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Abstract
In recent decades, an increased understanding of molecular ecology has led to a reinterpretation
of the role of gene flow during the evolution of reproductive isolation and biological novelty.
For example, even in the face of ongoing gene flow strong selection may maintain divergent
polymorphisms, or gene flow may introduce novel biological diversity via hybridization and
introgression from a divergent species. Herein, we elucidate the evolutionary history and genomic
basis of a trophically polymorphic trait in a species of cichlid fish, Herichthys minckleyi. We explored
genetic variation at 3 hierarchical levels; between H. minckleyi (n = 69) and a closely related species
Herichthys cyanoguttatus (n = 10), between H. minckleyi individuals from 2 geographic locations,
and finally between individuals with alternate morphotypes at both a genome-wide and locusspecific scale. We found limited support for the hypothesis that the H. minckleyi polymorphism is
the result of ongoing hybridization between the 2 species. Within H. minckleyi we found evidence
of geographic genetic structure, and using traditional population genetic analyses found that
individuals of alternate morphotypes within a pool appear to be panmictic. However, when we
used a locus-specific approach to examine the relationship between multi-locus genotype, tooth
size, and geographic sampling, we found the first evidence for molecular genetic differences
between the H. minckleyi morphotypes.
Subject areas: Population structure and phylogeography, Genomics and gene mapping
Keywords: gene flow, population genetics, trophic polymorphism

Understanding patterns of genomic variation, and the evolutionary
processes that lead to that variation, facilitates our understanding of
the speciation continuum. In recent decades a mechanistic approach
to the study of evolution and an increased understanding of molecular ecology has led to a reinterpretation of the role of gene flow

during the evolution of reproductive isolation and novel biological
diversity (Via 2001; Bolnick and Fitzpatrick 2007; Nosil 2008; Feder
et al. 2012). Historically, gene flow between divergent populations
was thought to erode any accumulated genetic differences, thereby
blurring species boundaries and disrupting the process of speciation
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and García-de-León 2013). Recent molecular work, such as that
by Hulsey and García-de-León (2013) and Magalhaes et al. (2015)
found no evidence of genetic differentiation between morphotypes
and found geographic structure among different pools within the
valley. Additionally, both studies found evidence of mitochondrial
introgression between H. minckleyi and Herichthys cyanoguttatus, a
closely related species whose range is known to overlap that of the
Cuatro Ciénegas cichlid. This suggests that there could be either historic or substantial ongoing hybridization between H. minckleyi and
H. cyanoguttatus (Hulsey et al. 2016). Here we employ markers that
provide a substantially broader view of overall genomic divergence
compared to previous studies.
In order to understand the role that gene flow may play in this
system we explore patterns of genetic and genomic variation at 3 hierarchical levels; 1) between the 2 species, H. minckleyi and H. cyanoguttatus, 2) between H. minckleyi individuals from 2 different geographic
locations (pools) within the Cuatro Ciénegas valley, 3) between
H. minckleyi individuals with alternate morphotypes within pools.
For each level of this hierarchy we use both common (minor allele
frequency ≥5%) and rare (minor allele frequency <5%) genetic variants. A comparison of common versus rare genetic variants may reveal
differing evolutionary histories (Gompert et al. 2014). Common genetic variants may represent historic patterns of gene flow, while rare
genetic variants might represent newer mutations that are spatially
restricted and therefore represent more recent gene flow (Gravel et al.
2011; Gompert et al. 2014). Thus, stratifying loci as common and rare
variants could be a powerful approach for distinguishing between historical and more recent, or contemporary gene exchange. To analyze
patterns of genetic variation at a genome-wide scale, for both classes of
genetic variant, we use a clustering algorithm and principal component
analysis (PCA), at a locus-specific scale we estimate FST and in order to
further assess the amount of genotypic variance attributable to tooth
size and location we use a redundancy analysis (RDA).

