
Overall, 100 genes were analysed, with 148 SNPs identified with KASPar® genotyping. Based
on the alignment of the sequences to the P. vulgaris genome, each SNP was also flagged as
coding/ non-coding and synonymous/ non-synonymous.

The genomic DNA of each plant was extracted from young leaves (Doyle & Doyle,
1987). Genotyping was performed using  KBioscience (Hoddesdon, UK,

http://www.lgcgenomics.com/genotyping/).

Data analysis

Diversity statistics
The descriptive diversity statistics, which included the number of polymorphic markers, the
mean number of alleles (N,), the mean effective number of alleles (N), and the unbiased
expected heterozygosity (He; Nei, 1978), were calculated using PopGene 1.32 (Yeh et al.,
1997).

To compare the levels of diversity of the wild and domesticated beans, we estimated
the relative loss of gene diversity (AH) for both the Mesoamerican and Andean gene pools.
We used the ad-hoc statistic AH = 1 - (Hg/Hw), where Hq and H,, are the genetic diversity in

the domesticated and wild accessions, respectively (Vigouroux et al., 2002).
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Population structure analysis

To investigate the population structure, we used STRUCTURE 2.3.4 (Pritchard et al., 2000),
which assigns each individual to different groups according to a membership coefficient (q;).
The admixture model was run using the options ‘correlated allele frequencies among
populations’ and ‘infer the degree of admixture (a) by the data’. For each K (number of
hypothetical populations), 20 runs (burn-in length, 100,000; iterations, 200,000) were
carried out, and the most likely number of K was determined using the AK statistic (Evanno
et al., 2005), as implemented in STRUCTURE Harvester (Earl & vonHoldt, 2011). The genetic
structure obtained was then compared with the results from a neighbour-joining tree based
on the pairwise differences between individuals and using 10° bootstrap replications (MEGA
5.2; Tamura et al., 2011) and those from principal component analysis (PCA) (EIGENSOFT
6.0.1; Patterson et al., 2006; Price et al., 2006). The genetic distances among the genetic
groups were determined using the Fsr statistics (Wright, 1951), and their significance was
tested using 10° permutations (Arlequin 3.5.1.2; Excoffier & Lischer, 2010).

The genetic structure obtained with the nuclear SNP data was compared with that
previously obtained for chloroplast simple sequence repeats (cpSSRs). This was possible for
83 accessions that were shared between the present study and that of Desiderio et al.
(2013). The associations between the genetic groups obtained and the different marker

systems were calculated using JMP 7.0 (SAS Institute Inc, 2007).

Variations among groups for seed weight

Seed weights were also available for 457 accessions (http://isa.ciat.cgiar.org). Associations
between genetic groups and seed weight were therefore investigated by ANOVA, using JMP
7.0.

Geographical distribution of SNP variation

The associations between the geographical (km) and genetic distances among the different
accessions were determined according to the Mantel statistic, using GenAlex 6.5 (Peakall &
Smouse, 2012), and tested by permutations (10° replicates). The Mantel test was performed

for the entire sample and for the Mesoamerican and Andean areas separately.
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To further investigate the spatial patterns of genetic variability, we used multivariate
analysis to detect global and local structuring (Jombart et al., 2008), which was implemented

in the adegenet R package (http://www.r-project.org/). The test statistic used in both

procedures is the maximum of t values, denoted max(t). When global and local patterns are
present, the observed max(t) is higher than the simulated values. When global structures are
present, proximal individuals are more genetically similar than non-neighbour spatial groups;
i.e., more than expected from a random distribution. When local structures are present,
proximal individuals are more genetically dissimilar than non-neighbour spatial groups. The
significance of max(t) was determined using the Monte Carlo procedure. When significant
global or local structures were detected, the SGS software version 1.0d (Degen et al., 2001)
was used to design the autocorrelogram, by plotting the Moran index (l) against the
geographical distance classes. The Moran index can have negative (or positive) values that
indicate negative (or positive) spatial autocorrelation. These range from -1 (perfect
dispersion) to +1 (perfect correlation). A zero value indicates a random spatial pattern. We
set 10 distance classes at nearly 450 km each, to guarantee at least 1,000 pairwise
comparisons in each class. The significances of the | values were assessed by randomly
permuting the multilocus genotypes over the spatial coordinates of the samplings (500
times).

To visualise the spatial distributions of the genetic groups identified by Structure, we

used the kriging method implemented in R (http://membres-

timc.imag.fr/Olivier.Francois/plot.membership.r) that spatially interpolates the membership

coefficients (q;).

Finally, spatial analysis was accomplished using an individual-centred approach
(Manel et al., 2007). For each of the 310 geo-referenced individuals, we defined a circular
neighbourhood of 100-km radius and used the individuals included in each circular
neighbourhood to calculate the unbiased gene diversity, He (Nei, 1978). The mean size of
each neighbourhood was 40.6 individuals; 83.3% of the neighbourhoods included more than
10 individuals. Moreover, the correlation between H. and neighbourhood size was not
significant (r = 0.040, n = 299, P = 0.482). We interpolated the neighbourhood diversity data
by applying the kriging method, and the maps were designed using the map tools
implemented in different R packages, such as ‘maps’, ‘maptools’, ‘rworldmap’ (http://cran.r-

project.org/).
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Disentangling the geographical and ecological effects on genetic structure
Associations between the genetic structure and geographical and ecological data were also

investigated. Using DIVA-GIS 7.5 (http://www.diva-gis.org/), we extracted the ecological

data for each of the 310 geo-referenced accessions from free access databases (Scheldeman
& van Zonneveld, 2010).

The extracted ecological data were 3-monthly variables (minimum and maximum
temperatures, and precipitation) for a total of 36 variables, and 19 bioclimatic variables
(Table S3). We performed PCA on the 55 ecological variables, using JMP 7.0. We then
studied the relationships between the genetic structure and the ecological PCAs (ePCAs).

To disentangle the potential roles of these latter factors on the genetic
differentiation, we first used the partial Mantel test implemented in Arlequin 3.5.1.2 to
calculate the partial correlations between genetic versus geographical and ecological
distance matrices (Smouse et al., 1986). Pairwise accession distance matrices were obtained
using GenAlex with the SNP data, or the geographical coordinates, or the ePCA eigenvalues.
As several studies have indicated that the partial Mantel test can be flawed in cases where
the data are autocorrelated, we also used the method proposed by Guillot et al. (2014),
implemented in R and kindly provided by these authors. This method is based on an explicit
spatial model, known as a spatial generalised linear mixed model (SGLMM), and it allows
guantification of the correlations between genotypes and environmental variables. It best
suits datasets at a continental scale, with large enough genetic variation and with spatial

autocorrelation, as in the present case.

