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Abstract

Salmonid fishes are cold water piscivores with a native distribution spanning nearly the
entire temperate and subarctic northern hemisphere. Trout in the genus Oncorhynchus are
the most widespread salmonid fishes and are among the most important fish species in the
world, due to their extensive use in aquaculture and valuable fisheries. Trout that inhabit
northwestern Mexico are the southernmost native salmonid populations in the world, and
the least studied in North America. They are unfortunately also facing threats to their contin-
ued existence. Previous work has described one endemic species, the Mexican golden
trout (O. chrysogaster), and one endemic subspecies, Nelson’s trout (O. mykiss nelsoni), in
Mexico, but previous work indicated that there is vastly more biodiversity in this group than
formally described. Here we conducted a comprehensive genetic analysis of this important
group of fishes using novel genetic markers and techniques to elucidate the biodiversity of
trout inhabiting northwestern Mexico, examine genetic population structure of Mexican trout
and their relationships to other species of Pacific trout, and measure introgression from
non-native hatchery rainbow trout. We confirmed substantial genetic diversity and
extremely strong genetic differentiation present in the Mexican trout complex, not only
between basins but also between some locations within basins, with at least four species-
level taxa present. We also revealed significant divergence between Mexican trout and
other trout species and found that introgression from non-native rainbow trout is present but
limited, and that the genetic integrity of native trout is still maintained in most locations. This
information will help to guide effective conservation strategies for this important group of
fishes.

Introduction

The first step in construction of an effective conservation strategy is to document the diversity
of biological units in the focal taxa and gain an understanding of the evolutionary relationships
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among them and their close relatives [1]. The taxonomic status of trout inhabiting northwest-
ern Mexico has been the subject of speculation and controversy for decades and Pacific trout
expert Behnke [2] considered this group as “the most diverse and the least known trout of west-
ern North America”. Only two trout taxa from Mexico have been formally described: Nelson’s
trout, Oncorhynchus mykiss nelsoni [3], distributed in the Rio Santo Domingo in northern Baja
California (Fig 1); and the Mexican golden trout, O. chrysogaster [4] from the rios Fuerte, Sina-
loa and Culiacan in the central highlands of the Sierra Madre Occidental (SMO). Both taxa are
currently protected by Mexican law [5] and the Mexican golden trout was listed as Vulnerable
by the IUCN in 1990 [6]. Other groups of trout are found throughout the SMO, including in
three basins north of the range of the Mexican golden trout (NSMO here after) and in five
basins to the south (SSMO here after). Two populations of trout have also been discovered in
the Rio Conchos, which unlike all the other trout basins in Mexico, drains into the Atlantic
Ocean. The NSMO drainages include rios Casas Grandes, Mayo and Yaqui. The SSMO basins
include rios San Lorenzo, Piaxtla, Presidio, Baluarte, and Acaponeta [2,7-9] and trout may also
occur farther to the south in the Rio San Pedro Mezquital (Espinoza-Pérez, pers. comm.).
These trout have been considered as undescribed subspecies of O. mykiss, but no formal taxo-
nomic evaluation has been conducted and their taxonomic status is not clear [2,10].

The fossil record indicates that trout inhabited Mexico during the Pleistocene and the
southern-most record for a fish assigned to the family Salmonidae is ~ 20° North latitude, in
the Lake Chapala, Jalisco region [11]. Behnke [12] suggested that the Gulf of California acted
as a refugium for anadromous trout during the Pleistocene glaciations and that these trout
migrated from the Gulf into streams that drain what is now northwestern Mexico, Arizona and
New Mexico. Subsequent increases in both ocean and river water temperatures constrained
these trout to high elevation headwaters of different river systems and the potentially long peri-
ods of isolation resulted in the evolution of the Gila (O. gilae), Apache (O. apache), Mexican
Golden (O. chrysogaster) trout and, presumably, the other groups of trout in the SMO.

Only one genetic study, using mitochondrial DNA (mtDNA) [13], has examined phyloge-
netic relationships among Mexican trout, and a few others have examined relationships of one
or two populations of trout from Mexico to other trout in North America. These latter studies
utilized data from karyology [14], allozymes [15], mtDNA [16] and microsatellites [10,17,18],
but most of them focused on just one group (i.e., O. chrysogaster) or a few populations in spe-
cific regions (i.e., trout from the rios Yaqui or Mayo). While these studies provided valuable
information and some insight into the diversity of trout inhabiting northwestern Mexico,
incomplete sampling, small sample sizes, and the low resolution of some of these analyses have
left many unresolved questions. Thus, there is a clear need for more information on genetic
diversity, population structure and evolutionary relationships (sensu [1]) of trout in Mexico, as
they are the southernmost populations of salmonid fish in their native range (the north Pacific
Ocean and associated tributaries), and are the only fish in this group that inhabit subtropical
waters. Given the importance of trout in global aquaculture and fisheries [19], and impending
climate change, it is critical to understand adaptation to such conditions in these primarily
cold-water fishes.

