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Background. Mexico is one of the most megadiverse countries in the world, with considerable reaches
and endemicity in the diversity of fishes compared to other countries and regions. Recent phylogenetic
studies in co-distributed species of widespread fishes, besides revealing a subestimation of species
richness in the Mesa del Norte, in Mexico, suggest phylogenetic congruence in some species complexes.
Previous morphological and meristic analyses concluded that at least three subspecies of Pimephales
promelas exist in United States populations, suggesting that the richness in Pimephales could be
underestimated. But no studies have examined the morphologic and genetic diversity in Southern
populations of Pimephales promelas. We presented analyses of the genetic variation among P. promelas
populations across its Southern distributional range.

Methods. Phylogenetic reconstruction and genetic distances using cytochrome b and S7 sequences
were done.

Results. The results based on phylogenetic trees, species tree, genetic distances and haplotype
networks revealed the existence of at least four well-differentiated lineages (Yaqui Lineage,
Nazas+Conchos Lineage, Santa Maria Lineage and Casas Grandes Lineage).

Discussion. The four well supported lineages found confirm Pimephales promelas as a species complex.
Composition and distribution of these major lineages is also consistent with previous biogeographic
hypothesis for other fishes in the region, supporting the fragmentation of the ancestral Lake Cabeza de
Vaca, possibly due to the combined influence of tectonic events and increasing regional aridity, as well as
events of interchange between basins via stream capture.
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Abstract

Background. Mexico is one of the most megadiverse countries in the world, with considerable
reaches and endemicity in the diversity of fishes compared to other countries and regions. Recent
phylogenetic studies in co-distributed species of widespread fishes, besides revealing a
subestimation of species richness in the Mesa del Norte, in Mexico, suggest phylogenetic
congruence in some species complexes. Previous morphological and meristic analyses concluded
that at least three subspecies of Pimephales promelas exist in United States populations,
suggesting that the richness in Pimephales could be underestimated. But no studies have
examined the morphologic and genetic diversity in Southern populations of Pimephales
promelas. We presented analyses of the genetic variation among P. promelas populations across

its Southern distributional range.

Methods. Phylogenetic reconstruction and genetic distances using

cytochrome b and S7 sequences were done.

Results. The results based on phylogenetic trees, species tree, genetic distances and haplotype
networks revealed the existence of at least four well-differentiated lineages (Yaqui Lineage,

Nazas+Conchos Lineage, Santa Maria Lineage and Casas Grandes Lineage).

Discussion. The four well supported lineages found confirm Pimephales promelas as a species
complex. Composition and distribution of these major lineages is also consistent with previous
biogeographic hypothesis for other fishes in the region, supporting the fragmentation of the
ancestral Lake Cabeza de Vaca, possibly due to the combined influence of tectonic events and

increasing regional aridity, as well as events of interchange between basins via stream capture.
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Introduction

The biogeographic explanation of a species with a widespread distribution pattern is mainly
associated with a suitable biological and ecological trait, that allows high dispersal ability and
better possibilities to colonize a new habitat (Nathan, 2001). Particularly, for the case of
freshwater fishes, besides of the organism’s ability for moving away from their parent source, the
continuity of the aquatic habitats works as the main factor that determines their distributional
range (Pérez-Rodriguez et al., 2015). Thus, the widespread distributional pattern in freshwater
fishes implies at least two elements: 1) the organism’s possession of suitable biological traits to
solve the environmental conditions involved in the dispersion process, and 2) an opening route
for dispersal between water bodies, which serve as connections between hydrographic systems.
The Fathead Minnow, Pimephales promelas, is a widespread cyprinid in Eastern North
America, ranging from the Lake Slave and the Hudson Bay, with East Canada as its Northern
limit, southward through the Mississippi Valley, the Great Plains and the Gulf slope streams of
Alabama and the Grande River Basin, including the Conchos River; it also includes the
endorheic basins of Casas Grandes, Nazas, Del Carmen, Santa Maria and Bustillos, and the
Pacific slope drainage of the Yaqui River, in Mexico (Vandermeer, 1966; Miller, Minkley &
Norris, 2005). The wide distribution pattern of P. promelas is associated with the ability to
survive and reproduce in different environmental conditions across different regions (Scott &
Crossman, 1973). Nevertheless, based on the idea that larger areas present a higher probability to
be dissected by geographical barriers, and consequently widely distributed species are more
likely to speciate (Letsch, Gottsberger & Ware, 2016), the occurrence of isolation events through

the larger range of P. promelas is very likely. Even a previous hypothesis of morphological
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variation recognizes several subspecies between Northern, Southern, and Eastern populations in
the United States (Vandermeer, 1966).

