
Gene Duplication, Population Genomics, and Species-Level

Differentiation within a Tropical Mountain Shrub

Alicia Mastretta-Yanes1,*, Sergio Zamudio2, Tove H. Jorgensen3, Nils Arrigo4, Nadir Alvarez4, Daniel Piñero5,
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3Department of Bioscience, Aarhus University, Denmark
4Department of Ecology and Evolution, Biophore Building, University of Lausanne, Switzerland
5Departamento de Ecologı́a Evolutiva, Instituto de Ecologı́a, Universidad Nacional Autónoma de México, Mexico
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Abstract

Gene duplication leads to paralogy, which complicates the de novo assembly of genotyping-by-sequencing (GBS) data. The issue of

paralogous genes is exacerbated in plants, because they are particularly prone to gene duplication events. Paralogs are normally

filtered from GBS data before undertaking population genomics or phylogenetic analyses. However, gene duplication plays an

important role in the functional diversification ofgenes and it can also lead to the formationofpostzygoticbarriers.Using populations

and closely related species of a tropical mountain shrub, we examine 1) the genomic differentiation produced by putative orthologs,

and 2) the distribution of recent gene duplication among lineages and geography. We find high differentiation among populations

from isolated mountain peaks and species-level differentiation within what is morphologically described as a single species. The

inferred distribution of paralogs among populations is congruent with taxonomy and shows that GBS could be used to examine

recent gene duplication as a source of genomic differentiation of nonmodel species.
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Introduction

The development of genotyping-by-sequencing (GBS) meth-

ods (reviewed by Davey et al. 2011; Poland and Rife 2012) has

accelerated the use of genomic data in population genetic

studies of nonmodel organisms. This is particularly useful for

plants, where population genetic studies have often struggled

to obtain sufficient resolution from DNA sequence data with

traditional Sanger sequencing approaches. For example, sev-

eral plant phylogeographic studies (e.g., Tovar-Sánchez et al.

2008; Gugger et al. 2011; Mastretta-Yanes et al. 2011) have

been substantially less informative than studies that have used

comparable sequencing effort in animal taxa within the same

geographic region (e.g., McCormack et al. 2008; Bryson et al.

2011, 2012; Ornelas et al. 2013). By applying GBS techniques

sufficient nucleotide variation can be harnessed within plant

species to address evolutionary questions, such as genetic as-

sociation of adaptive traits (Parchman et al. 2012) and geno-

mic divergence of hybridizing tree species (Stölting et al.

2013). However, applying GBS to plants poses a unique set

of challenges, or exacerbates those common to other taxa

(Deschamps et al. 2012; Morrell et al. 2012; Schatz et al.

2012). Plant genomes typically contain a large number of

transposable elements (Feschotte et al. 2002), which causes

GBS reads to map with equal probability to multiple positions

within a reference genome. Polyploidy events have also oc-

curred frequently throughout the evolutionary history of plant
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species, as well as other types of gene duplication that can

result in large multigene families (Lockton and Gaut 2005;

Flagel and Wendel 2009), and thus a considerable amount

of paralogous loci. Paralogous loci are typically treated as a

nuisance variable and filtered from GBS data; however, the

emergence of paralogous loci is a consequential process that

contributes to genome evolution, and can thus be examined

for the quantification of genomic differentiation among pop-

ulations and species.

Paralogous loci arise by gene duplication, such that both

copies evolve in parallel during the history of an organism

(Fitch 1970; fig. 1a). Gene duplication can occur at the

whole genome level (polyploidy event), but can also be limited

to chromosome segments or single genes (Hurles 2004). Gene

duplication can confound the assembly of genomic data be-

cause paralogs can be erroneously merged together as a

single locus (fig. 1c), leading to difficulty in distinguishing al-

lelic variation from differences among closely related gene

family members (Dou et al. 2012; Hohenlohe et al. 2012).

This issue is caused by relatively recent gene duplications

(i.e., those origination within a genus or among closely related

species), because more ancient duplication events occurring

over much deeper time scales are expected to have accumu-

lated enough differences to be assembled as different loci

(fig. 1d). The confounding effect of gene duplication on the

assembly of genomic data is particularly problematic for de

novo assembly, but even if a reference genome is available,

the short sequence reads that are typical of high-throughput

sequencing may not map uniquely within a reference genome

(Hohenlohe et al. 2012; Morrell et al. 2012).

Treating paralogs as a single locus generates spurious het-

erozygous genotype calls and can confound the estimation of

genetic differentiation among individuals and populations.

The magnitude of this effect will depend upon the character-

istics of the focal genome, and the relatedness of the samples

being analyzed. With regard to focal genome characteristics,

plant and fish genomes contain more duplicated genes than

mammals (Volff 2004; Lockton and Gaut 2005) and will thus,

on average, provide a greater challenge for genome assembly

because of paralogous loci. The evolutionary relatedness

among samples is also important because paralogs are con-

tinuously arising within each evolutionary lineage (Lynch and

Conery 2000; Hurles 2004; Langham et al. 2004). Thus, the

more a focal group departs from a model of panmixia, the

more paralogous loci one would expect to retrieve across all

samples. In the extreme, one may expect different species, or

sufficiently differentiated populations, to exhibit species-

specific or population-specific paralogs.

Paralogous loci are typically entirely filtered from GBS data.

This can be done at the stage of assembly and genotyping, for

instance, by incorporating differences in coverage (Dou et al.

2012) or by testing the independence of biallelic single nucle-

otide polymorphisms (SNPs) for each pair of tags (Poland et al.

2012, but see also Gayral et al. 2013; Eaton 2014 for other

approaches). Filtering can also be performed on the assem-

bled data, for example, by retaining only those loci with the

number of expected alleles and Hardy–Weinberg proportions

(Hohenlohe et al. 2011; Catchen et al. 2013).