As in many parts of the world, anthropogenic factors including habitat loss, logging, pollu-
tion and global climate change threaten Mexican freshwater ecosystems, and without pressing
conservation actions for some populations, the unique gene pool represented by these sub-
tropical trout may be lost. Conservation of the trout inhabiting the river basins of northwestern
Mexico requires documentation of the genetic diversity of this species complex, as well as an
understanding of the evolutionary relationships of this group. Such a comprehensive analysis
requires sampling of fish from all river basins in Mexico where these trout have been
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Fig 1. Geographic locations of sampling sites from 13 major drainages in northwestern Mexico.

doi:10.1371/journal.pone.0141775.g001

documented and comparisons with other Pacific trout species: O. mykiss, O. clarkii, O. gilae
and O. apache.

In addition, the practice of introducing exotic hatchery rainbow trout (O. mykiss irideus)
has led to establishment of naturalized populations in several drainages where native Mexican
trout also occur [7,9,18]. Fish produced at hatcheries face problems such as domestication
selection, inbreeding depression, reduced genetic variation, and increased susceptibility to dis-
ease. Introductions of non-native species or strains can have devastating effects on native spe-
cies, particularly when they are closely related. These effects can range from reduction of native
genetic diversity to extinction through hybridization of local populations [20,21]. Introgression
from genetically depauperate hatchery rainbow trout into native trout populations in Califor-
nia has been reported [22,23], and this may also be a substantial threat to some native Mexican
trout. In addition, hybridization of introduced rainbow trout with native westslope cutthroat
trout (O. clarkii lewisi) has been ubiquitous [24-27], with many populations at risk of extinc-
tion from this hybridization [28]. Native O. apache and O. gilae trout populations are similarly
affected, with both species receiving protection under the United States Endangered Species
Act (ESA) due to habitat loss, hybridization and genetic introgression with introduced rainbow
trout [29]. Approximately 65% of O. apache populations have some degree of introgression
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[20], and at least two populations of O. gilae have been lost due to hybridization [21]. A recent
genetic study found some evidence of introgression of Mexican trout populations by hatchery
rainbow trout but it was generally restricted to the areas around the hatcheries [30]. However,
it is critical to further examine the existence and extent of introgression of hatchery rainbow
trout from a broad range of potential source stocks into populations of Mexican native trout to
fully understand the extent of this threat and take appropriate conservation actions.

Here, we pursue three primary goals: 1) to document the genetic biodiversity of native trout
in northwestern Mexico, 2) evaluate relationships between these trout populations and their
potential evolutionary origins, and 3) evaluate the extent of hybridization and genetic intro-
gression from hatchery rainbow trout into native trout in northwestern Mexico. To investigate
these questions, we use data from a large number of genetic markers, including both microsat-
ellites and single nucleotide polymorphisms, and analyze samples from all the basins in Mexico
in which native trout have been recently documented.

Materials and Methods
Tissue collection and DNA extraction

Permits for the collections were issued by SEMARNAT (Direccion General de Vida Silvestre,
Secretaria de Medio Ambiente y Recursos Naturales, License No. FAUT 0117 Responsible:
Héctor Espinosa Pérez) and Permisos de Pesca de Fomento DGOPA 21205/0765, 250406/1606
030506/1677, 240800 213-03/2366, 300801-613-03/1607. The study protocols (#1427, 1595,
1626) were approved by the Saint Louis University Animal Care and Use Committee.

Exhaustive sampling efforts between 1994 and 2010 by the binational group “Truchas Mexi-
canas” resulted in collection of a total of 914 tissue samples (=21cm?) from trout at 42 localities
(Fig 1; 13 basins represented). These streams are primarily in the Sierra Madre Occidental
mountain range in the Mexican states of Chihuahua, Durango, Sinaloa and Nayarit, and in the
Sierra de San Pedro Martir mountain range, in the state of Baja California (S1 Table; Fig 1).
Extremely rugged terrain and large cliffs characterize these regions and the stream localities
were at elevations between 1,500 and 2,400 meters above sea level. The annual mean air tem-
peratures at this altitude range from 3 to 20°C but below freezing temperatures can occur dur-
ing wintertime.

Also, 147 tissue samples from hatchery rainbow trout were obtained from four hatcheries
located in different basins in Mexico where native trout have been reported, and one hatchery
located in Guachochi, Chihuahua which is oriented towards native trout conservation (S1
Table; see [7,18,30] for details on sample collection methods). Also, tissue samples were
obtained from five O. apache (West Fork Black River population) and five O. gilae individuals
(Gila River population).