Isolation events due to geographical barriers have been found in other fish species that
inhabit the dry region of Northern Mexico, as the case of Cyprinella formosa (Wood & Mayden,
2002), Cyprinella lutrensis (Schonhuth & Mayden, 2010), Campostoma anomallum (Blum et al.,
2008), Campostoma ornatum (Dominguez-Dominguez et al., 2011; Schonhuth et al., 2011),
Dionda episcopa (Schonhuth et al., 2012), Gila spp. (Schonhuth et al., 2014), Codoma ornata
(Schonhuth et al., 2015) and Pantosteus plebeius (Corona-Santiago et al., 2018, in press). In this
case, phylogeographic studies have provided useful information that complements knowledge of
biogeographic hypothesis of areas and species, and current distributions of fish species and their
link to fragmentation and or expansion events (Devitt, 2006; Riddle & Hafner 2006; Vallinoto et
al., 2009; Schonhuth et al., 2015). In North America, tectonic and climatic factors are the main
factors that contribute to the evolution of drainages and species (Galloway, Whiteaker & Ganey-
Curry, 2011; Aranda-Gomez et al., 2018). In Northern Mexico, the main tectovolcanic activity
since the Oligocene is related to the formation of the Sierra Madre Occidental (SMO) mountain
range (Ferrari, Valencia-Moreno & Bryan, 2007; Aguirre-Diaz et al., 2008). This high tectonic
activity has been proposed as responsible of the high endemism of flora and fauna in this region
of the country, and includes the main forces that shape the speciation process (vicariance and or
expansion) in freshwater fishes (Echelle et al., 2005; Hughes, Rinne & Calamusso, 2005;
Ceballos, Arroyo-Cabrales & Ponce, 2010; Morrone, 2010; Schénhuth & Mayden, 2010;
Dominguez-Dominguez et al., 2011; Clements, Bart & Hurley, 2012; Schonhuth et al., 2012,
2014, 2015). The SMO is also considered an important biogeographic corridor and a Pleistocenic

refuge (Hughes, Rinne & Calamusso, 2005), in which the expansion and contraction in the
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91 distribution of numerous species have been associated with climate change during the
92 Pleistocene. The effects of climate changes on epicontinental waters should have significantly
93 affected the distribution of fish fauna of the SMO (Dominguez-Dominguez et al., 2011).
94 Previous studies based on molecular data of fishes (Smith & Miller, 1986; Mayden,
95 Matson & Hillis, 1992; Mayden et al., 1992; Echelle et al., 2005; Dominguez-Dominguez et al.,
96 2011; Schonhuth et al., 2011, 2012, 2015) and geological information (Galloway, Whiteaker &
97 Ganey-Curry, 2011), proposed the existence of an extended ancestral drainage system in the
98 Mesa del Norte in Mexico, suggesting the existence of an extended Rio Grande system, that
99 persisted for more than 10 Ma and extended from the South-Western highlands of the USA
100 (Colorado Plateau, in current Utah, Colorado and Arizona) across the current Chihuahuan Desert
101  (New Mexico, Chihuahua, Coahuila and Durango) to a confluence with the Lower Rio Grande
102 Basin (Galloway, Whiteaker & Ganey-Curry, 2011; Schonhuth et al., 2015). This paleo-river
103 system was proposed to have originated in the Oligocene at the same time that the SMO grew in
104  volume and area (Schonhuth et al., 2015), connecting current independent drainages in Mexico
105 (Mayden, Matson & Hillis, 1992; Echelle et al., 2005; Schonhuth et al., 2006, 2011, 2015;
106 Dominguez-Dominguez et al., 2011), and acting as a hydrological corridor for the ancestral
107 forms of current freshwater fish species, allowing their radiation/expansion across the drainages
108  in the Chihuahuan Desert (Smith & Miller, 1986; Mayden, Matson & Hillis, 1992; Schonhuth et
109 al., 2011, 2015; Dominguez-Dominguez et al., 2011). It includes possible transfers and/or
110 integration of headwaters of the Mesa del Norte with drainages from the Pacific slope (Minckley,
111  Hendrickson & Bond, 1986; Miller, Minkley & Norris, 2005; Schonhuth et al., 2015), and as far
112 South as the Nazas and Aguanaval rivers (Smith & Miller, 1986; Mayden, Matson & Hillis,

113 1992; Schonhuth et al., 2015).
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Tecto-volcanic events since the Miocene, Pleistocenic glacial/interglacial cycles and the
increasing regional aridity since Holocene time, gave rise to the fragmentation of the ancestral
system (Metcalfe, 2006; Schonhuth et al., 2015), effectively isolating different populations.
Smith & Miller (1986) further suggested that rivers in western Mexico draining to the Pacific
(Upper Yaqui and Upper Mezquital) across desert regions originated through headwater capture
from the ancestral and the extant Grande River system, and shared distributions by stream
capture events (Schonhuth et al., 2011). Adittional to this, a more recent paleohydrological
hypothesis was proposed by Smith & Miller (1986), related to the fragmentation of the Lake
Cabeza de Vaca in the Pleistocene time and the formation of the pluvial Lake Palomas
(Rosenthal & Forstner, 2004; Wood & Mayden, 2002; Corona-Santiago et al., 2018, in press), a
relict of the Lake Cabeza de Vaca that was fragmented into several endorheic rivers, lagoons,
and springs (Corona-Santiago et al., 2018, in press).

A previous morphological analysis of Pimephales promelas populations in the United
States, concluded that there exist at least three subespecies (Vandermeer, 1966), suggesting that
the species richness in P. promelas could be underestimated. No studies have examined the
genetic diversity in Pimephales promelas to test this hypothesis and identify independent
lineages, in the United States and Southern areas of distribution. The aim of the present study is
to assess genetic divergences using mitochondrial and nuclear markers in populations of P.
promelas through its distributional range in Northwestern Mexico, in order to infer the
phylogenetic relationships among Southern populations of P. promelas and suggest its

biogeographic history.
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Methods

Taxon sampling

Specimens from five independent basins and ten localities across most of the Southern
distributional range of P. promelas were collected with electrofishing and seine nets (Fig. 1;
Table S1). A piece of fin was fixed in 95% ethanol for DNA extraction and stored at -70°C. A
maximum of five specimens per site were preserved in 5% formalin following the protocols
approved by the Ministry of Environment and Natural Resources of the Mexican Government.
Fish and tissue samples were deposited in the fish collection of the Universidad Michoacana de
San Nicolas de Hidalgo, Mexico (SEMARNAT registration number MICH-PEC-227-07-09). All
procedures performed were reviewed and approved by a committee of Mexican Ministry of
Environmental and Natural Resources (SEMARNAT), collection permit number PPF/DGOPA-
262/17. In addition, sequences of P. promelas were obtained from the GenBank dataset (Table
S1). Sequences of Pimephales notatus, Pimephales tenellus and Codoma ornata were retrieved

from the GenBank dataset and used as outgroups (Table S1).