Despite gene duplication representing an analytical chal-

lenge for GBS, it is also a major source of evolutionary novelty

(a) (b) (c) (d)

FIG. 1.—(a) Paralogy and orthology relationships among six contemporary genes (A1–C3) in three species (A–C), adapted from Jensen (2001).

Paralogous genes are produced by duplication events (red horizontal line) and orthologous by speciation (blue dashed inverted “Y”). A given gene in

one species may have more than one ortholog in another species (e.g., B1 and B2 in species B are orthologs of A1 in species A) and paralogs are not

necessarily restricted to the same species (e.g., B1 and C2 are paralogs). (b) On a locus Z (with the alleles Z and z), mutation events (gray boxes) lead to the

formation of two possible sequence reads (coverage not shown) that are correctly assembled as two alleles of the same locus. (c) Loci that are the product of

gene duplication (Z1 and Z2) produce reads that cannot be distinguished from allelic variation and are assembled as a single locus with several alleles,

generating erroneous SNP calls. Loci produced by relatively old duplication events would accumulate more nucleotide differences than recently duplicated

loci. Therefore, if paralogs are merged as single locus, the products of old duplication events will generate more (spurious) alleles than paralogs from more

recent duplication events. (d) Loci produced by more ancient duplication events would accumulate enough differences to be assembled as different loci.
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(Ohno 1970; Lewis 1951). Therefore, by treating paralogs as a

nuisance parameter and discarding them, potential signatures

of evolution and adaptation are also being discarded. A du-

plicated gene copy may acquire a new function (Ohno 1970),

specialize for a subset of the functions originally performed by

the ancestral single-copy gene (Lynch and Force 2000), or

contribute to protein dosage effects in response to environ-

mental variables (Kondrashov et al. 2002). These processes are

particularly relevant for plant evolution, as most plant diversity

seems to have arisen following the duplication and adaptive

specialization of preexisting genes (Lockton and Gaut 2005;

Moore and Purugganan 2005; Flagel and Wendel 2009). For

example, many plant genes involved in pathogen recognition

and herbivory defense arose through gene duplication (Moore

and Purugganan 2005). However, there are also several ex-

amples of adaptive gene duplications in bacteria, yeast, fish,

insect, and mammal species (Kondrashov 2012). In addition to

functional diversification, gene duplication can also promote

speciation through the passive accumulation of genomic di-

vergence (Lynch and Conery 2000). For example, following

the duplication of an essential gene in Arabidopsis thaliana,

populations varied with respect to the copy that retained func-

tionality, which acts as a postzygotic barrier among popula-

tions (Bikard et al. 2009).

Here, rather than seeking to remove paralogous loci, we use

GBS data for the explicit purpose of investigating the distribution

of putative recent gene duplication events among plant popu-

lations. We use double-digest restriction-site associated DNA

sequencing (ddRAD) data sampled from the nonmodel plant

species Berberis alpina (Berberidaceae) and its close relatives to

characterize both 1) genomic relationships among individuals

based on putative orthologs and 2) the distribution of paralo-

gous loci of recent origin among sampling localities and species.

The inferred distribution of paralogous loci among sampling

locations and species is congruent with genomic differentiation

estimated from presumed orthologous loci, and reveals species-

level differentiation within what is morphologically described as

a single species. More broadly, our study shows that GBS can be

used to study, without a reference genome, gene duplication as

a source of population divergence and evolutionary novelty in

nonmodel species.

Materials and Methods

Study System and Sampling

Berberis alpina is a shrub that grows from 3,200 to 4,200 m

above sea level (masl) on alpine grasslands of the

Transmexican Volcanic Belt (TMVB), a system of isolated

high-altitude mountains in tropical Mexico (fig. 2). The

TMVB is a biodiversity hotspot (Myers et al. 2000) where

temperate-to-cold adapted plant species are thought to

have either survived through, or diversified in situ during, the

Pleistocene climate fluctuations (Toledo 1982; Graham 1999).

Berberis moranensis grows at lower altitudes in the TMVB

(1,800–3,150 masl; Zamudio 2009a) and is expected to be

closely related to B. alpina.

Mountain peaks from 3,300 to 4,200 masl within the

TMVB and nearby areas of the Altiplano Sur (AS) and of the

Sierra Madre Oriental (SMOr) were surveyed for B. alpina

(sensu Zamudio 2009b) during September–October 2010

and April–May 2011 (fig. 2). The species was found in a

total of seven locations, which represents its known distribu-

tion within the TMVB and the AS (fig. 2). It was not found in

the surveyed mountains of the SMOr. Samples of B. moranen-

sis, a closely related species that grows up to 3,150 masl, were

collected in Cerro San Andrés (fig. 2), where B. alpina is

absent. Samples of the outgroups Berberis trifolia and

Berberis pallida were collected at lower elevations (~2,000–

2,300 masl) of the TMVB (fig. 2) in October 2012. Sampling

was performed with SEMARNAT permission No. SGPA/

DGGFS/712/2896/10. Herbarium specimens of B. alpina and

B. moranensis were prepared and deposited within the

Herbario Nacional in Mexico City (MEXU).

Molecular Methods

Based on data from related species, the sampled Berberis spe-

cies are likely diploid with a genome size of between 0.50 and

1.83 Gb (Rounsaville and Ranney 2010). We used ddRAD data

from Mastretta-Yanes et al. (2014a), which consist of 75

individually tagged specimens of B. alpina and B. moranensis

(6–10 per population), 3 samples of each outgroup (B. trifolia

and B. pallida), and 15 replicated samples, with at least one

replicate per population or species. Briefly, the ddRAD libraries

were prepared using the enzymes EcoRI-HF and MseI using a

modified version of Parchman et al. (2012) and Peterson et al.

(2012) protocols. Samples were divided into three groups,

each sequenced using single-end reads (100 bp long) in a sep-

arate lane of an Illumina HiSeq2000.