Additionally, genotype data from 18 natural origin O. mykiss populations (N = 675) from
California, USA that represent six Distinct Population Segments (DPSs) [31], and four O.
mykiss hatchery strains (N = 187) were included in the analyses. Genotype data from five cut-
throat trout subspecies—coastal: O. c. clarkii; (N = 47), Yellowstone: O. clarkii bouvieri
(N =20), Bonneville: O. clarkii utah (N = 16), Rio Grande: O. clarkii virginalis (N = 10), and
Colorado: O. clarkii pleuriticus (N = 8)—were also incorporated (S1 Table). All populations
were selected to be representative of their respective taxa, as determined by previous studies
[23,32-35]. Genomic DNA was extracted from all samples using either a standard phenol/chlo-
roform protocol or with a semi-automated membrane-based system (DNeasy 96 Tissue Kit)
on a BioRobot 3000 (Qiagen Inc.).
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Microsatellite and single nucleotide polymorphism genotyping

All individuals were genotyped at 18 microsatellite loci identified in salmonid species: Omy27
[36], Ssa289 [37]; Omy77 [38]; Ssa85 [39]; Onellb, Onel3b [40]; Omy1011 [41]; Ots103 [42];
Oki23 [43]; Ots1b [44]; OtsG3, OtsG43, OtsG85, OtsG243, OtsG249b, OtsG253, OtsG401,
OtsG409 [45]. This set of loci has proven to be highly informative in the study of O. mykiss
population structure and interactions among different groups of trout in California, including
for the detection of introgression by all major lineages of hatchery rainbow trout [23,34,35,46],
and some of these markers are also informative in O. clarkii [47,48].

PCR was conducted in 15uL volumes with 6.9uL H,0, 1.5uL 10X PCR buffer (Life Technol-
ogies Inc.), 0.9pM MgCl,, 0.6uM dNTPs, 1uM fluorescently labeled oligonucleotide primers,
0.04 U Amplitaq DNA polymerase (Life Technologies) and 4uL template DNA of variable con-
centration. Thermal cycling conditions are available from the authors upon request. PCR prod-
ucts were electrophoresed on an ABI377 or an ABI3730 Genetic Analyzer. Allele sizes were
determined with Genotyper or Genemapper software (Applied Biosystems Inc.) and confirmed
by two people independently.

A total of 93 single nucleotide polymorphism (SNP) loci were also genotyped on all samples.
These SNPs include loci described by Aguilar and Garza [49], Campbell et al. [50], and Aba-
dia-Cardoso et al. [51]. They have been validated in many populations of O. mykiss from Cali-
fornia, Oregon and Washington [51], as well as in introduced populations in other parts of the
world (unpublished data). A PCR pre-amplification was carried out in 5.4pL volume contain-
ing 2.5uL of 2X Master Mix (Qiagen), 1.3pL of pooled oligonucleotide primers, and 1.6pL tem-
plate DNA. Pre-amplification thermal cycling conditions included an initial denaturation of 15
min at 95°C, and 13 cycles of 15s at 95°C, 4 min at 60°C (+ 1°C/cycle). Pre-amplification prod-
ucts were diluted 1:3 in 2mM Tris. Genotyping used 5 nuclease allelic discrimination (Taq-
Man™) assays (Life Technologies) and was carried out in 96.96 Dynamic SNP Genotyping
Arrays on an EP1 System (Fluidigm Corporation) using the manufacturer’s recommended
protocols.

Data analysis

The two classes of genetic markers used have important differences, such as higher polymor-
phism for microsatellites and a lower mutation rate for SNPs, among others. Such differences
could provide distinct and complementary information about the genetic relationships and
history of these trout. Therefore, some analyses were performed using only the SNP or micro-
satellite data. All analyses included all populations, regardless of sample size, except where
indicated.

Within population genetic variation was examined using different estimators. Expected
(Hg) and observed (Hy) heterozygosities [52] were estimated for microsatellites and SNPs sep-
arately using GENEPOP [53]. Percentage of SNP loci polymorphic at frequencies of 0.95 P
(0.95) and 0.99 P(0.99) were calculated using GENETIX 4.05 [54]. The R-based package hierf-
stat [55,56] was used to estimate microsatellite allelic richness (Ay) by rarefaction to account
for sample size differences. A Bayesian model-based clustering analysis of individual ancestry
implemented in the program STRUCTURE 2.2 [57] was also performed. This analysis was
based on individual multilocus genotypes without using geographic information of the popula-
tions of origin for individual fish. Values of K = 2-7 were evaluated, with 20 iterations for each
value and a burn-in period of 50,000 steps and 150,000 Markov Chain Monte Carlo replicates.
The results were reordered and visualized using the software CLUMPP [58] and DISTRUCT
[59].
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Genetic relationships among populations were examined using three methods: a) Pairwise
Fgrestimates and their significance, evaluated with 10,000 permutations using Arlequin 3.5
[60]; b) Principal components analysis (PCA) using the R-based package adegenet 1.3-4 [61],
which identifies and summarizes joint relationships of the markers and differences between
individuals [62]; and c) Unrooted neighbor-joining dendrograms using the combined dataset
and the microsatellite data only, created using PHYLIP [63]. Markers that failed for any entire
population were excluded from this last analysis, leaving 12 microsatellite and 85 SNP loci.
Gila, Apache and Colorado River Cutthroat trout populations were excluded because of small
sample sizes. The Cavalli-Sforza and Edwards [64] method was used to estimate pairwise
genetic distances and 1,000 bootstrapped distance matrices used to evaluate node support.