DNA extraction, PCR amplification and sequencing

Total DNA was extracted with the standard Proteinase K/phenol/chloroform protocol (Sambrook
et al., 1989). Sequences for a fragment of the mitochondrial cytochrome b gene (cyt b: 1049 bp)
for twenty-four  specimens were  obtained using the primers LA  (5'-
GTGACTTGAAAAACCACCGTTG) and HA (3-CAACGATCTCCGGTTTACAAGAC)
(Dowling et al., 2002).

A subset of eighteen specimens accounting for all the variation found for the cyt b gene

were selected for the amplification of the first intron of the gene coding for the S7 ribosomal
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protein (S7: 704 bp) with the primers S71F (5-TGGCCTCTTCCTTGGCCGTC) and S72R (3'-
AACTCGTCTGGCTTTTCGCC) (Chow & Hazama, 1998). The final concentrations for the
Polymerase Chain Reaction (PCR) per 25 uL reaction were as follows: 50 ng template DNA, 10
uM of each primer, 0.7 units of Taq DNA polymerase, 0.25 mM of each dNTP, 2.5 uL of 10X
reaction buffer and 2.5 mM MgCl,. Thermocycling conditions for the amplification of the
mitochondrial cyt b gene consisted of an initial denaturalization step of 3 min at 94 °C, followed
by 35 cycles of 30 s at 94°C, 1 min at 48°C, 1:30 min at 72°C, and a final 5 min extension step at
72°C. The S7 gene was amplified under the following conditions: initial denaturalization step of
3 min at 94 °C, followed by 35 cycles of 45 s at 94°C, 50 s at 57°C, 1.40 min at 72°C, and a final
step of 10 min extension at 72°C. All PCR products were purified with ExoSAP-IT™., Purified
PCR products were sent to Macrogen Korea for sequencing.

Sequences were edited and aligned using the default parameters of Clustal X (Thompson
et al, 1997) implemented in Mega v6.06 (Tamura et al., 2013), and examined with
chromatograms. For §7, sequences with point mutation were phased using DNAsp v5.10
(Librado & Rozas, 2009) and a test of recombination was applied using a coalescent algorithm
(10000 replicates). The sequences of S7 showed heterozygous indels, in this case a manual
reconstruction of the two allele phases was performed following the procedure described by

Sousa-Santos et al. (2005).

Phylogenetic analyses

The evolutionary substitution model based on the Akaike Information Criterion (AIC) and an
optimal partition-setting was obtained using PartitionFinder v1.1.0 (Lanfear et al., 2012); the
optimal partition setting was obtained by assigning a substitution model to each gene. The

models obtained were the Transitional Model (TIM3) (Posada, 2003) + gamma (TIM3+G) for
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the cyt b gene and the Tamura-Nei (Tamura & Nei, 1993) + gamma (TrN+G) for the individual
S7 gene.

Bayesian Inference analyses were implemented in MrBayes v3.2.1 (Ronquist et al.,
2012). Sequences were analysed in two different data sets, one for each gene independently and
one for the two genes concatenated. We used the two heterozygous alleles. The substitution
models were set according to the selected model for each gene by PartitionFinder v1.1.0 (Lanfear
et al., 2012). The analyses were run for 10 million generations, with two independent runs
implementing four Markov Chain Monte Carlo (MCMC) processes and sampling every 500
generations. We evaluated the chains convergence with the log-likelihood (-InL) values of the
two independent runs on Tracer v1.5 (Rambaut & Drummond, 2007), discarding 10% of
generations as burn-in to construct the consensus tree. The trees were visualized in FigTree
v1.4.2 (Rambaut, 2014).

Maximum Likelihood trees were constructed in RAXMLGUI v1.3.1 (Silvestro &
Michalak, 2012; Stamatakis, 2014), as implemented in CIPRES (Miller, Pfeiffer & Schwartz,
2010), with the default GTR+G model and the fast bootstrap option (CIPRES portal v3.3) at the

San Diego Supercomputer Center at http://www.phylo.org/ sub_sections/portal/.