De Novo Assembly of RAD Data

After demultiplexing and quality trimming of raw reads, final

sequences were 84 bp long. Data were de novo assembled

using the software Stacks v. 1.02 (Catchen et al. 2011, 2013)

with the parameter values m = 3, M = 2, N = 4, n = 3,

max_locus_stacks = 3, and an SNP calling model with an

upper bound of 0.05. These settings 1) optimize the recovery

of a large number of loci while reducing the SNP and RAD

allele error rates, and 2) filter a fraction of putative paralogous

loci merged as a single locus (Mastretta-Yanes et al. 2014b).

After de novo assembly, the data were filtered to keep only

those samples having more than 50% of the mean number of

loci per sample, and only those loci present in at least 80% of

the barcoded samples. Replicates were used to estimate error

rates as in Mastretta-Yanes et al. (2014b) for each of the

subsets of samples described in the sections below. For the
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population genomic analyses, only one sample per replicate

pair was used.

Considerably fewer loci were recovered in B. pallida, which

is likely explained by mutations affecting restriction enzyme

cutting sites and hence a distant evolutionary relationship with

the other Berberis species in the study. This species was there-

fore excluded from further analyses.

Identifying Paralogs from Recent Gene Duplications

Here, we refer to a RAD-locus as a short DNA sequence

produced by clustering together RAD-alleles; in turn, RAD-

alleles differ from each other by a small number of SNPs in

certain nucleotide positions (SNP-loci). During de novo assem-

bly, two nucleotide mismatches (M = 2) were allowed among

reads to form a putative RAD-locus. Among individuals, loci

were merged as a single locus if they presented up to three

mismatches (n = 3), which allows loci that are fixed differen-

tially among different populations or species (thus represented

independently across individuals) to be merged as a single

locus (Stacks manual). During the formation of putative

RAD-loci within individuals (determined by the -M parameter),

and during the merging of monomorphic loci among individ-

uals (determined by the -n parameter), it is expected that

paralogous loci would be assembled as a single locus, leading

to the formation of loci with three or more (spurious) alleles

(fig. 1c). Thus, if more than two alleles per locus are allowed

during de novo assembly, data will likely contain merged para-

logs. Here, a maximum of three alleles per locus was allowed

(max_locus_stacks = 3) to filter out paralogs of relatively old

origin. This filter retains paralogs derived from more recent

gene duplications events, because loci produced by recent

gene duplications are expected to have accumulated fewer

mutations than older duplicated loci (fig. 1c), and should thus

produce less (spurious) alleles if merged as a single locus.

Notice that “old origin” is a relative term, implying that loci

are still similar enough to resemble allelic variation. Paralogs

from more ancient duplications, such as those ones shared

FIG. 2.—Surveyed mountains for B. alpina within the SMOr (1–2), AS (3), and the TMVB (4–17). Populations where B. alpina was found are Nevado de

Toluca (To), Ajusco (Aj), Tlaloc (Tl), Iztaccihuatl (Iz), La Malinche (Ma) and Cofre de Perote (Pe) (To–Pe are referred as B. alpina ingroup), and Zamorano (Za).

Berberis moranensis was collected from Cerro San Andrés (An, blue triangle). Berberis pallida (black stars) and B. trifolia (white star) were outgroups.
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across many genera and plant families (Lockton and Gaut

2005), are expected to have accumulated enough differences

to be assembled as different loci (fig. 1d).

Polymerase chain reaction (PCR) and sequencing error may

also result in more than two alleles per locus within an individual

(Hohenlohe et al. 2012; Catchen et al. 2013). However, the

distribution of error-based alleles is stochastic, whereas

merged paralogous loci should produce population-wide

shared polymorphism. Thus, merged paralogs can be identified

by their signature on the site frequency spectrum (SFS;

Hohenlohe et al. 2012): Paralogous loci accumulate mutations

independently, so assembling them as different alleles of the

same locus produces spurious polymorphic positions at which all

individuals would be heterozygous, with the exception of those

that may have suffered allele dropout. This should bias the SFS

toward heterozygosity with an excess of loci where the fre-

quency of the major allele (p) is p=0.5. Here, we consider

any RAD-locus where p=0.5 in at least one SNP-locus within

a given population to be a potentially paralogous locus. Such

loci were further examined among other populations and spe-

cies, because some orthologous loci may by chance be at p=0.5

in a given population, but it would be unlikely to observe this in

two or more populations or within a related species. If an RAD-

locus was identified as a potential paralog in two or more pop-

ulations or species, it was considered to be shared among those

taxa. However, if p=0.5 in only one population or species, the

RAD-locus was considered to be a private potential paralog (i.e.,

the locus was present in other populations, but with p 6¼0.5).

The data set was divided into the following three subsets of

RAD-loci: 1) All loci, 2) putative orthologs—excluding all po-

tential paralogs, and 3) putative orthologs within B. alpina—

excluding potential paralogs shared between two or more

sampling locations of B. alpina, or between two or more spe-

cies, which generates a subset of loci that should be ortholo-

gous within B. alpina. The frequency of the major allele within

each locus was estimated for each of the three data sets. Allele

frequencies were estimated at each SNP-locus for each pop-

ulation and species by running the “populations” program of

Stacks version 1.17 with the de novo assembled RAD-loci.

The distribution of potential paralogous loci was examined

and plotted with R version 2.15 (R Core Team 2012).

Structuring of Genetic Variation and Population
Genomic Analyses

Preliminary analyses revealed the Cerro Zamorano population

to be highly differentiated from other B. alpina populations

(see Discussion), so it was treated as a different lineage from B.

alpina. Hereafter, we use “B. alpina ingroup” to refer to the

subset of B. alpina samples that excludes the Cerro Zamorano

population.

Principal Coordinate Analysis (PCoA) was performed for all

loci and for the putative orthologs. For each of these two data

sets the PCoA was first performed with all samples, and then

excluding the outgroup and the Cerro Zamorano population.