Results

Genetic diversity in P. vulgaris

The SNP frequency spectra obtained for all of the gene pools investigated indicated overall
that ascertainment bias did not significantly affect our analysis (Fig. S2). Among the 148 SNPs
used for the genotyping, seven were monomorphic, eight showed >5% missing data, and
two showed >44% heterozygosity (Table S2). Therefore we used 131 SNPs to perform the

analyses.
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By genetic diversity analysis (Table 1), we detected higher variability of the
Mesoamerican gene pool (He = 0.284) compared to the Andean gene pool (H. = 0.126).
Based on Wilcoxon non-parametric tests (P < 10?), both the wild and domesticated forms of
the Mesoamerican gene pool — i.e. MW and MD, respectively — show significantly higher
gene diversity (He = 0.260, He = 0.157, respectively) than the wild and domesticated forms of
the Andean gene pool —i.e., AW and AD, respectively — (H. = 0.120, H. = 0.089, respectively).
Moreover, the diversity loss between the wild and domesticated forms is higher in the
Mesoamerican gene pool (AH = 0.396) than in the Andean gene pool (AH = 0.261). The loss
of alleles (AN,, AN.) follows the same trend, although less clear-cut differences are observed.

The Phl accessions show the lowest genetic diversity (He = 0.074).

Genetic structure in P. vulgaris

Structure analysis of the 577 accessions of P. vulgaris indicates K = 2 as the uppermost
hierarchical level of the genetic structure, while there are secondary peaksat K=3 and K=6
(Fig. S3a). The first partition at K = 2 splits the Mesoamerican and Andean gene pools, with
the Phl accessions in an intermediate position (Fig. 1a). At K = 3, the MW and MD accessions
are separated (Fig. 1a). At K = 6 the Mesoamerican gene pool is additionally subdivided into
four genetic groups, and a net differentiation of the Phl group from the Andean and the
Mesoamerican gene pools is seen. No subdivisions are observed within the Andean gene
pool (Fig. 1a).

To further investigate the substructures, we performed separate analyses for the
Mesoamerican and Andean accessions. On the basis of the Evanno method (Fig. S3b), the
results at K = 4 are shown in Figure 1b. The four genetic groups are: MW1, MW3 and MW4,
which contain the MW accessions, and M2, which is mainly constituted by the MD
accessions. According to this subdivision, 98 accessions (22.2%) are admixed (q; < 0.70). The
MW1 group is mainly constituted by wild accessions from outside Mexico (i.e., Honduras,
Guatemala, Costa Rica, Colombia, El Salvador) and from Chiapas (Mexico). The MW3 group is
mainly constituted by Mexican accessions from Jalisco and Colima, while the MW4 group is
constituted mainly by accessions from Morelos. The M2 genetic group is constituted by four
wild accessions (hereafter indicated as MW2) and four weedy and 90 domesticated

accessions (hereafter indicated as MD2).

10
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The main subdivision of the Andean gene pool is observed at K = 2 (Fig. S3c) for which
the AW and AD forms are neatly distinguished. At K = 4, both the wild and domesticated
groups are further divided into sub-groups, AW1 and AW?2 respectively (Fig. 1b). AW1 is
constituted by accessions mainly from Argentina and Bolivia, and AW2 is constituted by
accessions mainly from Peru. AD1 contains more accessions (46) than AD2 (3). A total of 22
individuals (17.2%) are admixed (q; < 0.7).

The genetic diversity of MW1 and MW3 are higher (He = 0.205, 0.254, respectively)
than for M2 and MW4 (H. = 0.165, 0.148, respectively) based on Wilcoxon non-parametric
tests (P < 10%). Among the AW groups, AW2 has higher diversity (He = 0.103) compared to
AW1 (He = 0.059). AW1 has H. values similar to AD1 (0.039). The AD2 group shows the
highest diversity (He = 0.260), despite this estimate only being based on three accessions.

Within the Mesoamerican gene pool, similar Fst distances emerge among the MW1,
MW3 and MW4 groups, which vary between 0.227 (MW1-MW3) and 0.361 (MW1-MW4)
(Table S4). Among the four MW groups, MWS3 is the closest (Fst = 0.383) to the M2 group
(mostly domesticated genotypes), with an Fsy between MW1 and M2 of 0.468, and between
MW4 and M2 of 0.532.

Within the Andean gene pool, AW1 is the wild group nearest to the AD1 group (Fst=
0.458), which contains most of the domesticated accessions, while the AW2 group is the

farthest (Fst=0.479 from AD1).

Genetic diversity heat map for wild P. vulgaris
Figure 2 shows the topography of the genetic variation of the MW P. vulgaris, as obtained
using the individual-centred approach. High levels of diversity are observed across Mexico
starting from the state of Oaxaca to Durango with a notably depression of genetic diversity
in central Mexico, in the regions of Guerrero, Morelos, Puebla and Estado de Mexico. Low
diversity is also observed in Guatemala, Costa Rica and Colombia, and particularly in the
Honduras.

In the Andes, a major diversity hotspot is located on the central-northern coast of
Peru, while the remaining areas (i.e., Argentina, Brazil, Bolivia) show lower diversity levels

(Fig. S4).

Chloroplast and nuclear structure comparisons

11
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We found a significant association (R? = 0.33, XZ = 79.6, P < 10°) between the groups
obtained using cpSSRs (C1, C2, C3; Desiderio et al., 2013) and the groups detected in this
study using nuclear SNP markers (Fig. S5).

The chloroplast C1 group is mainly associated with the Andean gene pool, while the
C2 and C3 groups are mainly associated with the Mesoamerican gene pool. In particular, C2
is mainly associated with genotypes from MW2 and MW1. The C3 group, which was
suggested to be representative of an ancestral chloroplast genome, includes genotypes from

all of the genetic groups, except for the AW1 group, with prevalence of the MW3 group.