Species Tree Analysis and Divergence Times

We estimated a species tree and divergence times for major nodes in P. promelas for the two
genes (cyt b + S7) using the Bayesian Method in *BEAST v1.8.1 (Drummond et al., 2012), and
the substitution models were set according to the selected model for each gene by PartitionFinder
v1.1.0 (Lanfear et al., 2012). This analysis was carried out with a subset of thirty-six P. promelas
sequences and two outgroup sequences. Assumptions included a calibrated molecular clock

using the mutation rate of cyt b in teleosts of 0.76-2.2%/Ma (Zardoya & Doadrio, 1999;
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Berendzen, Gamble & Simons, 2008; Nagle & Simons, 2012). We estimated the evolutionary
rate of the S7 gene relative to the cyt b gene. A lognormal relaxed clock (Uncorrelated) model on
branch length (Drummond et al., 2006) was used. We performed a MCMC analysis with 200
million of generations and sampled every 1000 generations, with a Yule process speciation prior.
Analyses were run in the CIPRES Science Gateway v3.3 (http://www.phylo.org/
sub_sections/portal/). Convergence was assessed with ESSs in TRACER v1.5 (Rambaut &
Drummond, 2007). Ten percent of the generations were discarded (burn-in) using the Tree
Anotator v1.8.1 (Drummond et al., 2012). The tree was visualized in FigTree v1.4.2 (Rambaut,

2014).

Genetic distances and haplotype networks

The uncorrected genetic distances were calculated among the recovered monophyletic groups in

the phylogenetic trees for both genes independently in Mega v6.06 (Tamura et al., 2013).
Unrooted networks were constructed under the null hypotheses of no genetic

differentiation among populations, for each gene, using the median-joining method (Bandelt,

Forster & Rohl, 1999) as implemented in PopART v1.7 (available at http://popart.otago.ac.nz).

Results

Sixty sequences were obtained for both genes: 24 for cyt b, and 36 for S7, which included the
two heterozygous alleles. No significant recombination was detected in the nuclear S7 sequences
(p > 1). In addition, four mitochondrial sequences for cyt b and three nuclear gene sequences for
S7 retrieved from the GenBank were included in the analyses (Table S1).

Sixteen haplotypes were obtained from the 24 sequences of the cyt b gene. These

haplotypes were defined by 213 polymorphic sites within a 1049 bp sequence fragment (total
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number of mutations = 240). Sixty-nine of those sites were singletons, and 164 substitutions
were parsimony informative.

Eighteen haplotypes were obtained for the S7 gene; these haplotypes were defined by 43
polymorphic sites (total number of mutations = 45). Twenty-five of those sites were singletons,

and 18 substitutions were parsimony informative.

Phylogenetic relationships

Maximum Likelihood and Bayesian Inference showed the same topology for cyt b and
concatenated analyses, unlike the mitochondrial and concatenated datasets, the nuclear marker
(Fig. S2) recovered the four differentiated groups but with different phylogenetic relationships.
The phylogenetic results for cyt b and for the two genes (cyt b + S§7) show the formation
of two well-differentiated and supported clades (Clade A and Clade B) based on Maximum
Likelihood (Bootstrap (BS): cyt b, BS=86%; cyt b+S7, BS=88%) and Bayesian Inference
(Posterior Probabilities (PP): cyt b, PP=90%; cyt b+S7, PP=100%) (Fig. 2; Fig. S1). For Clade
A, two sub-clades were recovered in cyt b and concatenated data set (BS=100% and PP=100%):
A1l clustered specimens from the Casas Grandes River, whereas Sub-clade A2 clustered
specimens from the Santa Maria River. For Clade B, two well supported sub-clades were also
recovered, for cyt b and concatenated data set (BS and PP = 100%), Sub-clade B1 included
specimens from localities of the Lower Conchos Drainage (Villa Coronado and El Porvenir), as
well as specimens from localities of the Nazas River drainage (Pefion de Covadonga, Abasolo,
Paso Nacional and Gicorica), whereas Sub-clade B2 included the samples collected in the Yaqui
drainage (Cabullona locality). The phylogeny recovered with S7 identified the same four well
differentiated sub-clades: Casas Grandes (A1), BS=99% and PP=100%; Santa Maria (A2), BS

and PP=100%; Nazas+Conchos (B1), BS=98% and PP=100%; and Yaqui (B2), BS=59% and
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PP=60%, but with different relationships. The Santa Maria Lineage (Sub-clade A2) was a sister
group to a well supported clade including all three Sub-clades, Casas Grandes (Al),

Nazas+Conchos (B1) and Yaqui (B2) (Fig. S2).

Species tree analysis and divergence times

The species tree analysis supports the assumption of two well-differentiated clades and four sub-
clades with high internal branch-length Bayesian Posterior Probability (>99%), with the same
relationships as the cyt b and the concatenated phylogenetic tree. This is also consistent with the
S7 gene phylogenetic analyses, in both cases corresponding to the four recovered sub-clades:
Casas Grandes (A1), Santa Maria (A2), Nazas+Conchos (B1) and Yaqui (B2) (Fig. 3).

Divergence between the main clades and sub-clades of P. promelas was dated at the
Pleistocene. The separation of main clades was dated ca. 1.39 Ma (95% HPD: 0.53-2.25) (Fig.
3). The split between the two sub-clades within Clade A (Santa Maria vs Casas Grandes) was
estimated at ca. 1.06 Ma (95% HPD: 0.21-1.92), whereas within Clade B the separation event of
the two Sub-clades (Yaqui vs Nazas+Conchos) was estimated at ca. 0.94 Ma (95% HPD: 0.25-
1.64) (Fig. 4).