Pairwise FST between populations were estimated using both

subsets of loci. The percentage of polymorphic loci, heterozy-

gosity, p, and FIS at each nucleotide position were estimated

for B. alpina ingroup using all loci and the subset of putative

orthologs within B. alpina. All population genetic estimates

were calculated using the “populations” program of Stacks.

Distribution of Potential Paralogous Loci among
Populations and Species

The distribution of shared and private potential paralogs

among populations and species was further examined by con-

trolling for unequal sample sizes, by randomly sampling four

individuals (the smallest sample size) per locality. Total, shared

and private potential paralogous loci were identified as de-

scribed above, with the exception that shared loci were de-

fined as those shared with B. alpina ingroup populations.

A linear regression was used to test whether the proportion

of private potential paralogous loci increases with population

differentiation, the latter calculated as the mean FST per pop-

ulation using the putative orthologous loci subset (pairwise

matrix from table 1, without the outgroup). The analysis

was performed using R with and without the Cerro

Zamorano population.

Table 1

Pairwise FST for the Putative Orthologs Subset (Filtering Out All Putative Paralogous Loci)

Iz Ma Pe Tl To Za An Out

Aj 0.0383 0.0663 0.0972 0.0248 0.0534 0.5387 0.0757 0.4649

Iz 0.0648 0.1042 0.0299 0.0643 0.5623 0.0973 0.4909

Ma 0.0954 0.0582 0.0903 0.5634 0.1377 0.4932

Pe 0.0848 0.1216 0.4991 0.1609 0.4050

Tl 0.0534 0.5861 0.0984 0.5074

To 0.6116 0.1276 0.5339

Za 0.7225 0.6976

An 0.6393

NOTE.—Berberis alpina ingroup populations are shown in italics in the first five columns. Berberis moranensis (An) and Berberis trifolia (Out) are in the last columns and
are shown as a reference for the values found among different species. El Zamorano (Za) population shows FST values higher than those found for B. moranensis (An) and
B. trifolia (Out).
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Morphological Evaluation

We examined characters that have been informative for

Mexican Berberis taxonomy (Zamudio 2009a, 2009b) to

assess morphological and ecological differentiation among

populations of B. alpina. Variables included leaf morphology

(rachis length, number of leaflets, leaflet texture, shape of

blades, number and length of teeth), growth habit and habitat

preferences (vegetation type, substratum, and altitudinal dis-

tribution). Morphological characters were examined in speci-

mens from extant herbarium material (MEXU, ENCB, IEB, XAL)

including two B. alpina populations from SMOr (Sierra del

Doctor and Cerro Pingüical; table 2) that was not possible to

sample for the molecular analysis. Habitat characteristics and

altitudinal distribution were recorded from field observations.

Specimens of B. moranensis from throughout its distribution

were also examined for comparison.

Results

RAD-Seq Data Yield and Error Rates

The number of samples recovered (excluding one sample per

replicate pair) after de novo assembly and quality filtering was 2

for B. trifolia, 9 for B. moranensis, 4 for the Cerro Zamorano

population, and 6–10 for each B. alpina population (supplemen-

tary table S1, Supplementary Material online). A total of 6,292

RAD-loci (84bp long) and 6,105 SNP-loci were recovered after

the de novo assembly and quality control steps. For the subset of

putative orthologs (filtering all potential paralogs), a total of

4,030 RAD-loci and 3,843 SNP-loci were recovered. A total of

5,461 RAD-loci and 5,274 SNP-loci were recovered for the

subset of putative orthologs within B. alpina. RAD-allele and

SNP error rates, percentage of missing data, and mean coverage

per locus per sample are reported in table 3. Broadly, for each

data set the allele error rate ranges from 3.5% to 5.9% and the

SNP error rate from 1.3% to 2.2%, with approximately 20% of

missing data and a mean coverage of approximately 10.5 (table

3). Decreases from 5.9% to 4.1% for the RAD-allele error rate

and from 2.2% to 1.5% for the SNP error rate represent sig-

nificant differences (P<0.001 and P< 0.01, respectively) be-

tween the data set of all loci and the data set excluding the 831

putative paralogs within B. alpina ingroup (see below for how

these loci were defined). To confirm that this was not a chance

effect, we randomly filtered 831 loci from the entire data set of

samples and reestimated error rates. We repeated this 100

times, and across all repetitions the RAD-allele and SNP-locus

error rates were 5.9–6.0% and 2.1–2.2%, respectively, which

are not significantly different from the error rates found when

no loci are removed (P>0.7 for all repetitions for both types of

error rate).

Identification and Distribution of Paralogous Loci among
Populations and Species

A total of 2,262 RAD-loci were identified as potential paralo-

gous loci. When examining the subset of all loci, the frequency

Table 2

Morphological Differences of Berberis alpina Populations and Berberis moranensis

B. alpina B. moranensis

Character TMVBa Pea Za and SMOrb TMVBc

Growth habit Low shrub 50–100 cm,

or more

Low shrub 25–100 cm or

more

Low shrub 10–60 cm Shrub to tree 1–7(10) m

No. of leaflets 3–5(7) 3–5 3 (5)7–11(15)

Rachis length (terminal seg-

ment), cm

0.5–2(3) 1–2 Absent (0.3)0.5–1.5(2)

Leaflets texture Coriaceous Coriaceous Coriaceous and very

rigid

Slightly coriaceous

Leaflets blades Ovate to ample ovate Ovate, oblong to elliptic Oblong to elliptic Lanceolate to ovate-

lanceolate

No. of teeth by side (3)4–7(9) (3)4–7(12) 2–4(6) (4)5–11(15)

Teeth length, mm (1)2–5 2–5 5–10 1–2(5)

Substratum Igneous rocks Igneous rocks Igneous or calcareous

rocks

Igneous rocks

Vegetation type Alpine grassland and

upper limit of Pinus

hartwegii and Abies

religiosa forests

Alpine grassland and

upper limit of P. hart-

wegii and Ab. reli-

giosa forests

Ab. religiosa, Pinus spp.

