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RESUMEN

La actividad volcanica y tectonica de placas desde el Mioceno y los ciclos
glaciales e interglaciares durante el Plioceno y el Pleistoceno, son los
principales eventos que han moldeado la distribucion geografica de la variacion
genética en varios taxa de peces de agua dulce del centro de México. En la
presente tesis, se usaron marcadores mitocondriales (cytb, cox/ y dloop) y
nucleares (S7, RAG1, RHO y B-ACT) con enfoque filogenético, filogeografico y
de genética de poblaciones para inferir la historia evolutiva de las especies de
peces viviparos; Xenotoca variata, Goodea spp. (especies de importancia
econdmico cultural purépecha), llyodon spp. (Goodeidae) y Poeciliopsis infans
(Poeciliidae), a lo largo de su area de distribucion en el centro de México. Los
resultados muestran patrones filogeograficos contrastantes entre las especies
analizadas. Las especies de Xenotoca variata, Poeciliopsis infans e llyodon
spp., tienen historias evolutivas y biogeograficas complejas, y estan
fuertemente ligadas a la intensa actividad volcanica y tectdonica durante el
Plioceno y el Pleistoceno y a los ciclos glaciales-interglaciares durante el
cuaternario. Para estas especies se encontré una fuerte estructura genética y
alta diferenciacion genética entre los linajes obtenidos, que puede estar ligada
a la configuracion antigua de las cuencas hidrolégicas y no a la configuracién
actual. Debido a los linajes divergentes encontrados, se recomienda el
rePoeciliopsis infans y Xenotoca variata es necesario realizar una revision
taxondmica por la probable presencia de especies taxondmicamente cripticas.
En el presente trabajo se mostré que las caracteristicas ecoldgicas y bioldgicas
propias de cada especie, juegan un papel importante en la estructuracion
genética de las poblaciones, permitiendo en algunas la diferenciacion genética,
mientras que en otros casos, la homogeinizacidn genética entre las
poblaciones, como es el caso de Goodea atripinnis, la especie mas
ampliamente distribuida en las cuencas hidroldgicas del centro de México. Se
encontré baja diferenciacion genética entre todas las poblaciones y haplotipos
compartidos por varias regiones biogeograficas. Este patrén sugiere
colonizacion reciente hacia la mayor parte de las cuencas hidrolégicas donde la
especie se distribuye, debido a su alta capacidad de dispersion y a que es una

especie muy abundante y tolerante a los cambios ambientales. Se ha



reconocido que las especies sexualmente monomorficas generalmente
presentan baja diferenciacion genética entre las poblaciones debido a que no
existe seleccion sexual fuerte como en las especies dimorficas. Ademas, para
esta especie, la dispersion mediada por humanos es posible debido a que es
de importancia para consumo humano desde el establecimiento de la cultura
Purépecha (ca. 3000 anos). En el presente trabajo, se mostré6 que ademas de
la historia geoldgica del centro de México, las caracteristicas biologicas y
ecologicas de cada especie determinan el patron filogeografico encontrado, se
encontraron resultados contrastantes entre las especies estudiadas; indicando
que la historia geolégica de la regidn en conjunto con las caracteristicas
bioldgicas y ecoldgicas propias de cada especie han moldeado la historia

flogeografica de cada una de estas de manera diferente.

PALABRAS CLAVE: Goodeinae, Poeciliinae, endémicos, Historia geoldgica,

estructura genética

ABSTRACT

Volcanic and tectonic plates activities from the Miocene and glacial and
interglacial cycles during the Pliocene and Pleistocene, are the main events that
have shaped the geographic distribution of genetic variation in several taxa of
freshwater fishes in central Mexico. In the present dissertation, we use
mitochondrial (cytb, coxl y dloop) and nuclear markers (S7, RAG1, RHO y B-
ACT) with phylogenetic, phylogeographic and population genetics frameworks
to elucidate the evolutionary history of viviparous fish species Xenotoca variata,
Goodea spp. (species of cultural and economic importance for the Purepecha
culture), llyodon spp. (Goodeidae) and Poeciliopsis infans (Poeciliidae), along
their distribution range in central Mexico. The results showed contrasting
phylogeographic patterns among the analysed species. For the Xenotoca
variata, Poeciliopsis infans and Illyodon spp their evolutionary and
biogeographical histories are complex, and strongly linked to the intense
volcanic and tectonic activities during the Pliocene and Pleistocene and to
Quaternary glacial-interglacial climate change. For these species we found

strong genetic structure and high genetic differentiation between lineages that



could be linked to the ancient configuration of the hydrological Basins and not
it's the current configuration. Due to the divergent lineages found, we
encourage the rearrangement of the current taxonomic status for /lyodon
species, while Poeciliopsis infans and Xenotoca variata require a taxonomic
review, given the probable existence of cryptic species. We showed that the
ecological and biological characteristics of each species played an important
role in the genetic structure of populations, allowing in some cases genetic
differentiation, while in other cases, genetic homogenization between
populations, as is the case of Goodea atripinnis, the most widely distributed
species in the hydrological Basins of Central Mexico. Low genetic differentiation
between all populations was found and shared haplotypes for several
biogeographic regions. This pattern suggests a recent colonization towards
most of the hydrological Basin where the species is distributed, due to the high
dispersal capacity, its high abundance and its tolerance to environment
changes. It has been recognized that sexually monomorphic species usually
have low genetic differentiation among populations because sexual selection is
not as important as in dimorphic species. Also, for this species, the dispersion
mediated by humans is possible, due to this species its importance for human
consumption since the establishment of the Purépecha culture (ca. 3000 years
ago). We show that, in addition to the geological history of central México,
biological and ecological characteristics of each species determine the
phylogeographic pattern found, contrasting results between the studied species
were found, indicating that the geological history of the region in conjunction
with biological and ecological characteristics proper to each species have

shaped the phylogeographical history of each in a different manner.