The maximum distance for both genes occurred between Nazas+Conchos (Sub-clade B1)
vs Santa Maria (Sub-clade A2) (10.6% for cyt b and 4.7% for S7) (Table 1). The lower genetic
distance for the cyt b gene was found between the two sub-clades whithin Clade B, the
Nazas+Conchos Lineage vs the Yaqui Lineage (3.7%). For S7 the lower genetic distance
occurred between Casas Grandes (Sub-clade Al) vs Yaqui (Sub-clade B2) (1.1%). Genetic
distances within each sub-clade ranged from 0% to 0.5% with cyt b, and 0.1 to 0.4 with S7

(Table 1).
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Haplotype networks

For both genes, the haplotype networks showed the existence of four haplogroups, corresponding
to the four sub-clades found in phylogenetic analyses: Casas Grandes (Sub-clade Al), Santa
Maria (Sub-clade A2), Nazas+Conchos (Sub-clade B1) and Yaqui (Sub-clade B2), but as in
phylogenetic analyses, different relationships were found between the cyt b and S7 groups. In the
cyt b haplotype network no mixed haplotypes between drainages were found, with the same
distribution of samples as in phylogenetic analyses. The mutation steps between sub-clade B2
and sub-clade B1 were 53; 19 between sub-clade A1l and A2, whereas de mutation steps between
sub-clades Al and B1 were 125. For S7 a mixture of haplotypes between the Nazas and Conchos
samples was found. Sub-clade A2 was separated by 22 mutation steps from B2; Al was
separated by three mutation steps from B2, whereas B1 and B2 were separated by four mutation

steps with respect to B1.

Discussion

The results of the implemented analyses presented herein showed the existence of four highly
divergent and supported clades within Southern populations of P. promelas distributed in
Mexico. Previous zoogeographic studies support a complex evolutionary history of the
freshwater fish species distributed along the Mesa del Norte in Mexico (Wood & Mayden, 2002;
Blum et al., 2008; Schonhuth & Mayden, 2010; Dominguez-Dominguez et al., 2011; Schonhuth
et al., 2011, 2012, 2014, 2015; Corona-Santiago et al., 2018, in press). Moreover, freshwater fish
species previously considered as a single widespread taxon, have been determined as a species
complex based on phylogenetic analyses, using mitochondrial and nuclear genes, as is the case of

Campostoma ornatum (Dominguez-Dominguez et al., 2011; Schonhuth et al., 2011), and
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Codoma ornata (Schonhuth et al., 2015). Even in United States populations of P. promelas,
previous studies show high geographic variation on morphological and meristic traits, suggesting
a species richness subestimation (Vandermeer, 1966).

In the current work, the findings of highly divergent genetic groups based on
phylogenetic trees, species tree analysis, genetic distances and haplotype networks, highlighted

the possibility of the existence of a species complex within Mexican P. promelas populations.

Phylogenetic relationships and taxonomic implications

Pimephales promelas is considered a widespread species (Miller, Minkley & Norris, 2005),
highly susceptible to population fragmentation and speciation processes (Letsch, Gottsberger &
Ware, 2016). Althought the current study focused on a part of the species’ distribution, the
Chihuahuan Desert and SMO basin drainages, genetic distances (Table 1), phylogenetic
relationships (Fig. 2; Figs. S1 and S2), the species tree (Fig. 3) and the results of haplotype
networks (Fig. 4), suggest the existence of four highly differentiated and supported groups within
P. promelas populations. One grouping the specimens from the Casas Grandes River; another
grouping the specimens collected in the Santa Maria River; a third group included the specimens
collected in the Nazas+Conchos rivers; and the last one contained all samples pertaining to the
Yaqui River.

The genetic divergences in the cyt b among these four lineages ranged between 3.7%
among Yaqui and NazastConchos populations, to 10.6% among populations of the
Nazas+Conchos rivers and the Santa Maria River drainage. These genetic distances are the same
or above the genetic distances found between the seven species of the Chihuahuan Desert Group
of the genus Gila, that ranges between 3.68 to 5.56 (Schonhuth et al., 2014), the lowest distance

found between well recognized Southwest species in the Dionda genus of 1.3% (Schonhuth et

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.26873v1 | CC BY 4.0 Open Access | rec: 19 Apr 2018, publ: 19 Apr 2018




317 al., 2008), the lowest distance of 1.9% found between well recognized species in Cyprinella and
318 4.7% found in species of the Tampichthys genus (Schonhuth & Mayden, 2010) and the 2.1-4.0%
319 found between species of Algansea (Pérez-Rodriguez et al., 2009), or even above the mean cut-
320 off value of 2% for the recognition of species with the cyt b gene (Avise, 1996; Bradley &
321 Baker, 2001). Also the S7 showed relatively high genetic differences for a nuclear gene, being
322 the low genetic distances (p-distance 1.1%) in the comparision between the geographically
323 proximate Casas Grandes Lineage vs the Yaqui Lineage drainages, and the higher (p-distance
324  4.7%) Santa Maria vs Nazas+Conchos populations. Previous studies have found similar genetic
325 distances in S7 nuclear gene for a well recognized species in the cyprinid family; as in the
326 Algansea genus in which interspecific genetic distances between 0.5 to 3.6% were found (Pérez-
327 Rodriguez et al., 2009).

328 Pimephales promelas was described by Rafinesque (1820) from a Pond near Lexington,
329 Kentucky, USA. Considering the results of the present work, we suggested that P. promelas must
330 be considered as a species complex. Previous phylogenetic and phylogeographic studies also
331 proposed that fish diversity in Northen Mexico has been largely underestimated (Dominguez-
332 Dominguez et al., 2011; Schonhuth et al., 2011, 2012, 2014, 2015). According to the analyses
333 presented herein, the Southern populations of P. promelas show at least four evolutionary
334 independent groups that could be recognized as different species. A more integrative taxonomic
335 analysis is pending to complement these results; it should include morphological, morphometric,

336 meristic and pigmentation characters, as well as a more extensive sample size.