and Quercus spp. for-

ests, never above

timber line

Ab. religiosa, Pinus spp.

and Quercus spp. for-

ests and secondary

vegetation after per-

turbation, never

above timberline

Altitudinal distribution (masl) 3,200–4,200 3,300–4,180 2,800–3,250 (1,800)2,000–2,800(3,150)

aTMVB refers to sampled populations for B. alpina in the TMVB (B. alpina ingroup) as in figure 2, with the exception of Cofre de Perote (Pe) population.
bCerro Zamorano (fig. 2) and SMOr populations: Sierra del Doctor (20�4702500N, 99�3305300W at 3,250 masl) and Cerro Pingüical (21�0903500N, 99�42002.400W at 3,060 masl).
cSeveral localities within the TMVB at 1,800–3,150 masl.
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of the major allele for each SNP-locus reveals that the majority

of loci that are polymorphic across populations are fixed within

each population (fig. 3a). The percentage of loci in the other

categories decreases sharply and monotonically, but then in-

creases abruptly within the category containing loci where

p = 0.5. For B. alpina ingroup populations, the observed het-

erozygosity of 91% of these loci is Hobs = 1 and the FIS value of

98% of the loci is negative, with FIS��0.5 in 77% of the

cases. Out of the 2,262 potential paralogous loci, 831 have

at least one SNP with p = 0.5 in two or more populations or

species, and were considered putative paralogs within B.

alpina ingroup. Around 99% of these SNP-loci show negative

FIS values for B. alpina ingroup populations, with FIS��0.5 in

69% of them and Hobs = 1 in 57%. Retaining only the presum-

able orthologs within B. alpina ingroup does not remove the

overrepresentation of SNP-loci with both alleles at equal fre-

quency within B. moranensis and the Cerro Zamorano popu-

lation (fig. 3b), but it effectively removes the excess of loci

where p = 0.5 within all B. alpina ingroup populations (fig. 3b).

The potential paralogs are not evenly distributed among

sampling locations and species. In increasing order, the

Cerro Zamorano population and B. moranensis exhibit propor-

tionally more RAD-loci with at least one SNP where p = 0.5 (fig.

4 and supplementary fig. S2, Supplementary Material online),

the majority of which are private (fig. 4 and supplementary fig.

S2, Supplementary Material online). In contrast, within a given

population of the B. alpina ingroup fewer loci were found to

be at p = 0.5 (fig. 4 and supplementary fig. S2, Supplementary

Material online). The number of private potential paralogs per

population increases with their differentiation estimated from

orthologous loci (fig. 6), both when the Cerro Zamorano pop-

ulation is included (r2= 0.955, F1,6 = 128.3, P< 0.001) and

when it is excluded (r2= 0.771, F1,5 = 16.85, P< 0.01). The

distribution of total, private, and shared potential paralogous

loci is similar under unequal sample sizes (n = 2–10; supple-

mentary fig. S2, Supplementary Material online) and equal

sample sizes (n = 4; fig. 4).

Structuring of Genetic Variation

The PCoA from the subset of putative orthologous loci reveals

that the Cerro Zamorano population explains as much of the

variance as the outgroup, B. trifolia, whereas B. moranensis

clusters closer to the remaining B. alpina populations (fig. 5a).

Excluding the Cerro Zamorano population and B. trifolia

(fig. 5b), results in separate clusters for B. moranensis, and

for both the Cofre de Perote and Malinche populations of

B. alpina, while Western populations (Aj, Tl, and Iz; fig. 2)

form a single cluster.

For B. alpina ingroup populations, the pairwise FST matrix

estimated with the putative orthologs ranges from 0.025 to

0.122 (mean = 0.070), with Cofre de Perote exhibiting the

highest differentiation in all pairwise estimates (0.084–

0.122, table 1). Pairwise FST values of the Cerro Zamorano

population against B. alpina ingroup populations are larger

(0.499–0.612) than values obtained by comparing any

B. alpina ingroup population against the outgroup (0.405–

0.534) or against B. moranensis (0.076–0.161).

Genetic Diversity within B. alpina Ingroup

When considering all nucleotide positions (i.e., including those

not polymorphic) of the presumably orthologous loci within B.

alpina ingroup, the percentage of polymorphic loci (notice that

locus here refers to a nucleotide position within the RAD-loci)

ranged from 0.304% to 0.482%; the average frequency of

the major allele from 0.9990 to 0.9994; Hobs from 0.0011 to

0.0014; and p from 0.0010 to 0.0016 (supplementary table

S1, Supplementary Material online). Cofre de Perote presented

the highest genetic diversity (0.482% polymorphic loci,

Hobs = 0.0014, and p= 0.0016); Nevado de Toluca presented

the lowest levels of genetic diversity (0.304% polymorphic loci,

Hobs = 0.0011, and p= 0.0010), with the remainder of the

populations exhibiting intermediate levels. Cofre de Perote

has substantially more private alleles (1,064) than both the

remaining populations (293–485, supplementary table S1,

Supplementary Material online) and B. moranensis (194, sup-

plementary table S1, Supplementary Material online). When

the same statistics are estimated including all potential para-

logs (supplementary table S2, Supplementary Material online),

the estimates of genetic diversity increase (e.g., Hobs increased

from �0.0015 to �0.0026) and all FIS values are negative.