Methods
Sampling and Collecting
All fish were collected from the wild in 2008. H. minckleyi were collected from 2 pools, Escobedo and Juan Santos, in the Cuatro Ciénegas
valley, Coahuila Mexcio (n = 69) (Figure 1 and Supplementary Table
2). At each location H. minckleyi individuals were morphotyped in
the field using an otoscope placed into the throat of the fish, following
methods of Kornfield and Taylor (1983), and Hulsey et al. (2005).
The presence of large molar-like teeth was used to diagnose fish as
molariform. The absence of molar-like teeth was used to diagnose
fish as papilliform. Individuals from both morphotypes were collected
from Escobedo and Juan Santos. A small number of individuals from
Escobedo (n = 5) were identified as having intermediate tooth size.
H. cyanoguttatus individuals were collected from Rio Salado, just outside of the Cuatro Ciénegas valley (n = 10). Fish were fin clipped then
stored in formalin for further studies. To determine tooth size on the
lower pharyngeal jaws of the H. minckleyi individuals, we dissected
the fifth ceratobranchial, or lower pharyngeal jaw, from the fish. These
bony elements were cleaned of all muscle and fascia and allowed to
dry. Then, we took a digital image of the dorsal surface of the jaws and
imported it into ImageJ (Schneider et al. 2012). Using a size-standard
placed in each image, we digitally drew a circle around the top-most
right and left tooth on the lower pharyngeal jaw to determine tooth
area. Tooth size was standardized by averaging the 2 teeth measurements, taking the square root, and then converting this to a proportion of standard length.
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(Coyne and Orr 2004). While this certainly can be the case in
many circumstances, it is now understood that the outcome of ongoing gene flow can be more complex (e.g., Gompert et al. 2014;
Crawford et al. 2015; Dupuis and Sperling 2015; Wen et al. 2016).
For example ongoing gene flow could result in a selection–migration
equilibrium, or could lead to speciation with gene flow. Between 2
different species gene flow may also introduce novel biological diversity via hybridization followed by introgression. Accompanying
this renewed interest in the role of gene flow during the evolution of
reproductive isolation and biological diversity are predictions about
the distribution of genetic variation across the genome. In cases of
speciation with gene flow evolutionary theory predicts that a small
number of regions, which are potentially under strong selection, will
be highly differentiated while the rest of the genome will show weak
differentiation because of the homogenizing impact of ongoing gene
flow (Feder et al. 2012). However, testing this hypothesis can be
challenging as similar genomic patterns may result from other evolutionary processes such as incomplete lineage sorting, or reduced
diversity in regions of the genome that show elevated differentiation
(e.g., Cruickshank and Hahn 2014).
An excellent opportunity to explore the mechanisms underlying the evolution of biological diversity and reproductive isolation
exists in species that show resource polymorphisms, where discrete
intraspecific morphs show differential resource use. In vertebrates,
resource polymorphisms are widespread and occur in many different
taxa, from birds through to fish (Skúlason and Smith 1995; Smith
and Skúlason 1996). These polymorphisms may represent the early
stages of evolutionary divergence, the collapse of a hybrid lineage,
or may be maintained in a stable equilibrium through mechanisms
such as density-dependent selection (Wimberger 1994; Smith and
Skúlason 1996; Kopp and Hermisson 2006; Rueffler et al. 2006).
Investigating genomic patterns of differentiation between morphotypes in wild populations can contribute substantially to our
understanding of speciation. The opportunity to explore patterns of
genetic and genomic variation, and the role of gene flow, exists in a
trophically polymorphic species of fish, the Cuatro Ciénegas cichlid
(Herichthys minckleyi). H. minckleyi is endemic to the Cuatro
Ciénegas valley in northern Mexico and is trophically polymorphic
(Kornfield and Koehn 1975; Sage and Selander 1975; Kornfield
et al. 1982; Liem and Kaufman 1984). In H. minckleyi morphotypes can be distinguished based on the pharyngeal jaw morphology.
Individuals either have a papilliform pharyngeal jaw, with small needle-like teeth, or a molariform pharyngeal jaw with large molar-like
teeth. These 2 morphotypes also have associated feeding differences:
molariform individuals have been found to have a much higher
proportion of snails in their diet relative to papilliform individuals
(Hulsey et al. 2006).
In other species of cichlid, divergent pharyngeal jaw morphotypes are phenotypically plastic and tooth size differences develop
in response to diet (Muschick et al. 2011). Research examining dentition in African cichlids in Lake Malawi found evolution of novel
diversity in dentition likely results from changes in a small number
of conserved genetic regions (Albertson et al. 2003; Streelman and
Albertson 2006; Loh et al. 2008; Fraser et al. 2009). While there is
evidence that the alternative jaw morphotypes in H. minckleyi has a
plastic component, previous work has also demonstrated that pharyngeal jaw type likely has an underlying genetic basis (Stephens and
Hendrickson 2001; Trapani 2003). Although there is potentially a
genetic basis for pharyngeal jaw morphology and ongoing gene flow,
within the pools where H. minckleyi is found both morphotypes
are always present and few intermediate individuals exist (Hulsey
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Molecular Methods
DNA was extracted from fin clips using QIAgen’s DNeasy Blood and
Tissue kit (QIAgen Inc.) following the manufacture’s protocol. DNA
sequence data were obtained following the methods of Gompert
et al. (2012) and Parchman et al. (2012). Briefly, each individual’s
genome was fragmented using 2 restriction enzymes (EcoR1 and
Mse1). Next, customized Illumina adapter sequences and a unique
8- to 10-bp barcode sequence were ligated to each DNA fragment.
The unique barcode allows us to identify which fragments come
from which individual and allows for the pooling of samples during
sequencing. Following ligation of the adapter sequences and barcodes, fragments are amplified during 2 rounds of polymerase chain
reaction (PCR). Pooled PCR product was run on a 2% agarose gel
and fragments between 200 and 500 bp were size selected by excising them from the gel using QIAgen Gel Purification kit (QIAgen
Inc.), following the manufactures protocol. Samples were sequenced
using Illumina GAII technology at the National Center for Genomic
Research (Santa Fe, NM). Sequences have been previously used in
the study by Hulsey et al. (2016).
Sequence reads were processed using a combination of custom
Perl scripts, BCFtools, and SAMtools (Li et al. 2009), following
the methods of Gompert et al. (2012), Parchman et al. (2012), and
Gompert et al. (2014). (All custom scripts are available by contacting the authors.) As we do not have a genome for this species we carried out a de novo assembly of the 15 800 517 sequence reads using
seqman ngen ver. 11.0.0.172 (dnastar). We used a minimum match
percentage of 62%, mismatch penalty of 15, and gap penalty of 30.