337 Evolutionary history of P. promelas

338 Although with the information and analyses provided herein it is possible to elucidate a general

339 biogeographic and evolutionary process in Southern populations of P. promelas, some
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incongruences in the phylogenetic signal between markers was found. However, the
incongruence found between cyt b and S7 datasets can not be attributed to a retention of ancestral
polymorphisms because of incomplete lineage sorting and/or introgression following secondary
contact, because we did not recover shared haplotypes between the four well differentiated sub-
clades in neither of the two genes (Fig. 4; Figs. S1 and S2). Genetic distances recovered between
clades were high (Table 1), and we found the same topology in the cyt b phylogeny,
concatenated gene tree and species tree (Fig S1; Figs. 2 and 3). The more plausible explanation
for gene tree incongruence comes from the use of a small number of sequence data in the Santa
Maria Basin, which has been shown to generate phylogenetic hypotheses that are incongruent or
lacking support (Satta, Klein & Takahata, 2000; Kopp & True 2002; Rokas et al., 2003; Rokas &
Carroll, 2005). Also, the mtDNA mutation rate is typically one order of magnitude higher than
the nuclear one (Ballard & Whitlock, 2004; Brown, George & Wilson, 1979; Lynch, 2006;
Nabholz, Glémin & Galtier, 2009), as was the case for the studied Southern populations of P.
promelas. In this way, the incongruence between gene trees in the current study could be due to
the presence of only one specimen in the Santa Maria Lineage and different genetic mutation

rates between nuclear and mitochondrial DNA.

Cladogenesis of the main clades

Previous biogeographic studies of Chihuahuan Desert and SMO fish fauna have
mentioned ancient and recent tecto-volcanic events and climatic factors that explain the
geographic distribution and phylogenetic relationships of the freshwater fishes of the region
(Smith & Miller, 1986; Wood & Mayden, 2002; Blum et al., 2008; Schonhuth & Mayden, 2010;
Dominguez-Dominguez et al., 2011; Schonhuth et al., 2011, 2012, 2014, 2015; Aranda-Gomez

et al., 2018). In the current study, the divergence time estimation separating Clade B, distributed
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in the Yaqui and Nazas+Conchos rivers, to those of the Clade A, distributed in the Guzman
Basin, was calculated to have ocurred during the Pleistocene (ca. 1.39 Ma, 95% HPD: 0.53-
2.25). The most plausible biogeographic scenario for the separation of Clade A vs Clade B is the
desiccation of an ancient pluvial paleolake of the Pleistocene that connected present Yaqui River
and drainages from the current Guzman Basin, with the subsequent disruption of the connection,
as has been proposed by Smith & Miller (1986) for co-distributed freshwater fishes (Fig. 5A).
This pluvial paleolake could have been formed by the Lake Cabeza de Vaca and the actual
Babicora Lagoon Basin. Studies based on allozyme analysis (Wood & Mayden, 2002) and
molecular data in codistributed freshwater fishes of the North of Mexico (Kim & Conway, 2014;
Corona-Santiago et al., 2018, in press), as well as Chihuahuan Desert herpetofauna (Axtell,
1977; Rosenthal & Forstner, 2004), have hypothesized the existence of the Late Pliocene Lake
Cabeza de Vaca (Strain, 1966), that formed a basin corridor during cycles of heavy precipitation
since Late Pliocene to Middle Pleistocene (Reeves, 1965; 1969; Strain, 1966; Rosenthal &
Forstner, 2004). Previous studies indicate that the endorreic basin in the Grande River depression
started its formation during the Late Terciary and culminated in the mid-Pleistocene (Ruhe,
1962; Metcalf, 1967; Gile, Hawley & Grossman, 1981; Hawley, 1969; Smith & Miller, 1986),
whereas the drain of the ancient paleolake Cabeza de Vaca began during the early-middle
Pleistocene (Reeves, 1965; 1969), caused by tectonic activity in the Grande River Rift and the
glacial era (Kansan, Middle Pleistocene) (Strain, 1966; Corona-Santiago et al., 2018, in press).
For ichtyofauna, pluvial paleodrainages may have facilitated a radiation/expansion of ancestral
forms across the Chihuahuan Desert basins; including possible transfers and/or integration of
headwaters of the Mesa del Norte with Pacific drainages, probably caused by pluvial paleolakes,

and later fragmentation of them by climatic ant tecto-volvanic events, as have been previously
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stated for the connection and subsequent isolation of the Yaqui and Guzman basins supported by
other co-distributed fish species as Cyprinella formosa (Wood & Mayden, 2002), Campostoma
ornatum (Dominguez-Dominguez et al., 2011; Schonhuth et al., 2011) and Gila nigrescens
(Schonhuth et al., 2014). Similarly, previous studies in Cyprinodon, Salmo sp., and Ictalurus
pricei (Smith & Miller, 1986; Miller, 1959) have found a relationship between the Guzman
Basin and Yaqui River basins, suggesting a former hydrographic exchange between the Yaqui

Drainage and the Guzman Basin.