Morphological Variation

Specimens from Cerro Zamorano, Sierra del Doctor, and Cerro

Pingüical populations of B. alpina (Za–SMOr populations) are

low rhizomatous shrubs (20–60 cm) that tend to have only

Table 3

RAD-Seq Data Yield and Error Rate for Each Subset of Loci

Data Subset RAD-Loci SNP-Loci RAD-Locus

Error Rate

(%)

RAD-Allele

Error Rate

(%)

SNP Error

Rate

(%)

Missing

Data

(%)

Mean

Coverage*

All loci 6,292 6,105 17.4 (10.3) 5.9 (1.3) 2.2 (0.06) 20 10.3 (4.2)

Putative orthologs 4,030 3,843 17.5 (10.4) 3.5 (1.1) 1.3 (0.04) 17 11 (4.3)

Putative orthologs within Berberis alpina 5,461 5,274 17.28 (10.3) 4.1 (1.2) 1.5 (0.04) 17 10.5 (4.3)

NOTE.—SD values are given in parenthesis.
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three leaflets per leaf and a sessile terminal leaflet (not inserted

on a conspicuous rachis’ segment) (table 2). In contrast, pop-

ulations from the TMVB are dense, appressed shrubs (20 cm

to 1 m or more), flattened against rocks or cliffs and tend to

have 3–5 (max. 7) leaflets with the terminal leaflet always

inserted on a conspicuous segment of the rachis (table 2). A

ubiquitous rachis and more than five leaflets are characteristic

traits of B. moranensis (table 2). Berberis alpina populations of

the TMVB inhabit the highest elevations, mostly on igneous

rocks of alpine grasslands, whereas B. alpina populations of

the Za–SMOr do not grow beyond the timberline and can

grow on calcareous rocks. TMVB populations can co-occur

with B. moranensis in the upper limit of conifer forests (sup-

plementary table S1, Supplementary Material online).

Discussion

Paralogs Identification

A total of 2,262 RAD-loci were identified as potential para-

logs, out of which 831 RAD-loci presented SNPs with p = 0.5

in more than one population or species and were identified as

putative paralogs within B. alpina. Removing these loci pro-

duced a set of presumably orthologous RAD-loci for the B.

alpina ingroup. This is similar to the approach taken by

Hohenlohe et al. (2011) and Pujolar et al. (2014) to produce

a data set of putative orthologs for population genetics anal-

yses of fish species, by removing loci with high values of ob-

served heterozygosity. Here, we explored the excess of

heterozygosity by examining whether the loci where p = 0.5

(a) (b)

FIG. 3.—Distribution of the frequency of the major allele (p) for the SNP-loci for each Berberis spp. population. The plots on (a) correspond to all loci after

de novo assembly and quality filtering. Notice that for every population a substantial percentage of loci is in the 0.5 category (left most bar). The plots on (b)

show the distribution of the frequency of the major allele for the subset of loci presumably orthologous for B. alpina ingroup. This filtering removes the bias

toward heterozygosity in B. alpina ingroup (top six panels), but not from B. moranensis (An) and the Cerro Zamorano population (Za). Notice that for Za and

the outgroup (Out), small sampling sizes (4 and 2, respectively) affect the range of allele frequencies that can be recovered.
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had high levels of Hobs and negative FIS, as would be expected

if these loci were the result of overmerging paralogous loci as

a single locus. Then, we examined the effect of filtering the

putative paralogs on the SFS and the estimation of population

genetics statistics.

Filtering out the putative paralogs for B. alpina ingroup

removed the bias toward loci with p = 0.5 within these popu-

lations, but it remained noticeable for B. moranensis and the

Cerro Zamorano population (fig. 3b). This is explained by a

high number of private potential paralogs within both B. mor-

anensis and the Cerro Zamorano population (267 and 617,

respectively; fig. 4c). Under Hardy–Weinberg equilibrium

(HWE), loci where most individuals are heterozygous are ex-

pected to be at the lowest frequency of the spectrum.

Although it remains possible that some of the private potential

paralogous loci detected here are actually true loci where

p = 0.5, for B. moranensis and the Cerro Zamorano population

they account for 18% and 37% of the nonfixed SNP-loci.

Balancing selection could cause a bias toward heterozygosity

but this should affect very few loci in the genome and it

cannot explain all (or most, as some may not be due to

allele drop out) individuals being heterozygous (as shown by

Hobs = 1 in 91% and negative FIS in 98% of the loci where

p = 0.5). Biological explanations for such extreme heterozy-

gosity within populations are lacking, and co-occurring PCR/

sequencing error cannot have produced the bias, because

samples were individually tagged and randomly sequenced

in different lanes. The most parsimonious explanation is there-

fore that the inferred heterozygosity is an artifact of the as-

sembly of independent loci as a single locus. Therefore, the

p = 0.5 criterion used here for identifying potential paralogs

among populations and species could be fine-tuned by formal

tests of HWE deviations in data sets with sufficient sampling

sizes per species. Finally, all things being equal, if the private
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FIG. 4.—Distribution of RAD-loci with at least one SNP-locus where the frequency of the major allele equals 0.5 (potential paralogs). (a) There are more

loci biased toward p = 0.5 in B. moranensis (An), the Cerro Zamorano population (Za), and B. trifolia (Out) than in B. alpina ingroup populations (Aj–To). (b)

Most of the loci where p = 0.5 are the same loci in B. alpina ingroup and any given population or species, but (c) a substantial proportion of loci show p = 0.5

exclusively in B. moranensis or the Cerro Zamorano population. Sampling size (n = 4) is the same for every population.
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potential paralogs were truly heterozygous loci their frequency

within each population should be proportionally the same

among populations. Interestingly, we found that the

number of private potential paralogs increases with the

differentiation estimated using only orthologs (fig. 6). This

can be explained if the private potential paralogs were

indeed the product of gene duplication, which is expected

to occur independently within lineages and isolated

populations.