Associations among genetic groups and seed weight
The Mesoamerican accessions show lower mean 100-seed weights (6.9 g, 27.7 g, for the MW
and MD forms, respectively) than the Andean accessions (10.7 g, 46.5 g. for the AW and AD
forms, respectively) (P < 107). Within gene pools, the domesticated accessions show
significantly higher 100-seed weights than the weedy and wild accessions (P < 10°; Fig. 3).
The 100-seed weights of the wild genetic groups were also significantly different (P
< 10%; Fig. 3). In Mesoamerica, the highest 100-seed weight is seen for the MW2 group (9.8
g), and the lowest for the MW4 group (4.8 g), with MW1 in an intermediate position (7.7 g).
MW3 shows a 100-seed weight (5.6 g) that is not significantly different from MW4 (P < 0.05).
In the Andes, the AW2 group shows significantly higher 100-seed weight (12.1 g)
than the AW1 group (9.7 g; P < 107).

Relationships among individuals
The neighbour-joining analysis highlights the distinction between the Mesoamerican and
Andean gene pools, with the Phl pool in between (Fig. S6a). The Mesoamerican genotypes
are separated into four clusters that correspond to the MW1-MW4 groups identified by the
Structure analysis (Fig. S6b). The Andean accessions are separated into three main clusters
(Fig. S4c), which also correspond to the AW1, AW2 and AD groups identified by Structure.
The PCA plot confirms major subdivision between the Mesoamerican and Andean
gene pools captured by PC1 (Figure S7). The MD accessions separate from MW mainly along
PC2, where the closer relationship between the MW1 and M2 groups is also confirmed.

When PC3 is considered, the MW3 group is better separated than the other MW groups.

12
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Landscape genetics approach

Spatial structure of the genetic variation

The Mantel test performed considering the Mesoamerican and Adean wild accessions shows
significant and positive correlation between the genetic and geographical distances (r = 0.69,
P < 107). This was confirmed when the Mesoamerican (r = 0.27, P < 10°) and Andean (r =
0.55, P < 10) gene pools were analysed separately. Additionally, the max(t) test shows that
both overall (Fig. S8a) and for Mesoamerica (Fig. 4a), proximal individuals are more
genetically similar than distant individuals (P < 10™). However, when considering only the
Andean data, the test was marginally non-significant (P = 0.06; Fig. S8b).

Autocorrelograms showed that when considering classes of increasing geographical
distances, the Moran’s | decreases, passing from positive to negative values with 11 and nine
| values that reach significance (P < 0.05) when all or only the Mesoamerican data are
considered, respectively (Figs. 4b, S8c). Consistent with the other tests, for the Andean gene
pool, there are significant | values (P < 0.05) only for the first three and last two distance
classes (Fig. S8d).

Figure 5 shows that the wild genetic groups obtained from the structure analysis are
essentially subdivided according to their geographicl origin. In detail, MW1 is mainly
distributed from Colombia to Chiapas (Mexico); MW2 is widely distributed from Guanajuato
(Mexico) to Costa Rica; MW3 is mainly located across the regions of Durango, Jalisco and
Guerrero; and MW4 is prevalently located across the Morelos and Puebla regions. The Phl
group is localised in Ecuador-northern Peru, while AW1 and AW2 are localised in Peru and

Argentina, respectively.

Associations between genetic groups and ecological variables

To study the associations between the genetic groups and ecological variables, we
concentrated on the Mesoamerican gene pool, as its large sample size allows greater
precision.

We detected strong correlation structure among the 55 climatic variables, as five
ecological principal components (ePCAs) capture 95% of the total variance, and the first two
ePCAs reach 77.4% (49.7%, 27.7%, for ePCA1 and ePCA2, respectively). The remaining three
ePCAs explain 9.3% (ePCA3), 5.8% (ePCA4), and 2.5% (ePCA5) of the total variance. ePCA1 is
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positively correlated with 24 variables (adopting a threshold of r > 0.8 and P < 10™), which
are prevalently represented by the maximum and mean temperatures, in particular during
the wettest and warmest quarter of the year (Table S5). ePCA2 correlates with 10 variables
(r > 0.8, P < 10™), which include annual precipitation and minimum temperatures of the
coldest months (Table S5).

When the relationships among accessions were studied as a function of the first
two ePCAs, accessions belonging to MW1 tended to separate from the others along ePCA2,
with the other accessions intermixed (Fig. 6). On average, individuals from the MW3 group
show the lowest ePCA2, followed by individuals from MW4 and from MW1, which defines a
north (MW3-MW4)-to-south (MW1) pattern of variation. This also indicates that the three
genetic groups of wild bean might be adapted to different ranges of ecological conditions,
with MW1 covering the widest range. Individuals in the MW2 group, which is mainly weedy
accessions, are also scattered. The associations between genetic distances and ePCA2
absolute differences among individuals are confirmed by the Mantel test (r = 0.242, P < 107?).

No significant associations emerged with ePCA1.

Disentangling the effects of geography from ecology in shaping genetic patterns

Partial Mantel tests show that the geographical distances and ePCA1 cumulatively explain
5.4% of the SNP genetic variance. Partial correlation is significant with geography (R* = 0.057,
P < 10?), but not with ecology (R* = 0.000, n.s.). A further 10.8% of the SNP genetic variance
is cumulatively explained by geography and ePCA2. In this case, the effect of the ecology on
genetic distances is almost three-fold higher than that of geography (R? = 0.082, P < 10 and
R?=0.026, P < 107, respectively).

The search for non-neutral correlations between single marker loci and ecological
variables was performed using the eigenvalues of the first five ePCAs. While no loci are
associated with ePCA1, six loci show significant associations with ePCA2 (Fig. 7). Moreover,
seven loci are associated with ePCA3, seven with ePCA4, and nine with ePCA5 (Fig. S9).
Overall, a total of 26 loci (19.8%) are found to be characterised by a signature of selection
(log Bayes factor > 0), of which seven (5.4%) show very strong statistical support (log Bayes
factor > 3) (Table S6).

We therefore then removed the SNP under selection and the non-synonymous to
obtain a ‘putatively neutral’ dataset that was used to re-calculate the genetic diversity
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statistics, re-map the diversity levels, and re-infer the population structure that might better
reflect only the demographic history of the common bean (see Supplementary Note for
details).