Major Clade A: Casas Grandes and Santa Maria lineages split

Within Clade A, the divergence time for the separation between the Casas Grandes and
Santa Maria sub-clades was estimated to have occurred ca. 1.06 Ma (95% HPD: 0.21-1.92) in
Pleistocenic time, associated to the Lake Palomas fragmentation via desertification in the Los
Muertos Bolson (Fig. 5B). It is hypothethised that in the mid-Pleistocene, the fragmentation of
the Lake Cabeza de Vaca created the current configuration of the Bravo River in Mexico and
formed the pluvial Lake Palomas, in the current Guzman Basin (Rosenthal & Forstner, 2004;
Smith & Miller, 1986). During the Middle Pleistocene, Lake Palomas covered much of the
Guzman Basin (Reeves, 1969), the lake complex was fed by the four existing rivers: Casas
Grandes, Santa Maria, Carmen and Mimbres (Reeves, 1969; Hawley, 1969); it was in turn
fragmented by climatic changes since the Pleistocene, forming the current configuration of the
basins in the area (Strain, 1970; Wood & Mayden, 2002; Corona-Santiago et al., 2018, in press;
Kim & Conway, 2014). Previous studies propose that the isolation between the Casas Grandes,
the Upper Grande River basins, the Del Carmen and the Santa Maria rivers ocurred ca. 1.8 Ma,
by dessication of the Los Muertos Bolson (Reeves, 1969; Wood & Mayden, 2002; Dominguez-

Acosta & Gill, 2007; Echelle, 2008; Corona-Santiago et al., 2018, in press). The event of
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isolation within the Guzman Basin, which separated the Casas Grandes and Santa Maria
populations, was similar to those found by Dominguez-Dominguez et al. (2011) in Campostoma
ornatum; these showed Pleistocenic event that isolated the Casas Grandes River populations
around 1.5 Ma, and associated these events mainly to the aridity increase in the zone (Galloway,
Whiteaker & Ganey-Curry, 2011). In Pantosteus plebeius the isolation of the Palomas Lagoon
from the Casas Grandes River was ca. 1.1 Ma, whereas the isolation of the Del Carmen from the
Santa Maria drainages was calculated to ocurr at 1.2 Ma (Corona-Santiago et al., 2018, in press),
mainly proposed by the desertification process in the Los Muertos Bolson (Reeves, 1969; Wood
& Mayden, 2002; Dominguez-Acosta & Gill, 2007; Echelle, 2008), allowing the fragmentation

of the current Guzman complex.

Major Clade B: Yaqui and Nazas+Conchos lineages split

Within major Clade B, the separation between the Yaqui and the Nazas+Conchos sub-
clades was dated at the Pleistocene, approximately 0.94 Ma (95% HPD: 0.25-1.64). This event
seems to be related to the fragmentation of a pluvial paleolake that was present in the Pleistocene
time or a river capture and peripheral isolation, induced by tectonic activity in the SMO (Ferrari,
Valencia-Moreno & Bryan, 2007; Aguirre-Diaz et al., 2008) (Fig. 5C), as has been hypothesised
for those Pacific slope rivers that have headwaters extending eastward in the SMO to areas of the
Mesa del Norte. In which previous studies identified possible transfers of fish species between
drainages by integration or fragmentation of drainages, as is the case of the Yaqui River.
Previous studies have documented closely related lineages in both sides of the SMO, in the
Yaqui and Conchos rivers. Also the climatic changes caused by glacial/interglacial cycles, gave
rise to connections/disconnections between interior basins in the area (Galloway, Whiteaker &

Ganey-Curry, 2011), even during periods of adequate rainfall, the interior basins were flooded by
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pluvial lakes (Smith & Miller, 1986), shaping freshwater species distributions (Minckley et al.,
1986; Miller & Smith, 1986). The fish interchange between basins has involved fish fauna
widely distributed as Codoma ornata, Campostoma ornatum, Gila spp., Rhinichthys cataractae
and Catostomus. This connection could be related to stream capture events since the Plio-
Pleistocene and a later disconnection during Late Pleistocene to Holocene times (Smith & Miller,
1986; Miller, Minkley & Norris, 2005; Dominguez-Dominguez et al., 2011; Schonhuth et al.,
2011, 2014, 2015; Kim & Conway, 2014), through the combined influence of tectonic events and
increasing regional aridity (Galloway, Whiteaker & Ganey-Curry, 2011).

A mixture of samples from the current Nazas and Conchos isolating basins was found
within the Sub-clade B1 of P. promelas. This could be related to a recent connection of both
basins via river capture or through pluvial lakes, as shown by the cyt b gene, whereas the mixture
of haplotypes between both populations in S7 could be related to incomplete lineage sorting due
the low mutation rate of the nDNA. The close relationship between samples of both drainages
was previously found in Campostoma ornatum populations, a relationship explained by a fish
interchange as a result of river capture (Schonhuth et al., 2011). In the same way, Burr (1976),
hypothesized in a previous review of Campostoma ornatum, the formation of a connection
between the Nazas River and the Grande River via the Mayran and Viesca lagoons (both
currently dry) during the Late Pleistocene (Meek, 1904; Burr, 1976). Similarly, a previous
biogeographic study in Codoma ornata found a close relationship between the Conchos and
Nazas drainage populations, attributed to an incomplete lineage sorting, but no biogeographic

scenario was presented (Schonhuth et al., 2015).