This resulted in 142 618 consensus sequences. These were treated
as an artificial chromosome during our reference-based alignment,
which was conducted using the aln and samse algorithms in bwa ver
0.7.5 (Li and Durbin 2009). We used a maximum difference of 2 bp
between the reference and sequence being aligned, a maximum gap
of one and only assembled reads that had a unique best match. At
this point we created 2 data sets, 1 that contained individuals from
both focal species and a second data set that only had individuals
from H. minckleyi. This allowed us to look for fine-scale differences
within H. minckleyi using single-nucleotide polymorphisms (SNPs)
that may not be present in the full data set due to differences in either alleles, or restriction sites, between the 2 species. For both data
sets variable sites were called using SAMtools and BCFtools (Li et al.
2009). We required 75% of individuals to have at least 1 read at a
site in order for it to be called as variable. We kept 1 variable site per
contig and sorted variable sites into common (minor allele frequency
≥5%) and rare variants (minor allele frequency <5%) using allele
frequency point estimates obtained from BCFtools. For the full data
set this resulted in 6220 common SNPs and 3009 rare SNPs. For
the H. minckleyi only data set this resulted in 6587 common SNPs
and 3256 rare SNPs. Genotype likelihoods for SNPs were used in all
downstream analyses.

Distribution of Genetic Variants
Genotype probabilities and admixture proportions were estimated
using the program entropy, developed by Gompert et al. (2014).
Entropy implements a Bayesian hierarchical model similar to that
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Figure 1. Map of sampling locations in the Cuatro Ciénegas valley, Coahuila Mexico. ©Google 2018.
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package to test for significance of each term in the model. For the
scaffolds containing the 10 highest, and 10 lowest SNP RDA scores
for each axis we used the blast command line tool to assess if they
were associated with any specific genes or genomic features (Altschul
et al. 1990). We also compare FST for all pairwise comparisons for
those SNPs that were found to have high RDA scores. The reduced
representation Illumina reads are available on the NCBI SRA database (SAMN04523166).