Due to evident establishment of non-native hatchery rainbow trout in some of the main
drainages of northwestern Mexico [30], genetic introgression from hatchery trout into natu-
rally spawning Mexican trout populations was estimated using two different approaches: an
ancestry analysis with STRUCTURE (K = 2-5, five iterations each) and PCA. These analyses
were performed using all the naturally spawning populations from a basin (e.g. Rio San
Lorenzo) and data from the fish from hatcheries in that basin (e.g. “Piscicultura Vencedores”
hatchery) as well as from the hatchery trout strains from the United States. The q-value from
this clustering analysis with K = 2 was used as a measure of introgression. Even though samples
from hatcheries located in the southernmost basins were not available, introgression from
hatchery rainbow trout in the rios Presidio, Baluarte, and Acaponeta was evaluated based on
the results obtained in the analyses described above.

Results

A total of 1,999 trout were successfully genotyped with the microsatellite panel, and 1,985 with
the SNP panel. Those individuals that had excessive missing data (> 10 missing SNP loci
or > 9 missing microsatellite loci) were excluded from analyses (S1 Table).

Observed heterozygosity per population with microsatellites ranged from 0.033 in Rio Con-
chos-Arroyo Ureyna to 0.736 in Klamath River-Blue Creek, and with SNPs ranged from zero
in several NSMO populations and O. clarkii ssp. to 0.413 in Gualala River-Fuller Creek (S2
Table; Fig 2). Overall, heterozygosity was higher for both marker types in O. mykiss popula-
tions (microsatellites: mean Hp = 0.636, range = 0.334-0.736; SNPs: mean Hp = 0.336,
range = 0.129-0.413) than in any of the SMO populations (microsatellites: NSMO mean Hp =
0.288, range = 0.033-0.516; O. chrysogaster mean Hg = 0.354, range = 0.190-0.606; SSMO
mean Hp = 0.382, range = 0.191-0.624; SNPs: NSMO mean H, = 0.008, range = 0-0.040; O.
chrysogaster mean H = 0.074, range = 0.003-0.113; SSMO mean Hg, = 0.144, range = 0.016-
0.324; Fig 2), and than in the other formally described species (microsatellites: O. apache Ho =
0.440; O. gilae Hp = 0.192; O. clarkii ssp. mean Hp = 0.379, range = 0.281-0.537; SNPs: O.
apache Hp = 0.006; O. gilae Hp = 0.002; O. clarkii ssp. mean Hp = 0.008, range = 0-0.031; S2
Table; Fig 2).

Mean number of alleles per microsatellite locus and Ay were highest in O. mykiss popula-
tions (mean alleles/locus = 7.74; mean Ay = 1.65) and lowest in the Rio Conchos-Rio Rituchi
population (alleles/locus = 1.06; A = 1.03; S2 Table; Fig 3). Within Mexican trout, the highest
number of alleles per locus and highest A, were observed in Rio Fuerte-Rio Verde (alleles/
locus = 8.0; Ag = 1.65; S2 Table).

Percentage of polymorphic SNP loci at P(0.95) ranged from 0 to 0.99 and at P(0.99) from 0
to 1, with the highest values again observed in O. mykiss (mean P(0.95) = 0.88; mean P(0.99) =
0.95) and the lowest in NSMO fish (mean P(0.95) = 0.02; mean P(0.99) = 0.05), where all loci
were monomorphic in several populations (S2 Table; Fig 3).
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Fig 2. Mean observed heterozygosity (Ho) per population in trout from northwestern Mexico and California, USA. a) Microsatellite data; b) SNP data.
Populations are organized from north to south except for populations 61 to 67, which correspond to O. apache, O. gilae, and O. clarkii. NSMO: Northern
Sierra Madre Occidental; SSMO: Southern Sierra Madre Occidental.

doi:10.1371/journal.pone.0141775.g002

We observed higher mean pairwise population Fgr values with SNPs than microsatellites
(S2 Table) and significant negative correlations were found when Fgr values were compared to
both Ag (Fy 74 = 517.8, R* = 0.875, p < 0.001) and percentage of polymorphic SNPs (P(0.95):

F, 4 = 859.5, R? = 0.921, p < 0.001; P(0.99): F, 7, = 591.6, R> = 0.889, p < 0.001; Fig 3). This
was not unexpected, since the level of heterozygosity directly affects measures of differentiation
among groups [65].