Filtering deviations from HWE, such as bias toward hetero-

zygosity caused by merged paralogs, is a necessary step for

producing a set of putative orthologs, as evidenced by the

following three observations. First, analyses including the pu-

tative paralogs yielded negative FIS values for all populations of

the B. alpina ingroup, and produced levels of polymorphic loci,

Hobs, and p that were found to be erroneously higher (supple-

mentary table S1, Supplementary Material online) than those

obtained when these loci were excluded (table 1). Second,

filtering out putative paralogs increased population differenti-

ation estimates: After putative paralogous loci within B. alpina

are filtered out, the first axis of the PCoA of all samples in-

creases from 81% (supplementary fig. S1, Supplementary

Material online) to 86% of the variance explained (fig. 5),

and the mean of the FST pairwise values among the B.

alpina ingroup populations increases from 0.060 (supplemen-

tary table S3, Supplementary Material online) to 0.077 (sup-

plementary table S4, Supplementary Material online). This is to

be expected from the erroneous assembly of paralogous loci

as a single locus, as merged paralogs generate shared poly-

morphism among populations. Third, the removal of paralo-

gous loci decreased both the RAD-allele and SNP error rates

(from 5.9% to 4.1%, and from 2.2% to 1.5%, respectively),

likely because paralogous loci have more “alleles,” and are

thus more prone to allele drop out, an important source of

error for low coverage GBS data (Mastretta-Yanes et al.

2014b).

FIG. 5.—Principal coordinates analysis of the SNP-loci excluding all potential paralogs. (a) When all samples are analyzed axis 1 explains 86% of the

variation and corresponds to the differences between El Cerro Zamorano and B. trifolia (Za and Out, respectively) to the rest of the populations. (b) If El Cerro

Zamorano and B. trifolia are excluded, axes 1 and 2 separate B. moranensis (An) and the Cofre de Perote and Malinche (Pe and Ma) populations of B. alpina,

explaining 41% and 15% of the variance, respectively. Populations ID and colors as in figure 2.
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Origin of Paralogous Loci in Berberis Taxa and
Populations

The older a gene duplication event is, the more nucleotide

differences paralogous loci should accumulate, leading to an

increased probability of recovering more than three “alleles” if

they are merged as a single locus (fig. 1c). Eventually, the

paralogs will accumulate enough differences to be assembled

as different loci (fig. 1d). Thus, allowing a maximum of three

alleles per locus, as done here, should retain paralogs of rela-

tively recent origin. Because gene conversion causes paralogs

to maintain sequence similarity (Lynch and Conery 2000), a

fraction of the putative paralogs could be older. However,

gene conversion occurs mostly within multigene families

(Semple and Wolfe 1999), which in plants tend to have an

ancient origin and be largely conserved among families (Flagel

and Wendel 2009).

Regarding the duplication mechanism, ancient polyploidy

events within Berberis cannot be fully discarded. However,

given that 1) the potentially paralogous loci identified here

are expected to have a recent origin, 2) that they represent

only a fraction of the recovered RAD-loci (from 13% of the

RAD-loci, for B. alpina ingroup to 17% for the Cerro

Zamorano population), and 3) that they are not homoge-

neously distributed among populations and species, it is

likely that they arose by gene duplication mechanisms other

than whole genome duplication. These alternative duplication

mechanisms (reviewed for plants by Freeling 2009) include

segmental duplication events, transposable elements, and

small-scale duplications (Lockton and Gaut 2005; Moore

and Purugganan 2005; Flagel and Wendel 2009), and have

been found to be responsible for the origin of recent paralogs

within Ar. thaliana (Moore and Purugganan 2003).

Population Differentiation and a Cryptic Berberis Species

Berberis alpina sampled from Cerro Zamorano was found to

be strongly genetically differentiated from all other B. alpina

populations, forming a distinct cluster in the PCoA that ex-

plained as much of the variation as the outgroup (fig. 5).

Additionally, FST values between Cerro Zamorano and the

other B. alpina sampling locations are higher than those be-

tween the outgroup and the other B. alpina sampling loca-

tions (table 1 and supplementary table S4, Supplementary

Material online). The Cerro Zamorano population also exhibits

a high number of RAD-loci that are likely to comprise private

paralogous loci (fig. 4c). Za–SMOr populations of B. alpina

present habitat and leaf morphology differences from both

TMVB populations of B. alpina and from B. moranensis (sup-

plementary table S1, Supplementary Material online). Such

morphological characters are not necessarily indicative of spe-

cies level differentiation, but considered together with the

genomic differentiation it would appear that Za–SMOr

should be recognized as a different species from the B.

alpina TMVB populations. Species level differentiation of the

Berberis sp. from the Cerro Zamorano from B. alpina from the

TMVB is also congruent with 1) analyses showing that the

SMOr, the AS and the TMVB are different biogeographic

units (Arriaga et al. 1997; Morrone et al. 2002), 2) the fact

that Cerro Zamorano is an old (~11 Myr old; Carrasco-Ñuñez

et al. 1989) and isolated mountain (fig. 2), and 3) data on

vascular plants distributions showing that the Cerro Zamorano

contains a high number endemic species or species restricted

to it and to neighbor mountains in the SMOr (Rzedowski et al.

2012).

Regarding B. alpina ingroup populations, samples from to-

pographically isolated mountains are expected to be geneti-

cally more differentiated than populations separated by less

shallow elevations. During the Pleistocene climate fluctua-

tions, the spatial distribution of climate variation did not un-

dergo substantial latitudinal changes in Central Mexico, but it

did undergo altitudinal shifts (Metcalfe 2006). During glacial

periods cold temperatures existed at lower altitudes than

today, allowing alpine grasslands to occur down to 2,500

masl, approximately 1,000 m below their current interglacial

range (Lozano-Garcı́a et al. 2005; Metcalfe 2006; Vázquez-

Selem and Heine 2011). By performing altitudinal migrations

involving only short horizontal distances, species from alpine

grasslands of the TMVB are expected to have persisted rela-

tively in situ, with altitude being the main variable influencing

FIG. 6.—The number of private potential paralogs per population in-

creases with their differentiation estimated from orthologous loci. The x

axis corresponds to the mean FST per population from the pairwise matrix

among populations and species estimated excluding all potential paralogs.