Results
We sequenced over 15 million 125 bp DNA fragments from 10
H. cyanoguttatus individuals (1 location) and 69 H. minckleyi individuals (2 locations), including both papilliform and molariform
morphotypes (Figure 1). After assembly and variant calling this
resulted in 6220 common (minor allele frequency ≥5%) SNPs and
3009 rare SNPs (minor allele frequency <5%) for the data set with
all individuals and 6587 common SNPs and 3256 rare SNPs for the
H. minckleyi data set.
To explore genome-wide genetic differentiation between
H. cyanoguttatus and H. minckleyi, we used a PCA, and estimated
admixture proportions for k = 2 (Figures 2A and 3). The PCA
using common genetic variants showed a clear distinction between
H. cyanoguttatus and H. minckleyi individuals along the PC1 axis,
which explained 59.94% of the variation in the data set. The PC2
axis explained 1.66% of the variation and divides individuals of
H. minckleyi based on sampling location (Figure 2A). The PCA
conducted using the rare genetic variants showed similar patterns
(Supplementary Figure 1A). Overall the PCA analyses showed that
the distribution of both the common and rare genetic variants
reflects the species boundaries (Figure 2A). The barplots of admixture proportions for common and rare genetic variants for the k = 2
model in entropy reflect similar patterns. At a genome-wide scale
we found little evidence of introgression or gene flow between the
2 species (Figure 3). For the common data set a small number of
H. minckleyi individuals showed low levels of shared ancestry with
H. cyanoguttatus (<4%). This was not present in admixture proportions estimated from the rare data set. Estimates of locus-specific
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Figure 2. PCA of genotype probabilities. Each dot represents an individual, whose position in ordination space is determined by its multi-locus genotype.
Orange = H. cyanoguttatus, squares = papilliform, circles = molariform, triangles = intermediate, purple = H. minckleyi from Escobedo, green = H. minckleyi from
Juan Santos. A. H. cyanoguttatus and H. minckleyi common (6220) SNPs. B. H. minckleyi common (6587) SNPs.
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used in structure (Pritchard et al. 2000; Falush et al. 2003). An important difference between entropy and structure is that entropy
incorporates sequence coverage, sequence error, and alignment error
into the model (Gompert et al. 2014). As with structure, entropy
requires specification of the number of ancestral clusters (k) and does
not incorporate any prior information about which cluster an individual is assigned to. For the full data set our primary focus was to
understand patterns of gene flow between the 2 species H. cyanoguttatus and H. minckleyi; therefore, entropy was run for k = 2 for both
common and rare genetic variants. For the H. minckleyi data set
entropy was run for k = 2 through k = 9 for common and rare genetic variants. For each value of k, parameter estimates were obtained
using Markov Chain Monte Carlo (MCMC). For each model we
ran 4 chains, 270 000 steps, a burn-in of 50 000 and retained every
20th value. This resulted in 11 000 samples from the posterior distribution for each chain (total of 44 000 samples). MCMC chains
were checked for convergence and stabilization by estimating effective sample size and Gelman and Rubin’s convergence diagnostic
(Gelman and Rubin 1992). In order to visualize the relationships
between sample groups a principal components analysis (PCA) was
conducted using estimates of genotype probabilities from entropy
for both the full and H. minckleyi data sets, for both the common
and rare SNPs. PCAs were conducted using the statistical program
R (using the prcomp function) (R Core Team 2016). To explore variation at a locus-specific scale genotype probability estimates from
entropy for common SNPs were used to calculate locus-specific
Wright’s FST for both the full data set and for the H. minckleyi data
set. For the H. minckleyi data set, in order to identify those SNPs
that have FST significantly different from zero we created a null distribution for each SNP from 1000 permutations of individuals across
morphotypes and across pools. An RDA was used to estimate the
relationship between common genetic variants, locality, and tooth
size in H. minckleyi (Van Den Wollenberg 1977). RDA is a canonical
ordination method used to estimate the influence of geographic location and tooth size as predictors of genotype probabilities for the
common SNP data set for H. minckleyi using the vegan package in
R (Peres-Neto et al. 2006; Oksanen et al. 2013; R Core Team 2016).
We used a permutational ANOVA with 999 replicates in the vegan
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Figure 3. Barplot of admixture proportions for k = 2 model in entropy for H. cyanoguttatus and H. minckleyi. The top barplot shows admixture proportions for
common genetic variants, the bottom graph shows admixture proportions for rare genetic variants. Each bar represents one individual’s assignment proportions
to each of the 2 source populations. Number of individuals differs between common and rare data sets due to differences in coverage (see text). Numbers
underneath bars represent sampling location and morphotype: 1 = H. cyanoguttatus, 2 = H. minckleyi intermediate from Escobedo, 3 = H. minckleyi molariform
from Escobedo, 4 = H. minckleyi molariform from Juan Santos, 5 = H. minckleyi papilliform from Escobedo, 6 = H. minckleyi papilliform from Juan Santos.