The H. levels observed with the neutral dataset were lower than those with the
complete dataset, with a stronger reduction in diversity due to domestication (AH) for both
the Mesoamerican and Andean gene pools (Supplementary Note). The ‘neutral’ genetic
structure overall confirmed that which was obtained with the complete dataset with a novel
outcome: the Phl gene pool is closer to the Mesoamerican than to the Andean gene pool
(Supplementary Note). The diversity heat-maps were re-designed and the locations of peaks
and valleys of diversity confirmed with a cleaner distinction between high and low diversity
areas (Supplementary Note).

The results from the s structure analysis with the ‘neutral’ dataset reveal five genetic
groups on the Mesoamerican sample: MW1y, MW2y, MW3y, MW4y and MWS5y, (Fig. 8). The
M2y and MW4y groups correspond substantially to the M2 and MW4 groups, respectively
(Fig. 1, 8). The MW1y group includes Colombian genotypes from the MW1 group, and MW5y
is mainly constituted by accessions from Guatemala, Honduras and Costa Rica. MW3y
essentially corresponds to MW3, except for the now missing accessions from Oaxaca and
Chiapas. The fifth genetic group, MWS5y, includes accessions from Guatemala, Honduras and
Costa Rica, which were previously included in MW1, and accessions from Oaxaca and
Chiapas from MW3. The gene diversity of the five groups is higher for MW5y and MW3y (He
= 0.203, 0.177, respectively) than for MW1y (He = 0.063). M2y shows levels of diversity that
are similar to MW4y (He =0.111, 0.103, respectively).

The neighbour-joining tree and PCA also show five groups (Fig. 9, and Supplementary
Note). The MW5y group is closer (Fst = 0.620) to the M2y cluster, which mainly contains
domesticated accessions (MD2y) and a few wild accessions (MW?2y ), followed by the MW3y
group (Fst = 0.627). In particular, a MW5y sub-cluster that contains two genotypes from
Durango and four from Oaxaca is the closest to the M2y group (Fig. 9).

The genetic groups obtained using the putatively ‘neutral’ dataset were also
compared with the chloroplast groups found by Desiderio et al. (2013), and a significant
association (R* = 0.20, P < 10%) was again observed (Fig. $10). In particular, most of the

genotypes from the MW5y group are attributed to the C2 chloroplast group, and a small
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fraction is associated with the C3 ancestral plastidial type. The MW3y group is associated
with the C3 ancestral plastidial type.

The five genetic groups showed significantly different mean 100-seed weights (one-
way ANOVA, P < 107; Fig. 10). The MW2y and MW1y groups show the highest 100-seed
weights (9.4 g, 8.7 g, respectively), and MW3y and MW4y show the lowest 100-seed weights
(4.9 g, 4.5 g, respectively). MW5y has an intermediate value (6.3 g), which is statistically not
different from MW1y. However, the four accessions from Oaxaca, which are the closest to
the domesticated genotypes, show a relatively low mean 100-seed weight (4.3 g). When
spatial autocorrelation analysis is performed using the ‘neutral’ dataset, we still observe a
negative correlation between | values and geographical distances (Fig. S11a). We observe

the same pattern also when we use only the 26 loci under selection (Fig. S11b).

Discussion

In the present study, this analysis of a very large collection has allowed us to gain insights
into the structure and distribution of the genetic diversity of the wild common bean in

Mesoamerica at an unprecedented high resolution.

Structure of the P. vulgaris genetic diversity
The MW gene pool of P. vulgaris is divided into four genetic groups that show well-defined
geographical distribution except for the MW2 group, which shows a more scattered
distribution. This group is also the closest to the domesticated genotypes (MD2), which
might be explained by introgression from the domesticated gene pool (Papa & Gepts, 2003).

The genetic distances among the groups detected in the present study are on
average higher than in previous studies, especially when compared to microsatellite data
(Kwak & Gepts, 2009). This might be because the different markers have different mutation
rates, as also for the sampling of individuals and loci. Nonetheless, the relationships depicted
among the genetic groups are in line with those from previous studies (e.g. Kwak & Gepts,
2009; Bitocchi et al., 2012, 2013; Desiderio et al., 2013; Schmutz et al., 2014).

The geographical distribution of the SNP genetic groups is largely in agreement with
that observed by analysis of non-recombining sequences (Bitocchi et al., 2012), except for
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MW1, which is here restricted to central America and Colombia, but is more widespread
based on sequence data. Such a difference might be due to recombination between
unlinked SNPs that followed the ancient migration from Mexico.

Regarding the Andes, the population structure and the genetic diversity of the wild
bean are very low compared to those observed in Mesoamerica, which is most likely the
consequence of the Mesoamerican origin of the wild beans (Bitocchi et al., 2012). The
genetic diversity is further reduced in the domesticated forms as a consequence of the
sequential bottleneck that this gene pool underwent, as noted by Bitocchi et al. (2013).
Nonetheless, it is worth noting the presence of two well-defined groups in the Andean gene

pool, AW1 and AW?2, that were also geographically based.

Distribution of the genetic diversity of wild common bean

The diversity map reveals high levels of diversity all across Mexico, from the state of Oaxaca
to the Guanajuato and Durango regions (Fig. 2). The high levels of diversity of these areas
are also usually characterised by high chloroplast diversity and the occurrence of the
ancestral plastidial types (Chacén et al., 2007; Desiderio et al., 2013), which reinforces the
hypothesis that Mesoamerica represents the cradle of diversity of P. vulgaris (Bitocchi et al.,
2013).

A main striking exception is however observed in the area that appears as a diversity
‘desert’ in Figure 2. This area is located across Guerrero, Morelos, Puebla and Estado de
Mexico, where a well-defined genetic group, MWA4, is located. Several hypotheses can be
made to explain such an observation. First, it can be hypothesised that selection for local
adaptation occurred in this area, which is characterised by a very dry climate

(http://koeppen-geiger.vu-wien.ac.at/shifts.htm). However such ‘selection hypothesis’ is

hampered by the observation that this diversity ‘desert’ is more accentuated when only
putatively neutral SNPs are used. Secondly, this area was subjected to agricultural
intensification that started with the Formative period (1500 BC to 100 AD) (Siebe, 2000;
Plunket & Uruinuela, 2012), which might have caused the genetic assimilation of the wild
population of this area (Papa & Gepts, 2003). However, the genetic data does not appear to
be supportive of this hypothesis that would imply a similar genetic background to that of the
domesticated gene pool. Finally, we note that in this area, there is the volcanic front of the
Trans-Mexican Volcanic Belt. Within this front, evidence of numerous volcanic events of
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varying intensities has been reported for Sierra de Chichinautzin and the region surrounding
Popocatépetl Volcano (Plunket & Urufiuela, 1998; Marquez et al., 1999; Siebe et al., 2004).
All this would suggest that the low genetic diversity of the population from this area (MW4)
is due to selection by a genetic bottleneck caused by the volcanic activities, while being
independent of the origin or spread of agriculture. However, it is important to consider that
these explanations are not mutually exclusive.