The y axis corresponds to the number of private potential paralogs as in

figure 4. Regression was performed with the Cerro Zamorano population

(black dots, dashed line, F1,6 = 128.3, P< 0.001) and without it (gray dots,

solid line, F1,5 = 16.85, P< 0.01).
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possible habitat connectivity, and thus gene flow, among

mountains in the past (Toledo 1982; Graham 1999). The

subset of putative orthologous RAD-loci within B. alpina

ingroup supports this expectation because the populations

that are topographically more isolated (Cofre de Perote and

Malinche, fig. 2) present the highest FST values (0.085–0.122

and 0.068–0.100, respectively, supplementary table S4,

Supplementary Material online) and have the highest

number of private alleles (1,067 and 485, respectively, supple-

mentary table S1, Supplementary Material online). Genomic

differentiation was significant among all populations, with FST

values typically greater than 0.05, (supplementary table S4,

Supplementary Material online), with all populations exhibit-

ing low frequency alleles (fig. 3b), as expected for old and

stable populations. These genetic patterns support the hy-

pothesis that B. alpina populations were able to survive in

situ through several Pleistocene climate fluctuations. Similar

conclusions have been reached for animal taxa of the TMVB

using more traditional population genetic and phylogeo-

graphic approaches (e.g., McCormack et al. 2008; Bryson

et al. 2011, 2012).

Berberis moranensis grows at lower elevations than B.

alpina from the TMVB (supplementary table S1,

Supplementary Material online). Interestingly, the Cofre de

Perote population of B. alpina and B. moranensis exhibits sim-

ilar FST values against B. alpina ingroup populations (0.085–

0.122 and 0.076–0.138, respectively; table 1). However, the

differentiation of Cofre de Perote is driven by a high number

of private alleles (1,067, table 1), whereas B. moranensis has

fewer private alleles (194, table 1) but presents 267 RAD-loci

that are presumed to be private paralogs, approximately twice

the number than in Cofre de Perote (174, fig. 4c).

Morphologically there are similar leaf characters (e.g., rachis

and number of leaflets; supplementary table S1,

Supplementary Material online) between B. alpina ingroup

populations and B. moranensis. This phenomenon could be

explained by different scenarios of hybridization, ancestry or

selection favoring duplicated loci. However, it is not possible to

assess these kinds of hypotheses with our current geograph-

ical sampling of B. moranensis.

Paralogous Loci as a Source of Genomic Differentiation

A central finding of this study is that there are quantitative

differences in the distribution of potential paralogous loci

among populations and species: B. moranensis and the pop-

ulation likely representing a different species (Cerro

Zamorano) have a high number of private paralogs (fig. 4),

and the populations in the B. alpina ingroup that are more

differentiated for presumed orthologous loci also present a

larger number of presumed private paralogs (fig. 6).

Examining the distribution of paralogous loci among pop-

ulations and species is relevant because 1) gene duplication

might lead to functionally relevant, ecologically significant

polymorphisms (Moore and Purugganan 2005); and 2) the

divergent evolution of recently duplicated genes can lead to

postzygotic isolating barriers within existing species (Bikard

et al. 2009). Testing whether the former phenomena were

consequential for genome divergence among our Berberis

species would require analyzing the identified paralogous

loci with a more detailed understanding of their genomic con-

text and potential function. However, the paralogous loci

found here are already an extra source of evidence for the

genomic differentiation among our Berberis taxa. First, the

fact that the population of B. moranensis had more paralo-

gous loci than the most differentiated population of B. alpina

(Cofre de Perote) shows that B. moranensis is more differen-

tiated from B. alpina than what would be inferred from the

PCoA or the FST values. This highlights that paralogous loci can

be an important source of genomic differentiation among

closely related, ecologically divergent, and partially sympatric

plant lineages. Second, the distribution of potential paralo-

gous loci among our Berberis species is congruent with the

expectation that the independent occurrence of gene dupli-

cation within lineages should lead to different species present-

ing a unique set of paralogs that originated after the

speciation event (Lynch and Conery 2000). This has also

been shown for species of Arabidopsis (Moore and

Purugganan 2003) and Drosophila (Zhou et al. 2008) so in

the case of our Berberis species it highlights that Cerro

Zamorano population is indeed likely to be a different species.

The rate of gene duplication could not be estimated due the

uncertainty about divergence in the absence of gene flow

between our populations and species, as well as lack of cali-

bration points and reliable nuclear mutation rates for our

Berberis data. Nevertheless, the independent accumulation

of paralogs seems to be linearly correlated with the differen-

tiation estimated from orthologous loci (fig. 6) although the

number of private potential paralogous of Cerro Zamorano

seems an underestimate based on the trajectory of the previ-

ous points. This could be an effect of Cerro Zamorano species

being too divergent, leading to the existence of paralogs of

older origin that our method would have filtered.

Conclusion

The genomic study of paralogous loci has typically been re-

stricted to highly annotated genomes, or requires transcrip-

tome sequencing (e.g., Lynch and Force 2000; Kondrashov

et al. 2002; Zhou et al. 2008; Bikard et al. 2009; Warren

et al. 2014). Here, we have shown that GBS can be used to

quantify the differential distribution of recently generated

paralogs among nonmodel plant populations and species.

Thus, in addition to producing large amounts of genomic

data for traditional population genetics analyses, GBS meth-

ods may also be used to investigate gene duplication as a

source of population genomic differentiation. As shown
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here, this is possible despite short sequence reads and lack of

previous genomic knowledge of the analyzed taxa.

Incorporating gene duplication to population genetics and

phylogenetic analyses of GBS data could be then taken further

by 1) including quantitative measurements of paralogous loci

into diversity indexes, and 2) developing analytical tools, such

that paralogous loci are not excluded from marker-based data

sets, but incorporated into models of allele and genome di-

vergence. This may be relevant for a broad range of taxa, but

should be particularly important for plants where gene dupli-

cation plays a fundamental role in their evolution.

Supplementary Material

Supplementary figures S1 and S2 and tables S1–S4 are avail-

able at Genome Biology and Evolution online (http://www.

gbe.oxfordjournals.org/).
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