FST of common SNPs for pairwise comparisons between H. cyanoguttatus and H. minckleyi showed a U-shaped distribution of FST
(Supplementary Figure 3), where there were a high number of loci
with either FST of 0, or FST of 1. There was a smaller number of loci
with intermediate values of FST.
For our exploration of the H. minckleyi data set the first PC axis
(6.82%) of the PCA of common genetic variants divides individuals based on sampling locality (Figure 2B). Individuals of both morphotypes from Juan Santos cluster at one end of the axis, while all
individuals from Escobedo cluster at the opposite end. The PC2 axis
does not show any distinctions between morphotypes within locations. Additionally bar plots of admixture proportions using common genetic variants do not show evidence of genetic differentiation
between different morphotypes within the same geographic location (Figure 4). Together, for common genetic variants, these results
demonstrate geographic genetic structure. However, we found little
evidence of genetic differences between individuals with different
morphotypes. For the H. minckleyi data set rare genetic variants
showed no clear patterns of differentiation, this could reflect recent
gene flow or could be because these markers have a lack of resolution (Supplementary Figure 1B and Figure 2).
At the locus-specific level comparisons between H. minckleyi
groups had values of FST that were lower than comparisons between
the 2 species and there were no fixed differences between alternate
alleles (Supplementary Figure 4). In contrast to the between species
comparisons, the distribution of FST between H. minckleyi samples
was L-shaped rather than U-shaped, meaning that the majority of

locus-specific FST were close to zero and a small number of loci had
higher FST, but there were no fixed differences. Our significance test
of FST showed that a higher number of SNPs had FST significantly
different from zero for comparisons between pools (for α < 0.05
number of SNPs ranged from 1194 to 1329 and between 425 and
604 for α < 0.01), than comparisons between morphotypes within
pools (for α < 0.05 MJS vs. PJS has 291 SNPs and for MES vs. PES
there were 359 SNPs, for α < 0.01 there were 35 SNPs for MJS vs.
PJS and 42 SNPs for MES vs. PES).
To further explore differences between pools, and between morphotypes within pools we conducted an RDA with standardized
tooth size and geographic sampling location as a predictor for common genetic variants. We found the individuals divided along the
RDA1 axis (6.35%) based on sampling geography (Figure 5). Along
the RDA2 axis (1.43%) individuals were separated based on tooth
size, therefore showing a relationship between genetic variants and
standardized tooth size. We conducted a permutational ANOVA on
the RDA using the R package Vegan. We found that geographic location was significant (P < 0.0009) but tooth size was not (P = 0.7992).
It is possible that we lack the power to detect a statistically significant relationship given the low level of variation, which is explained
by the RDA2 axis. Despite a lack of significance we still believe
that a small number of SNPs that have high RDA scores may have
biological significance (Legendre et al. 2011). We examined locusspecific FST for those SNPs identified from the RDA and found that
several were significantly different from zero (Supplementary Table
1). This includes SNPs identified from the RDA2 axis, which were
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Figure 4. Barplot of admixture proportions for k = 2 through k = 5 in entropy based on common genetic variants for the H. minckleyi data set. Each bar
represents one individual’s assignment proportions to each of k source populations. Numbers underneath bars represent sampling location and morphotype:
1 = intermediate from Escobedo, 2 = molariform from Escobedo, 3 = molariform from Juan Santos, 4 = papilliform from Escobedo, 5 = papilliform from Juan
Santos. See online version for full colors.