Conservation considerations
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The conservation concept at the species level using molecular data gained importance when the
concept of Evolutionary Significant Units (ESU's) emerged (Ryder, 1986; Dominguez-
Dominguez & Vazquez-Dominguez, 2009), and since, genetic diversity was recognized as the
baseline level of biodiversity (Dominguez-Dominguez & Vazquez-Dominguez, 2009). An
Evolutionary Significant Unit (ESU) has been defined as a group of individuals or populations
that present reciprocal monophyly for mitochondrial markers and significant divergences in
allelic frequencies at the nuclear loci, considering in turn the divergence time between
populations (Moritz, 1994, 2002; Dominguez-Dominguez & Vazquez-Dominguez, 2009). This
idea of conservation seeks to identify the management units that are part of the evolutionary
history of the lineages within the species, to create effective programs for their conservation, in
order to preserve the evolutionary processes, indispensable for the long-term permanence of the
species, and the associated evolutionary factors (Avise & Hamrick, 1996; Crandall et al., 2000;
Moritz, 2002; Pertoldi, Bijlsma & Loeschcke, 2007; Dominguez-Dominguez & Vazquez-
Dominguez, 2009). The results presented herein support the existence of four well differentiated
genetic groups within the study populations of Pimephales promelas, that may correspond to
independent and evolutionary significant units, that must be preserved in order to warrant the

long-term conservation of the diferent evolutionary trajectories.

Conclusions

The geographic distribution of the four genetic groups recovered in P. promelas (Casas Grandes,
Santa Maria, Yaqui and Nazas+Conchos lineages) seems to be similar to the lineage distribution
found in other freshwater fishes in the North of Mexico, as Pantosteus plebeius (Coronado-
Santiago et al., 2018, in press) Rhinichthys cataractae (Kim & Conway, 2014), Codoma ornata

(Schonhuth et al.,, 2015) and Campostoma ornatum (Schonhuth et al., 2011; Dominguez-
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Dominguez et al., 2011). Cladogenic events in P. promelas appear to have been caused by the
combined influence of tectonic events and increasing regional aridity. Particularly, the
fragmentation of the ancestral Lake Cabeza de Vaca and interchange events between basins via
stream capture. The four genetic groups must be considered as Evolutionary Significant Units

that must be conserved.
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Figure 1

Basins sampled for Pimephales promelas and lineages found using mitochondrial gen
cyt b and S7 ribosomal protein gen intron 1.

Bvp, Bavispe River; BbL, Babicora Lagoon; Ppg, Papigochic River; BL, Bustillos Lagoon; SnP,
San Pedro River; Bll, Balleza River. Colors and shapes correspond to the four Sub-clades

identified in phylogenetic analyses.
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Figure 2

Phylogeny of Pimephales promelas based on the concatenated two genes (cyt b and
S7).

Numbers on the branches are Bayesian posterior probabilities (above) and Maximum

Likelihood (below). Sub-clades are color-coded to the distribution areas in the map (Fig. 1).
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Figure 3

Time-calibrated Species-Tree phylogeny and Divergence Time estimates for nodes
based on substitution rates for the cyt b gene of 0.76-2.2%/ million of years.

Values in blue color and values in parentheses represent the 95% highest posterior density of
divergence time estimates. Values on the branchs represents the highest posterior

probability. Lineages are color-coded to the distribution areas in the map (Fig. 1).

CasasGrandes_Lineage

1.065
100§ (031192

SantaMaria_Lineage

1.39
99 (0.53-2.25)

Nazas+Conchos_Lineage

0.945
(0.25-1.64)

100

50 2.69
(1.13-4.25)

Yaqui_Lineage

3.36
(1.49-5.24)

Pimephales_tenellus

Pimephales_notatus

0.3

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.26873v1 | CC BY 4.0 Open Access | rec: 19 Apr 2018, publ: 19 Apr 2018




Figure 4

Haplotype network for Pimephales promelas.

Median-joining haplotype network for mitochondrial (cyt b) and nuclear (intron S7) genes for
Pimephales promelas. Each circle represents a different haplotype; circle sizes are
proportional to the number of individuals possessing a particular haplotype. Lineages are

represented by different colors and are in accordance with the color of the distribution area

in figure 1.
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Figure 5

Chronosequence of cladogenetic events, and suggested drainage configurations and
distributions of the common ancestor of the four Pimephales promelas lineages.

(A) Connection and disconnection between the current Guzman Basin and Yaqui River. (B)
Separation of rivers within Guzman Basin via Los Muertos Bolson desiccation. (C) Recent
headwater capture and hydrological connectivity between areas across the SMO (Yaqui-
Conchos rivers). LP, Lake Palomas; LCV, Lake Cabeza de Vaca; CG, Casas Grandes River; SM,
Santa Maria River; Cm, Del Carmen River; Bvp, Bavispe River; BbL, Babicora Lagoon; Ppg,
Papigochic River; BL, Bustillos Lagoon; Bll, Balleza River; SnP, San Pedro River. Green, purple,
red and Brown shaded colors correspond to the distribution of the Sub-clades as shown in the
phylogenetic trees. Solid arrows represent expansion range by lake expansion. Doted arrow

represent river ca pture.
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Table 1(on next page)
Genetic divergences within Pimephales promelas populations.

Below diagonal cyt b and above diagonal S7 uncorrected pairwise sequence divergence (%).

Value inside brackets correspond to the intragroup genetic distance (cyt b/ S7).
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Lineages Nazas+Conchos Yaqui Casas Grandes Santa Maria
Nazas+Conchos (0.4%)/(0.4%) 1.4% 1.7% 4.7%
Yaqui 3.7% (0%)/(0.1%) 1.1% 3.6%
Casas Grandes 9.4% 9.6% (0.5%)/(0.3%) 4.4%
Santa Maria 10.6% 10.5% 7.8% --
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