In the Andes, the wild genetic group that shows the highest diversity (AW2) and is
located in the centre of Peru, was also associated with the occurrence of all of the Andean
plastidial types, including the ancestral C3 (Fig. 4 from Desiderio et al., 2013) (Fig. S4, Fig.
S5). This thus indicates that this area contains a wealth of genetic diversity for the Andean

common bean.

Landscape genetics

Spatial analysis of genetic variations in Mesoamerica revealed that there are global
structures for both the putatively ‘neutral’ and ‘non-neutral’ datasets; i.e., genetic distances
between individuals are significantly correlated with geographical distances. This pattern
also indicates that migration and drift effects are superimposed on a selection effect in the
same direction. This means that the existence of well-defined wild genetic groups is the
result of limited long-range gene flow, together with divergent selection due to local
adaptation. This is also supported by the association between genetic and ecological data
and by the scan for signatures of selection, which show 26 loci (19.8%) with selection
signatures, where seven (5.3%) show very strong probability levels (log Bayes factor > 3).
However, the proportion of loci under selection might be overestimated, as our data are
relative to a panel of sequences this was enriched for genes that are a-priori putatively
involved in adaptation.

Nonetheless, some of the genes under selection are involved in responses to
environmental stress (Kavar et al., 2008; Mao et al., 2010; Rapala-Kozik et al., 2012; Krause
et al., 2013), as cold acclimation or chilling susceptibility (Liu et al., 2007; Alcazar et al., 2011,
Zhang et al., 2011), or in the adaptation to different conditions of light and temperature, and
to drought stress responses (Green et al., 1991; Bocobza et al., 2013). Four of these loci
(Table S2) are also in common with those under selection during domestication (Schmutz et
al., 2014). This might either suggest that these loci are subject to selection or that they are
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marking regions under selection. Indeed, considering the level of inbreeding of P. vulgaris,
hitchhiking might also have a role here. However, it can be noted that very low levels of
linkage disequilibrium (pairwise linkage disequilibrium: 3.4%, average r> = 0.04) were
previously detected within the Mesoamerican wild gene pool (Rossi et al., 2009).

All this indicates that for the first time in bean, the study of correlations between
markers and ecological variables at a continental scale can help in the identification of genes
that are involved in local adaptation, as has also been shown for other plants and for animals
(Hancock et al., 2011a, 2011b).

This is relevant for both evolutionary genetics, which addresses the relative
importance of neutral versus adaptive processes, and for strengthening the scientific basis

for germplasm conservation and its use in plant breeding.

Domestication sites of common bean

To unravel the role of the Mesoamerican and Andean areas characterised by different
genetic diversity patterns for common bean domestication, we compared the genetic
evidence with phenotypic and ecological data, and we discuss here these results with the aid
of previous archaeological and glottochronological studies. A similar approach was used, for
example, to study the origin and dispersal of domesticated rice (Kovach et al., 2007) and to
determine the origin of the domesticated chilli pepper (Kraft et al., 2014).

For Mesoamerica, our data and their comparison with additional evidence from
archaeology and linguistic information (Kaplan & Lynch, 1999; Brown et al., 2014), indicate
that the Oaxaca Valley is the region where domestication of the common bean took place. In
support of this, the lowest genetic distance from the domesticated form is observed for the
MWS5y group, followed by MW3y and MW4y, (Fig. 9). The MWS5y group is mainly constituted
by individuals from the south of Mexico and from Central America, and it is characterised by
the highest gene diversity. Within this group some accessions from Oaxaca are the closest to
the domesticated accessions (Fig. 9). The low 100-seed weight of these accessions also
indicates that it is unlikely that they derived from hybridisation with domesticated types.
Our data are thus also in agreement with Bitocchi et al. (2013).

The presence within the Oaxaca area of archaeological sites with common bean
macro-remains from 2100-2300 cal BP (Kaplan & Lynch, 1999) indicates the early occurrence
of domestication in this area. At the same time, glottochronological studies have shown that
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this includes the homeland sites of the Zapotecan, Mixtec-Cuicatec, and Popolocan proto-
languages, for which ancient bean words can be reconstructed from 3149 to 3036 years BP.
Even though a gap exists between the palaeo-biolinguistic reconstructed data and the
estimated onset of domestication, the relevance of this species for the speakers of this
language has been shown (Brown et al., 2014). All these data together support the Oaxaca
Valley as the domestication area for common bean.

The southern Lerma-Santiago basin has been previously suggested as a putative
domestication site for common bean (Kwak et al., 2009). This region corresponds to the
distribution area of the MW3y genetic group, which is the second wild genetic group to be
closer to the domesticated form and which also shows a low mean 100-seed weight.
However, in contrast to the Oaxaca region, this area does not have archaeological sites with
bean remains. In this regard, glottochronological data have been recently found (Brown et
al., 2014) that have suggested that the oldest word for beans is included in the Otopamean
proto-language, which was spoken around 3,600 years BP in a region that coincided with the
easternmost area of the domestication site suggested by Kwak et al. (2009) (Figure 11).
Thus, considering the available information, the Oaxaca Valley is the most likely origin of
common bean domestication in Mesoamerica, although further genetic and
archaeobotanical research is needed to shed light on the origin of domestication in
Mesoamerica.