The STRUCTURE analysis clustered nearly all individuals according to their geographic
location of capture. However, not all populations clustered by nominal species, as O. clarkii
ssp. appeared to share some recent ancestry with O. chrysogaster, while O. gilae and O. apache
shared some recent ancestry with O. mykiss, O. chrysogaster, and NSMO trout (Fig 4). Some
general patterns could be observed across the different K values. For example, clear breaks
occurred between O. mykiss, NSMO, O. chrysogaster, and populations from the rios San
Lorenzo/Piaxtla. Within the Rio Conchos populations, a complicated pattern was observed:
rios Rituchi and Ureyna clustered with the rest of the NSMO complex but, in contrast, Arroyo
El Molino shared recent ancestry with both the NSMO complex and O. chrysogaster, as did the
population from Rio Fuerte-Rio Verde, which is nominally O. chrysogaster. Within O. chryso-
gaster, there were two other populations with anomalous patterns; Rio Fuerte-Arroyo Aparique
and Rio Fuerte-Arroyo San Vicente clearly shared recent ancestry with O. mykiss -possibly an
indication of genetic introgression. Populations from the rios Presidio, Baluarte and Acaponeta
also showed recent shared ancestry with O. mykiss and more specifically with the Central Val-
ley DPS populations and hatchery strains (Fig 4).
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doi:10.1371/journal.pone.0141775.g003

Highly significant genetic differentiation between populations was also documented with
the pairwise Fsr values (S3 Table), with the largest values observed among SMO populations
(mean pairwise Fs = 0.39-0.73) and between SMO and O. mykiss populations.

The PCA revealed a number of well-differentiated clusters (Fig 5). One cluster (dark green)
corresponds to the NSMO, and comprised all the populations from Rio Yaqui tributaries
(rios Bavispe and Sirupa), Rio Casas Grandes, Rio Mayo, and two tributaries from the Rio Con-
chos (rios Rituchi and Ureyna). Another cluster (dark pink) included populations from all
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Fig 4. STRUCTURE analysis. Estimated membership fraction (represented by color proportions) of 1,932 individual fish from 18 O. mykiss populations, 42
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doi:10.1371/journal.pone.0141775.9004

tributaries of the rios Piaxtla and San Lorenzo except for Arroyo La Sidra (above and below
waterfall; see below for more information about this locality). A third cluster (yellow/orange)
encompassed all O. mykiss populations, including O. m. nelsoni, all hatchery stocks, as well as
populations from the southernmost localities (rios Presidio, Baluarte and Acaponeta). A fourth
cluster (green/blue) included populations from two localities: Rio Conchos-Arroyo El Molino
and O. chrysogaster from the Rio Fuerte-Rio Verde. The remaining populations of O. chrysoga-
ster formed a fifth group (light blue), except for populations from two tributaries of the Rio
Fuerte (arroyos Aparique and San Vicente), which clustered with the O. mykiss group with
PC1 and PC2 (Fig 5a) and with the San Lorenzo/Piaxtla group with PC1 and PC3 (Fig 5b).
Finally, O. gilae and O. apache trout defined a sixth group (olive green) and the O. clarkii sub-
species (light green) overlapped with two O. chrysogaster populations (Rio Sinaloa-Arroyo El
Potrero and Rio Fuerte-Arroyo Las Truchas) with PC1 and PC2 (Fig 5a) but were separated
with PC1 and PC3 (Fig 5b).

Topologies of the two unrooted dendrograms (Fig 6) were generally concordant, with the
exception of the populations from the southern rios Presidio and Baluarte that clustered within
the O. mykiss lineage on the combined tree (Fig 6a), but formed a separate group (but with low
bootstrap support) on the microsatellite tree (Fig 6b).

Several notable features could be identified in the population groupings of both dendro-
grams (Fig 6). First, the topology observed was mostly consistent with the designation of popu-
lations into the different named species and was also consistent with the geographic proximity
of streams. For example, while some exceptions were observed, nearly all O. mykiss populations
(including O. m. nelsoni) clustered separately from most of the SMO populations and O. clarkii.
Trout from the Rio Acaponeta, the southern-most population, clustered with trout from Mexi-
can hatcheries within the O. mykiss lineage in both trees. Trout populations from tributaries of
the Rio Fuerte did not cluster together, but rather were most similar to populations from the
rios Sinaloa and Conchos and, with marginal bootstrap support, the Rio San Lorenzo/Rio Piax-
tla cluster.