Figure 5. RDA plot demonstrating the relationship between H. minckleyi common genetic variants, geographic location, and standardized tooth size.
Squares = papilliform, circles = molariform, triangles = intermediate, purple/dark gray = H. minckleyi from Escobedo, green/light gray = H. minckleyi from Juan
Santos. The arrow represents the vector for standardized tooth size.

significantly different from zero in pairwise comparisons between
different morphotypes within a pool. Thus, both the RDA and individual locus FST values suggest a nonrandom association of variation

at a small number of genomic regions and pharyngeal tooth size.
For the scaffolds containing the 10 highest, and 10 lowest SNP RDA
scores for each axis we used the blast command line tool to identify

Downloaded from https://academic.oup.com/jhered/article-abstract/110/3/361/5290459 by Universitaet Konstanz user on 15 May 2019

Assignment Probability

0.8

0.0

0.4

0.8

Common Genetic Variants

Journal of Heredity, 2019, Vol. 110, No. 3

any associated genes or regions (Altschul et al. 1990; Supplementary
Table 1).

Discussion

any differentiation between different jaw types within the same pool.
Previous research studies on other species within the valley, and on
H. minckleyi, have demonstrated that geographic structure between
pools is not unusual, particularly between Escobedo and Juan Santos
due to the topology of the region (Coghill et al. 2013). For rare genetic variants, we found little evidence of genetic structure between
geographic locations at a genome-wide scale (Supplementary Figures
1B and 2). This could indicate recent gene flow, perhaps from a recent flooding event, but this pattern could also be the result of poor
resolution from the rare genetic variants as they may only be present
in 1 or 2 individuals in the data set.
At a locus-specific scale, pairwise calculations of FST for common genetic variants within H. minckleyi found no fixed differences
(Supplementary Figure 4) and overall values were much lower on
average than comparisons between H. cyanoguttatus and H. minckleyi. The majority of loci showed low values of FST, while a small
proportion of loci showed higher values of FST. This L-shaped distribution of FST is consistent with what would be predicted under
a speciation with gene flow model, where a small proportion of the
genome, under strong selection, shows patterns of differentiation
while the rest of the genome remains undifferentiated due to ongoing gene flow. We identified several SNPs that have FST significantly different from zero for all pairwise comparisons. As expected
we found more genetic differentiation between individuals from
different pools, but still identified structure between morphotypes
within a pool. While this is consistent with speciation with gene
flow, much more exploration would be needed in order to conclude
that this is occurring in H. minckleyi. In H. minckleyi it is unclear
how the bi-modal distribution of jaw type is maintained while there
is limited genetic structure between individuals with different jaw
types. It could be that, as described above, only a small proportion
of the genome is under selection. This could explain the bimodal
distribution of jaw type in H. minckleyi that is maintained with no
detectable genetic differentiation between individuals of alternate
morphotypes at a genome-wide scale.
We therefore explored the relationship between genetic variation, geography, and tooth size using an RDA, a canonical ordination method. As expected, for common genetic variants RDA1
separated individuals based on geographic location, with individuals from Escobedo clustering on one side and Juan Santos individuals on the other (Figure 5). The second RDA axis separated
individuals based on standardized tooth size, suggesting that there
is a small amount of genetic variation that varies with tooth size.
Given our expectation about genomic architecture of jaw morphology, that there will be a small number of regions underlying the
trait, it is not surprising that the term for tooth size in the model
is not statistically significant. Despite this we follow the advice of
Legendre et al. (2011) and suggest that those SNPs which show
high scores in the RDA, while that term is not statistically significant, may have biological significance and those regions of the
genome where they are located may warrant further investigations. We compared pairwise FST for those SNPs identified from
the RDA model and found that several also had FST significantly
different from zero, providing further evidence that these regions
may play a role in differentiation between pools and or between
morphotypes within pools. This is the first time a relationship
between genetic variation and standardized tooth size has been
documented in H. minckleyi. Further exploration of those genetic variants that have the highest RDA loadings provides an important direction for future work into the genetic basis of tooth
size in H. minckleyi (Supplementary Table 1).
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In this study, we examined the evolutionary history of gene flow
in a trophically polymorphic species of cichlid. Genetic divergence
was assessed at 3 hierarchical levels: between H. cyanoguttatus and
H. minckleyi, between H. minckleyi from 2 geographic locations,