In the Andes, our data show that the wild accessions from Argentina-Bolivia (AW1)
are genetically more similar to the Andean domesticated forms (Fig. S6c¢). These accessions
also show a lower 100-seed weight when compared to the AW2 accessions. These data point
towards the region from northern Argentina and southern Bolivia as the one associated with
the Andean domestication process (Fig. S4), and they are consistent with the data from
previous genetic (Beebe et al., 2001; Bitocchi et al., 2013), archaeological (Tarrago, 1980),

and glottochronological (Brown et al., 2014) studies.
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Figure Legends:

Figure 1. Results of the Structure analysis. (a) Results at K= 2, K= 3 and K = 6, based on 131
SNPs across all of the 577 P. vulgaris accessions. (b) Results of the analyses performed
separately for the Mesoamerican and Andean gene pools, at K = 4. The wild Mesoamerican
and Andean accessions are ordered according their country of origin, from the North to the
South. The Mexican regions are specified when they include more than three accessions.
MW, Mesoamerican wild; MD, Mesoamerican domesticated; Phl, accessions with phaseolin
type I; AW, Andean wild; AD, Andean domesticated; DU, Durango; NA, Nayarit; JA, Jalisco;
CO, Colima; MI, Michoacan; GN, Guanajuato; GR, Guerrero; MO, Morelos; PU, Puebla; OA,
Oaxaca; CH, Chiapas; GU, Guatemala; ES, El Salvador; HO, Honduras; CR, Costa Rica; CL,
Colombia; PE, Peru; BZ, Brazil; BO, Bolivia; AR, Argentina. The colour and code of each

genetic group are also specified in the Figure.

Figure 2. Genetic diversity heat map of the wild common bean in Mesoamerica. The map
was drawn by interpolation and is based on an individual-centred approach. Colour keys:

from low (blue) to high (red) diversity levels.

Figure 3. Differences among the genetic groups for mean 100-seed weights. Groups that do
not share the same letter are statistically different (P < 0.05). W, wild genotypes; D,
domesticated genotypes; Wee, weedy genotypes; MW1, MW2, MW3, MW4, Mesoamerican
wild groups; AW1, AW2, Andean wild groups.

Figure 4. Results of spatial structure analysis. (a) Results of the global test, showingthe
distribution of the simulated values. Sim, simulated values. The observed value is indicated
by a segment that ends with a black diamond, and is larger than all of the simulated values,
which indicates the presence of spatial structure (P < 10™). (b) Results of the autocorrelation
analysis performed in Mesoamerica. Lgsy, lower limit; Obs, observed values; Ugsy, upper

limit.

Figure 5. Geographical distribution of the genetic groups identified by Structure when all of

accessions are considered. The maps were obtained by interpolation of the Structure
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membership coefficients (q;). (a) Results for K = 6. (b) Results for the three wild Andean

groups. Colour keys are the same as those used in Figure 1b.

Figure 6. Relationships among the Mesoamerican wild bean accessions as a function of the
first two ecological principal components (ePCA1, ePCA2). The analysis was obtained from
the original 55 ecological variables. MW1, MW2, MW3, MW4: Mesoamerican wild genetic
groups based on Structure analysis. The 95% density ellipses are calculated for each group,

except the MW2 group, which includes only six individuals.

Figure 7. Correlation between the SNP polymorphism environmental (ePCA1, ePCA2) data in
Mesoamerica with the SGLMM approach. Loci that show an ‘unsually high’ correlation with

environmental data are indicated with orange dots (0 < log[BF] <3) and red dots (log[BF] > 3).

Figure 8. Results of Structure analysis at K = 5, based on the putatively ‘neutral’ dataset for
the Mesoamerican accessions. The accessions are ordered according to their country of
origin, from North to South. The Mexican regions are specified when they include more than
three accessions. MW, Mesoamerican wild; MD, Mesoamerican domesticated; DU, Durango;
NA, Nayarit; JA, Jalisco; CO, Colima; MI, Michoacan; GN, Guanajuato; GR, Guerrero; MO,
Morelos; PU, Puebla; OA, Oaxaca; CH, Chiapas; GU, Guatemala; ES, El Salvador; HO,
Honduras; CR, Costa Rica; CL, Colombia. The colour and code of each genetic group are also

specified in the Figure.

Figure 9. Results of the neighbour-joining analysis performed on the genotypes with qi >
0.70, excluding the weedy accessions, and considering the putatively ‘neutral’ (y) SNP
dataset. The accessions are coloured according to their membership to the specific genetic
groups (see also Fig. 7). MW1y, MW2y, MW3y, MW4y, MWS5y: Mesoamerican wild
accessions from the different genetic groups based on the Structure analysis; MD2y,

Mesoamerican domesticated group.

Figure 10. Differences among the genetic groups obtained using the putatively ‘neutral’ (n)
dataset for 100-seed weights. Groups that do not share the same letter are statistically
different (P < 0.05). W, wild genotypes; D, domesticated genotypes; Wee, weedy genotypes;

29

Manuscript submitted to New Phytologist for review



862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

MW1y, MW2y, MW3y, MW4y, MW5y: Mesoamerican wild groups. Within MW5y, the 100-

seed weight of the genotypes from Oaxaca is also shown.

Figure 11. Map showing the genetic, archaeological and glottochronological information for
the Mesoamerican wild common bean. Orange-red areas, genetic diversity hot-spots, as pin-
pointed in the present study; green area, ‘desert’ of diversity overlapping with the Trans-
Mexican Volcanic Belt (Plunket and Urufiela 1998; Marquez et al., 1999; Siebe et al., 2004);
light-green dots, wild accessions from Oaxaca that are closer to the Mesoamerican
domesticated gene pool; yellow dots, Mesoamerican wild accessions closest to the
domesticated gene pool, according to Bitocchi et al. (2013); blue triangles: G, Guild Naquitz
Cave (Oaxaca State) archaeological site where common bean macro-remains were dated c.
2100 cal BP (Kaplan & Lynch, 1999); T, Tehuacan Valley (Puebla State) where the common
bean and maize macro-remains were dated c. 2300 cal BP and c. 6300 cal BP, respectively
(Kaplan & Lynch, 1999; Piperno & Flannery, 2001); orange triangle: X, Xihuatoxtla Shelter
(Guerrero State), where the oldest maize records were dated c. 8700 cal BP (Piperno et al.,
2009); azure dashed-line area, Mesoamerican common bean domestication, as suggested by
Kwak et al. (2009); orange dashed-line area, maize domestication site (Matsuoka et al.,
2002; Piperno et al., 2009; van Heerwaarden et al., 2011); blue circles, homelands of the
language families for which a ‘bean’ term has been posited: Oto, Otopamean 3654 BP; Pop,
Popolocan 3036 BP; Mix, Mixtec-Culcatec 3140 BP; Zap, Zapotecan 3149 BP (Brown et al.,
2014).
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Table 1. Genetic diversity of the different groups of Phaseolus accessions, as estimated by

the SNPs analysis.