All populations from the rios Casas Grandes, Yaqui and Mayo, as well as two tributaries of
the Rio Conchos, were separated by a long, well-supported internal branch that was similar to
that separating O. clarkii from all the other trout species. In addition, strong support was
observed for a division between populations from the northern and southern Rio Yaqui
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Fig 5. Principal components analysis of allele frequencies from 18 microsatellites and 93 SNPs and
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(PC3) principal components. The difference in color (red, blue and green) between clusters indicates
divergence using the first three principal components. Seven clusters are shown (see text for description of
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doi:10.1371/journal.pone.0141775.g005

tributaries (S1 Fig). Populations from rios Fuerte, Sinaloa and Culiacan (nominal O. chrysoga-
ster), along with the population from Rio Conchos-Arroyo El Molino, formed a cluster in both
dendrograms. Also consistent with the PCA, strong support was found for a cluster of popula-
tions from the rios San Lorenzo and Piaxtla.
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doi:10.1371/journal.pone.0141775.g006
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Results from the PCA and STRUCTURE analyses indicated that fish raised at all the Mexi-
can hatcheries sampled for this study, including the nominal O. chrysogaster from the “Centro
Acuicola Guachochi”, corresponded to O. mykiss and were closely related to hatchery rainbow
trout strains commonly raised in the United States (Figs 7 and 8). Introgression from hatchery
rainbow trout was present in some native Mexican trout populations (Figs 7 and 8; S2 Table),
but was mostly localized in tributaries where rainbow trout hatcheries occur, particularly in the
rios Fuerte and San Lorenzo. The southernmost populations in the rios Presidio and Acaponeta
also had substantial O. mykiss ancestry indicated by the STRUCTURE analysis, even though
no hatchery trout samples were available from these basins, with the Acaponeta population
almost pure O. mykiss.

Discussion

Here, we again confirm the significant genetic diversity present in trout populations inhabiting
northwestern Mexico. Clustering analyses of data from over 100 genetic markers further indi-
cates that there exist at least five major genetic lineages of native trout in Mexico. These clusters
originated from at least two, and possibly three, separate colonization events of basins in
Northwestern Mexico. The first event gave rise to O. m. nelsoni, the second event to the trout
populations of the northern and central SMO. Genetic similarity of the southern-most SMO
populations with O. mykiss could be the result of a third, more recent colonization event by
steelhead from California or further north, or could be due to introgression by or naturalization
of imported hatchery rainbow trout. We also found significant divergence between native
trout from the SMO and populations of the widespread O. mykiss, and from the other three
described species occupying rivers tributary to the Gulf of California (O. apache, O. gilae, and
O. clarkii).

The great diversity in the Mexican trout complex has been the subject of a number of previ-
ous investigations. Substantial questions have remained, however, about the relationships
among Mexican trout populations [7-9,13,16], and between them and other trout species
[10,17,18,66]. Only two trout taxa from Mexico have been formally described—Nelson’s trout,
O. mykiss nelsoni [3] and the Mexican golden trout, O. chrysogaster [4]—and both are pro-
tected by Mexican law [5]. Nelson’s trout is native to the Rio Santo Domingo in the Sierra de
San Pedro Martir in northern Baja California [3,16,67], but its taxonomic status as a subspecies
has been questioned [68]. The STRUCTURE, PCA and dendrogram analyses all indicate that
Nelson’s trout is, in fact, a population of O. mykiss and not closely related to SMO trout or the
other species. This is in agreement with earlier work that originally described Nelson’s trout as
a new species (Salmo nelsoni) [3], but later concluded that they were closely related to Salmo
irideus [66], now referred to O. mykiss irideus [8,69]. Moreover, the dendrograms indicated a
stronger similarity of O. m. nelsoni to steelhead DPS populations from southern California
than to any other populations of steelhead or hatchery rainbow trout. This observation strongly
suggests that trout in Baja California are the result of a radiation of coastal steelhead through
southern California and at least as far south as the Sierra de San Pedro Martir in Baja Califor-
nia, and not the result of an earlier radiation that gave rise to the trout populations in tributar-
ies of the Gulf of California. Even though there was not strong genetic differentiation of O. m.
nelsoni from other O. mykiss with the markers used here, it is important to note that it had the
lowest genetic diversity and the highest Fgr values of all O. mykiss populations studied (52 and
S3 Tables), an indication of small effective population size (Ng) and a long period of isolation.

Extremely strong genetic differentiation among Mexican trout populations from the SMO
was also observed, not only between basins but also among localities/tributaries within basins.
Higher pairwise Fgr estimates were observed between SMO trout populations (mean Fgr =
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doi:10.1371/journal.pone.0141775.9007

0.351-0.684) than between O. mykiss populations (mean Fgr = 0.244-0.527), which is likely
due primarily to small effective population sizes of SMO trout and consequent strong genetic
drift, which is consistent with the lower diversity found at both microsatellite and SNP mark-
ers. However, polymorphisms, SNPs in particular, are frequently not maintained even in
closely related species [50,70], so it is likely that at least some of the lower genetic diversity is
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Fig 8. STRUCTURE analysis of hatchery rainbow trout ancestry. Estimated membership fraction (represented by color proportions) from four hatchery
rainbow trout stocks raised in California (Coleman, Kamloops, Eagle Lake, and Mount Shasta) and a) all Rio Yaqui-Rio Bavispe and Rio Casas Grandes
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doi:10.1371/journal.pone.0141775.9008

the result of ascertainment bias due to the discovery of the SNP markers, and some of the
microsatellites, in O. mykiss.