and finally between H. minckleyi with alternate morphotypes. Using
a multifaceted approach, we explored these evolutionary patterns at
both a genome- and locus-specific scale.
Previous research into this system using mitochondrial DNA suggested gene flow between H. minckleyi and a closely related species H. cyanoguttatus (Hulsey and García-de-León 2013; Magalhaes
et al. 2015). However, previous analyses using nuclear markers
found limited support for ongoing introgression between the 2
species, despite the patterns found in the mitochondrial genome
(Hulsey and García-de-León 2013; Magalhaes et al. 2015). In the
last 100 years canals have been built in the Cuatro Ciénegas valley, which have brought H. minckleyi and H. cyanoguttatus into
close contact (Chaves-Campos et al. 2011a, 2011b). It is has been
suggested that hybridization between H. minckleyi and H. cyanoguttatus could have led to the jaw polymorphism observed among
H. minckleyi individuals (Hulsey and García-de-León 2013). For
common genetic variants we found a small number of H. minckleyi
individuals had a low level of shared ancestry with H. cyanoguttatus
(Figure 3A). However, for rare genetic variants we found no evidence
of ongoing gene flow between any of the H. minckleyi populations
and H. cyanoguttatus (Figure 3 and Supplementary Figure 1A). At
a locus-specific scale for common genetic variants, estimates of FST
showed both shared alleles and fixed differences between the 2 species, and overall FST between the 2 species were much higher than
those calculated for comparisons within H. mickleyi (Supplementary
Figures 3 and 4). We found limited evidence of gene flow or shared
ancestry between the 2 species for common genetic variants, but not
for rare variants. This pattern could result from incomplete lineage
sorting. Alternatively, this could suggest historical gene flow but it
is possible that recent gene flow has occurred between the 2 species
in genomic regions not tagged by our SNP markers. Therefore we
cannot rule out that limited introgression of the nuclear genome between H. cyanoguttatus and H. minckleyi has taken place.
While initially considered as different species, early genetic work
comparing H. minckleyi individuals with alternate morphotypes
using allozymes, and more recent work using a larger number of
nuclear markers, found scant evidence of genetic differentiation
between the morphotypes (Kornfield and Koehn 1975; Sage and
Selander 1975; Kornfield et al. 1982; Hulsey and García-de-León
2013; Magalhaes et al. 2015). We build upon this previous genetic
work and take advantage of next generation sequencing technology
to generate a much higher number of genetic markers than were
previously available and additionally we explore patterns at both a
genome- and locus-specific scale. For common genetic variants we
found that all our analyses identified geographic structure as the
primary isolating factor. A PCA of genotype probabilities of common genetic variants demonstrated that individuals cluster together
based on geographic sampling location, either Escobedo or Juan
Santos (Figure 2B). The PCA does not show any differences between
individuals of alternate morphotypes from within the same pool.
Consistent with the PCA, admixture proportions for common genetic variants demonstrated geographic differences but did not detect
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Conclusions
This research used thousands of nuclear genetic markers sampled
from throughout the genome to explore the origin and maintenance
of alternate jaw morphotypes within the Cuatro Ciénegas cichlid,
Herichthys minckleyi. At a genome-wide scale we found limited evidence of introgression between H. minckleyi and H. cyanoguttatus
in common variants and no evidence of gene flow for rare genetic
variants. At a locus-specific scale we found relatively high FST but also
found shared alleles between the 2 species. Therefore we cannot rule
out introgression between the 2 species, despite the fact we found little
evidence for this. For our genome-wide analyses of H. minckleyi genotypes we identified genetic differentiation between geographic locations for common genetic variants, but not for rare variants. For the
first time we were able to identify low levels of genetic differentiation
for both common and rare genetic variants between H. minckleyi
individuals with alternate morphotypes within a pool. However, we
were only able to detect genetic differentiation in our calculation of
FST and with an RDA of standardized tooth size, but found no evidence of differences at a genome-wide scale in our admixture model
or a PCA of multi-locus genotype. This suggests that only a small region of the genome has accumulated differences between individuals
with alternate jaw types. This may provide the explanation for why
no genetic differentiation between morphotypes has previously been
documented. Together these patterns suggest a complex evolutionary
history of intermittent and brief connections between pools, and potentially selection acting upon only a small region or regions of the
genome to maintain alternate morphotypes. Future work could use
loci identified from our RDA as candidates in identifying the genetic
architecture of local adaptation that might lead to reproductive isolation between pools and between morphotypes.
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