Population Genotypes Polymorphic SNPs Na Ne He AH
(n) (n)

Mesoamerican gene pool 435 126 1.962 1.490 0.284 0.396
MW 335 119 1.908 1.440 0.260

MD 100 112 1.855 1.234 0.157

Andean gene pool 128 125 1.939 1.803 0.126 0.261
AW 68 114 1.870 1.161 0.120

AD 60 95 1.725 1.121 0.089

Phl 14 66 1.504 1.086 0.074

Whole sample - P. vulgaris 577 131 2.000 1.624 0.360

MW, Mesoamerican wild; MD, Mesoamerican domesticated; AW, Andean wild; AD, Andean

domesticated; Phl, Ecuador-northern Peru wild group; Na, mean number of alleles; Ne,

mean effective number of alleles; He, unbiased expected heterozygosity (Nei, 1978); AH,

diversity variation between wild and domesticated forms within the same gene pool. When

A is positive, the diversity of the wild groups is higher than the domesticated groups.
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New Phytologist Supporting Information

Supplementary Figures.

Fig. S1. Collection sites of the wild P. vulgaris accessions used in the present study.

Fig. S2. Site frequency spectra. The proportion of SNPs with minor allele frequencies (MAF)
within the overall sample (ALL), the wild and domesticated groups collected in Mesoamerica
(MW, MD, respectively) and in the Andes (AW, AD, respectively), and within the northern
Peru-Ecuador group (Phl).

Fig. S3. Estimation of the number of genetic groups (K) calculated according to the delta K
value (AK) of Evanno et al. (2005). The data are shown for the complete dataset (P. vulgaris),
and within the Mesoamerican (Meso) and Andean (Andes) samples separately.

Fig. S4. Genetic diversity heat map of the wild common bean in the Andes. The map was
drawn by interpolation and based on an individual-centred approach. Colour keys: from low
(blue) to high (red) diversity levels. The map also shows the genetic, archaeological and
glottochronological information for the Andean wild common bean. Light-blue dots, wild
accessions closest to the domesticated gene pool, according to Bitocchi et al. (2013); the
orange triangle (H) indicates Huachichocana (Jujuy Province, Argentina; Tarrago, 1980), the
site where the common bean archaeological remains were found; red circle (M) indicates
the homelands of the language families for which a ‘bean’ term has been posited: Matacoan,
2404 BP (Brown et al., 2014).

Fig. S5. Comparison between the chloroplast (cpSSRs) and nuclear (SNPs) genetic structures.
The contingency Table shows the association between the plastidial groups (C1, C2, C3;
Desiderio et al., 2013) and the nuclear genetic groups. AW1, AW2: Andean wild groups;
MW1, MW2, MW3, MW4: Mesoamerican wild groups; Phl: wild group from Ecuador-
northern Peru.

Figure S6. Neighbour-joining tree that illustrates the relationships among the genotypes with
gi > 0.70, excluding the weedy accessions. The data are shown from (a) the overall P. vulgaris
dataset; (b) the Mesoamerican dataset; and (c) the Andean dataset. The accessions are
coloured according to their membership to the specific genetic groups (see also Fig. 7).
MW1, MW2, MW3, MW4: Mesoamerican wild genetic groups; MD2: Mesoamerican
domesticated group; Phl, wild group from Ecuador-northern Peru; AW1, AW2: Andean wild

groups; AD1, AD2: Andean domesticated groups.
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Fig. S7. PCA performed across the individuals with gi > 0.70, excluding the weedy accessions.
The accessions are coloured according to their membership to the specific genetic groups
(see also Fig. 7). MW1, MW2, MW3, MW4: Mesoamerican wild genetic groups; MD2:
Mesoamerican domesticated group; Phl, wild group from Ecuador-northern Peru; AW1,
AW?2: Andean wild groups; AD1, AD2: Andean domesticated groups.

Fig. S8. Results of the spatial structure analysis. The global test was performed (a) overall (P.
vulgaris), and (b) in the Andes. The distributions of the simulated values are shown. Sim,
simulated values. The observed value is indicated by a segment that ends with a black
diamond, and it is larger than all of the simulated values, which indicates the presence of
spatial structure (P < 10™). The autocorrelation analysis was performed (c) overall, and (d) in
the Andes. Lgse, lower limit; Obs, observed values; Ugsy, upper limit.

Figure S9. Correlation between SNP polymorphism environmental (ePCA3, ePCA4, ePCA5)
data in Mesoamerica with the SGLMM approach. Loci that show an ‘unusually high’
correlation with environmental data are indicated with orange dots (0 < log[BF] < 3) and red
dots (log[BF] > 3).

Fig. $10. Comparison between the chloroplast (cpSSRs) and nuclear (SNPs) genetic
structures. The contingency Table shows the association between the plastidial groups (C1,
C2, C3; Desiderio et al., 2013) and the nuclear genetic groups, as obtained from Structure
analysis on the putatively ‘neutral (y) dataset. MW1y, MW2y, MW3y, MW4y, MW5y:
Mesoamerican wild groups.

Fig. S11. Results of the autocorrelation analysis on the Mesoamerican wild gene pool. The

analysis was performed on (a) the the ‘neutral’ dataset, and (b) loci under selection.

Supplementary Tables (submitted as a unique excel file):

Table S1. Accessions used for the analyses. Passport data and results of structure analyses
are reported. Accessions in common with Bitocchi et al. (2013) and Desiderio et al. (2013),
and relative results of the genetic structure are specified.

Table S2. Loci used for the SNPs detection. Hypothetical gene function, when available, is
indicated. Further details are available in references 1 (Goretti et al., 2013) and 2 (Cortes et
al., 2011).

Table S3. Environmental variables used for the spatial analysis of the genetic diversity.

Table S4. Fs7 values among the genetic groups, as obtained from the Structure analysis.
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Table S5. Ecological variables associated with ePCA1 and ePCA2.

Table S6. SNPs and their relative loci that are under putative selection.