Within the SMO trout, we found at least four well-differentiated genetic clusters. Trout
from the rios Yaqui, Mayo and Casas Grandes, and the northern Rio Conchos tributaries form
a genetic cluster that is very divergent from other SMO trout populations and the other trout
species, which is concordant with previous work on diversity in Mexican trout using morpho-
logical variation [8], mtDNA [13,17] and microsatellites [10,18]. Our analysis also confirmed
the previously observed local structure within the Rio Yaqui [10,13,18,71], with genetic groups
defined by the two main tributaries: populations from the Rio Bavispe to the north and those
from the Rio Sirupa to the south (S1 Fig). Trout from the Rio Casas Grandes seem to be closely
related to trout from Rio Bavispe, while trout from the Rio Mayo are allied with populations
from the Rio Sirupa. These relationships between the Rio Bavispe/Rio Casas Grandes and the
Rio Sirupa/Rio Mayo were also described by Nielsen and Sage [10], who hypothesized that they
may be due to multiple, natural environmental events, such as stream capture, that intercon-
nected tributaries of the rios Yaqui, Casas Grandes, Mayo, and Conchos basins [71], permitting
movement of multiple fish species between drainages [72,73]. However, neither their nor the
present results can rule out anthropogenic inter-basin transplants [12] as an explanation and
both factors could have played a role in creating the observed patterns.

Populations from rios Fuerte, Sinaloa and Culiacén, identified as O. chrysogaster, formed a
single group, with the exception of trout from two tributaries of the Rio Fuerte (arroyos San
Vicente and Aparique), which were somewhat distinct in all analyses and appear more similar
to O. mykiss or populations from the rios San Lorenzo and Piaxtla. This is likely the result of
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genetic introgression from hatchery rainbow trout, but could also be due, at least partly, to
reduced genetic variation or retention of ancestral polymorphisms. However, there was no evi-
dence of grouping by basin for O. chrysogaster populations, as found by Ruiz-Campos et al. [8]
and Camarena-Rosales et al. [13], but rather a strong association between geographically adja-
cent tributaries of different basins (PCA not shown, S2 Fig). This pattern may be the result of
one of a combination of the above listed explanations, but resolving them requires more
detailed investigation.

Trout from the Rio Conchos were originally described as “cutthroat type” [74], but then
were not seen for decades, before they were rediscovered recently after exhaustive survey efforts
[9]. Genetic analyses did not indicate that populations from this basin are related to cutthroat
trout, but that they are more closely related to other SMO trout. The upper Rio Conchos is one
of only a few sites on the eastern side of the Continental Divide of North America, and the only
one in Mexico, that harbors fish from the Pacific salmon and trout genus Oncorhynchus. Trout
from the Rio Conchos tributaries Rituchi and Ureyna grouped tightly with Rio Yaqui-Rio
Bavispe trout, which are in close proximity (S1 Fig). In contrast, fish from the southern Rio
Conchos tributary El Molino clustered closely with trout from the Rio Verde, a tributary of the
Rio Fuerte, and were identified as part of the O. chrysogaster lineage with multiple analyses.
These two tributaries are geographically adjacent (S2 Fig) on opposite sides of the Continental
Divide and stream capture events seem a likely explanation for this genetic similarity. Such
movement between headwater streams of the rios Fuerte and Conchos has been previously
reported in other freshwater fish species [72,73,75].

Trout populations from the rios San Lorenzo and Piaxtla formed another strongly sup-
ported cluster in all analyses. However, trout from Arroyo La Sidra in the Rio San Lorenzo
were heavily introgressed by hatchery rainbow trout (Figs 7 and 8), and fish below the hatchery
(downstream) were more introgressed than those upstream. This is consistent with a previous
report that estimated a considerable number of migrants (Nm = 2.7) between native and exotic
trout in this stream [18]. No introgression by hatchery trout was detected in other Rio San
Lorenzo populations, indicating that exotic trout have not extended their range much beyond
the immediate vicinity of the hatchery.

Trout from the rios Presidio, Baluarte and Acaponeta were more similar to O. mykiss than
to the other SMO lineages. Hybridization between trout from these southern drainages and
exotic rainbow trout has been previously reported [18,30]. The genetic results indicate that
trout from the rios Presidio and Baluarte have hatchery ancestry, although the dendrogram
(Fig 6), PCA (Fig 7) and STRUCTURE analyses (Fig 8) suggest that the Rio Presidio population
in particular may be at least partially of native ancestry. While these patterns are most likely
the result of hybridization between native and hatchery rainbow trout, they could also be due
to a natural colonization event by anadromous O. mykiss from the Pacific coast that was more
recent than that which gave rise to the other SMO trout. The rios Presidio and Baluarte are at
the extreme southern edge of the known range of trout in Mexico and they are also likely the
first perennial streams that anadromous steelhead venturing south from their current contigu-
ous range would encounter. Distinguishing natural colonization from introgression by intro-
duced hatchery trout will require more detailed analysis.