Supplementary Notes

Note S1. Genetic structure and diversity analyses with the putatively neutral dataset.
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Figure 1. Results of the Structure analysis. (@) Results at K = 2, K = 3 and K = 6, based on 131 SNPs across
all of the 577 P. vulgaris accessions. (b) Results of the analyses performed separately for the Mesoamerican
and Andean gene pools, at K = 4. The wild Mesoamerican and Andean accessions are ordered according
their country of origin, from the North to the South. The Mexican regions are specified when they include
more than three accessions. MW, Mesoamerican wild; MD, Mesoamerican domesticated; PhI, accessions with
phaseolin type I; AW, Andean wild; AD, Andean domesticated; DU, Durango; NA, Nayarit; JA, Jalisco; CO,
Colima; MI, Michoacan; GN, Guanajuato; GR, Guerrero; MO, Morelos; PU, Puebla; OA, Oaxaca; CH,
Chiapas; GU, Guatemala; ES, El Salvador; HO, Honduras; CR, Costa Rica; CL, Colombia; PE, Peru; BZ,
Brazil; BO, Bolivia; AR, Argentina. The colour and code of each genetic group are also specified in the
Figure.
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Figure 2. Genetic diversity heat map of the wild common bean in Mesoamerica. The map was drawn by
interpolation and is based on an individual-centred approach. Colour keys: from low (blue) to high (red)
diversity levels.
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Figure 3. Differences among the genetic groups for mean 100-seed weights. Groups that do not share the
same letter are statistically different (P < 0.05). W, wild genotypes; D, domesticated genotypes; Wee,
weedy genotypes; MW1, MW2, MW3, MW4, Mesoamerican wild groups; AW1, AW2, Andean wild groups.
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Figure 4. Results of spatial structure analysis. (a) Results of the global test, showingthe distribution of the
simulated values. Sim, simulated values. The observed value is indicated by a segment that ends with a
black diamond, and is larger than all of the simulated values, which indicates the presence of spatial
structure (P < 10-4). (b) Results of the autocorrelation analysis performed in Mesoamerica. L95%, lower
limit; Obs, observed values; U95%, upper limit.
169x66mm (300 x 300 DPI)

Manuscript submitted to New Phytologist for review

Page 38 of 45



Page 39 of 45
F g. 5

il
3
L
q
o PhI
l\’\&% ’F% i
g- 5 3
R - S e,
% 0.8
o Y
E 3
Feo- » ol
3 R
7 0.4
8-
0.2
3 T T T T T
-110 100 -0 80 =70
Longitude Longitude Longitude Longitude

Manuscript submitted to New Phytologist for review


tooke
Typewritten Text
Fi

tooke
Typewritten Text
g. 5

tooke
Typewritten Text


20
154
10
5
<
O 4
o
0]
0
-5-
5 E Mwl
MW2
-10- u Mw3
4 Mw4
_15 1 I 1 l 1 l 1 I 1 | 1 l 1
-20 -15 -10 5 0 5 10 15
ePCA1

Figure 6. Relationships among the Mesoamerican wild bean accessions as a function of the first two
ecological principal components (ePCA1, ePCA2). The analysis was obtained from the original 55 ecological
variables. MW1, MW2, MW3, MW4: Mesoamerican wild genetic groups based on Structure analysis. The 95%
density ellipses are calculated for each group, except the MW2 group, which includes only six individuals.
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Figure 7. Correlation between the SNP polymorphism environmental (ePCA1, ePCA2) data in Mesoamerica
with the SGLMM approach. Loci that show an ‘unsually high’ correlation with environmental data are
indicated with orange dots (0 < log[BF] <3) and red dots (log[BF] > 3).
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Figure 8. Results of Structure analysis at K = 5, based on the putatively ‘neutral’ dataset for the
Mesoamerican accessions. The accessions are ordered according to their country of origin, from North to
South. The Mexican regions are specified when they include more than three accessions. MW, Mesoamerican
wild; MD, Mesoamerican domesticated; DU, Durango; NA, Nayarit; JA, Jalisco; CO, Colima; MI, Michoacan;
GN, Guanajuato; GR, Guerrero; MO, Morelos; PU, Puebla; OA, Oaxaca; CH, Chiapas; GU, Guatemala; ES, El
Salvador; HO, Honduras; CR, Costa Rica; CL, Colombia. The colour and code of each genetic group are also
specified in the Figure.
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Figure 9. Results of the neighbour-joining analysis performed on the genotypes with gi > 0.70, excluding the
weedy accessions, and considering the putatively ‘neutral’ (N) SNP dataset. The accessions are coloured
according to their membership to the specific genetic groups (see also Fig. 7). MW1N, MW2N, MW3N,
MW4N, MW5N: Mesoamerican wild accessions from the different genetic groups based on the Structure
analysis; MD2N, Mesoamerican domesticated group.
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Fig. 10 Differences among the genetic groups obtained using the putatively ‘neutral’ (N) dataset for 100-
seed weights. Groups that do not share the same letter are statistically different (P < 0.05). W, wild
genotypes; D, domesticated genotypes; Wee, weedy genotypes; MW1N, MW2N, MW3N, MW4N, MW5N:
Mesoamerican wild groups. Within MW5N, the 100-seed weight of the genotypes from Oaxaca is also shown.
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Figure 11. Map showing the genetic, archaeological and glottochronological information for the
Mesoamerican wild common bean. Orange-red areas, genetic diversity hot-spots, as pin-pointed in the
present study; green area, ‘desert’ of diversity overlapping with the Trans-Mexican Volcanic Belt (Plunket
and Uruiela 1998; Marquez et al., 1999, Siebe et al., 2004); light-green dots, wild accessions from Oaxaca
that are closer to the Mesoamerican domesticated gene pool; yellow dots, Mesoamerican wild accessions
closest to the domesticated gene pool, according to Bitocchi et al. (2013); blue triangles: G, Guilda Naquitz
Cave (Oaxaca State) archaeological site where common bean macro-remains were dated c. 2100 cal BP
(Kaplan & Lynch, 1999); T, Tehuacan Valley (Puebla State) where the common bean and maize macro-
remains were dated c. 2300 cal BP and c. 6300 cal BP, respectively (Kaplan & Lynch, 1999; Piperno &
Flannery, 2001); orange triangle: X, Xihuatoxtla Shelter (Guerrero State), where the oldest maize records
were dated c. 8700 cal BP (Piperno et al., 2009); azure dashed-line area, Mesoamerican common bean
domestication, as suggested by Kwak et al. (2009); orange dashed-line area, maize domestication site
(Matsuoka et al., 2002; Piperno et al., 2009; van Heerwaarden et al., 2011); blue circles, homelands of the
language families for which a ‘bean’ term has been posited: Oto, Otopamean 3654 BP; Pop, Popolocan 3036
BP; Mix, Mixtec-Culcatec 3140 BP; Zap, Zapotecan 3149 BP (Brown et al., 2014).
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