Trout from Rio Acaponeta clustered with O. mykiss in every analysis and, more specifically,
with hatchery rainbow trout strains. This provides strong evidence that Rio Acaponeta trout
are descended directly from hatchery rainbow trout or recent migrants as described above, and
that if there was formerly a native population related to the other SMO trout, it is completely
introgressed.

The Centro Acuicola Guachochi hatchery facility in the state of Chihuahua was originally
dedicated to the production of hatchery rainbow trout but, in 2006, started a program to breed
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and raise O. chrysogaster for conservation purposes [76]. Unfortunately, genetic results indi-
cated that trout from this program do not correspond to O. chrysogaster or any other native
SMO lineages. In contrast, they clustered tightly with hatchery rainbow trout, indicating collec-
tion from a stream with previously unrecognized hatchery trout stocking and consequent
incorrect identification, or introgression from exotic rainbow trout also raised at the hatchery.

The first documented introduction of non-native trout into Mexican waters was in 1886,
when ~33,000 eggs were imported from the Baird Station hatchery on the McCloud River, Cal-
ifornia, United States [77]. The total amount of rainbow trout aquaculture production in
Mexico is unknown, but reports indicate that there are ~40 facilities that produce 110 tons of
fish a year in the state of Durango alone and ~82 facilities that produce 184 tons a year in the
state of Chihuahua [78,79]. Both of these states also possess native trout populations. Introgres-
sion from non-native rainbow trout was documented in most of the tributaries in the study
area with established hatcheries, but at variable levels and limited geographic distance from the
hatcheries. Nevertheless, genetic integrity of native trout from northwestern Mexico was still
maintained in most watersheds. The patterns of genetic relationships between populations of
Mexican trout documented here will be crucial to guide effective conservation strategies for
these fishes.

In summary, we present the first comprehensive genetic analysis of trout from northwestern
Mexico. We used data from over 100 markers, a combination of SNPs and microsatellites, to
clearly delineate at least five distinct species-level genetic lineages in Mexico, corresponding to
the two named taxa, Mexican Golden and Nelson’s Trout, and at least three unnamed taxa in
the Sierra Madre Occidental region. We further clarified the taxonomic status of trout from
northern Baja California, unambiguously identifying them as the southern-most population of
the coastal California steelhead lineage. In addition, we identify the taxonomic affiliation of
fish from the Atlantic Ocean-draining Rio Conchos basin, finding that they are of mixed origin,
with one representing a previously unknown population of, at least partial, Mexican Golden
Trout ancestry. The data further allowed us to evaluate the ancestry of trout populations that
could have been affected by introgression by imported hatchery rainbow trout. This analysis
found that, while there was some evidence of introgression of native trout by these hatchery
imports, it was generally restricted to populations in the local vicinity of the hatcheries. How-
ever, several populations at the southern-most extent of the range were dominated by O. mykiss
ancestry, although it is possible that this is due to a more recent anadromous colonization
event.

Supporting Information

S1 Fig. Sample locations in the Northern Sierra Madre Occidental (NSMO). Five watersheds
are indicated: Rio Casas Grandes (light green), Rio Yaqui (dark green), Rio Mayo (olive green),
Rio Fuerte (blue), and Rio Conchos (red).

(TIFF)

S2 Fig. Sample locations of Oncorhynchus chrysogaster and Rio Conchos trout. Four water-
sheds are indicated: Rios Fuerte, Sinaloa and Culiacédn (blue), and Rio Conchos (red).
(TIFF)

S1 Table. Populations in this study from north to south. N: total number of samples; Lat:
Latitude; Long: Longitude; *: estimated location; DPS: Distinct population segment.
(XLSX)

$2 Table. Summary statistics. N: number of individuals successfully genotyped with the
microsatellite panel and the SNP panel respectively; Expected (Hg) and observed (Hop)
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heterozygosity; allelic richness (Ag); percentage of polymorphic loci (P) at frequencies 0.95 and
0.99.
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S3 Table. Pairwise Fsr estimates for all populations and hatchery strains (below diagonal)
and significance of p-values (above diagonal). Lines indicate breaks for the main groups (O.
mykiss, O. m. nelsoni, NSMO, O. chrysogaster, SSMO, O. apache, O. gilae, and O. clarkii ssp.,
Mexican hatcheries, and California hatcheries.

(XLSX)

$4 Table. Genotyping assays used in this study. Original reference is reported. Fsr by locus
using Weir & Cockerham’s (1984) estimator. WSU: Washington State University; CRITFC:
Columbia River Inter-Tribal Fish Commission.

(XLSX)
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