|. INTRODUCCION GENERAL

l. | Historia evolutiva de los organismos

La biologia evolutiva es una disciplina que se encarga de descubrir la
diversidad biologica que existe en nuestro planeta. Una parte de la biologia
evolutiva trata de entender como la seleccion natural produce adaptaciones,
mientras que otra parte infiere las relaciones y la historia de formacion de las
especies por medio de las genealogias y filogenias (Stearns y Hoekstra, 2000).

En 1859 Charles Darwin publico su manuscrito titulado “El origen de las
especies”, el cual es el cimiento en que descansa la teoria de la evolucion,
siendo esta teoria, la piedra angular de la biologia moderna. Aunque Darwin no
fue el primero en escribir sobre aspectos de la evolucién, es a partir de él
cuando se origina la teoria moderna de la evolucién principalmente por dos
razones: 1) examind paciente y sistematicamente todo tipo de evidencia
relacionada con su tema, y 2) fue capaz de proporcionar un mecanismo
plausible para explicar como las especies pueden cambiar: la seleccién natural,
que de acuerdo a Darwin, puede influir en la evolucion biolégica (o lo que él
llamo “descendencia con modificacién”) (Darwin, 1859). A partir de esta fecha,
la biologia evolutiva ha tenido grandes avances metodolégicos. En la
actualidad, la historia evolutiva de las especies puede abordarse desde dos
escalas diferentes, la microevolucién y la macroevolucion.

La microevolucién describe los cambios genéticos que ocurren dentro de
las poblaciones (periodos cortos de tiempo), a través de la seleccién natural:
que puede ser seleccion natural positiva, seleccion natural negativa o seleccion
natural balanceadora o disruptiva, dependiendo de los genotipos seleccionados
en una poblacion (Kelly, 2000; Templeton, 2006); la mutacién: cambios en los
genotipos de una generacion que se transmiten a la descendencia y se van
acumulando con el paso del tiempo generalmente de forma neutra (Templeton,
2006); flujo genético: intercambio de genotipos entre poblaciones distintas
dentro de una misma especie como consecuencia del movimiento de individuos
de unas poblaciones a otras, cambiando por tanto las frecuencias génicas de
una generacion a la siguiente (Allendorf, 1983) y la deriva genética: fijacion de

genotipos a lo largo del tiempo, como consecuencia del azar (Templeton,
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2006). Para evaluar estas fuerzas, son importantes dos caracteristicas de las
poblaciones, la variacion heredable de los rasgos y la variacion en el éxito
reproductivo entre individuos dentro de una poblacion (Stearns y Hoekstra,
2000). Estos procesos provocan cambios en las frecuencias génicas o alélicas
de una poblacion.

Por su parte, la macroevolucién describe e infiere los procesos
evolutivos que ocurren a mayor escala evolutiva, es decir, aquellos que tienen
lugar en grupos altos en la jerarquia taxondémica (especies, familias, 6rdenes,
etc.) y que suponen un cambio evolutivo drastico dentro de los mismos,
observable solo después de que transcurra un largo periodo de tiempo
(Dobzhansky, 1937; Rabosky y McCune, 2010). La macroevolucién se encarga,
por tanto, del estudio de las novedades evolutivas (Hallgrimsson et al., 2012;
Shubin et al., 2009); los grandes patrones evolutivos como las tasas de cambio
o las radiaciones evolutivas (Brawand et al., 2014; Harmon et al., 2003;
Seehausen, 2004); la formacién y extincion de linajes (Antonelli y Sanmartin.
2011; Burbrink y Pyron 2010; Mittelbach et al., 2007) y la disparidad
morfolégica entre grupos taxondémicos (Brusatte et al., 2011; Derek et al.,
1992).

Una de las problematicas en la biologia evolutiva se da cuando el taxén
se convierte en la unidad de estudio de entidades evolutivas, dificultando
encontrar las fronteras y atributos de la unidad evolutiva, es decir el taxon, aun
mas evidente, cuando la respuesta puede variar con el grupo de organismos de
que se trate (Hey y Machado, 2003). Los conceptos de especie acufiados en
los ultimos 40 afios son conflictivos y en ocasiones contradictorios, por lo que
no existe un concepto unico. En la biologia evolutiva, el concepto filogenético
de especie puede aportar resolucion en este tema y se define como el
agrupamiento minimo de individuos, de poblaciones o grupos de poblaciones
que son diagnosticables por un numero dado de caracteres compartidos y
dentro de los cuales hay un patron de ancestria-descendencia (Cracraft, 1983;
Davis y Nixon, 1992; McKitrick y Zink, 1988; Nixon y Wheler, 1990); es decir, la
unidad taxondmica minima que puede ser analizada desde un punto de vista
filogenético.

Bajo este concepto, el uso de caracteres moleculares es de suma

importancia en la delimitacién de especies, en la actualidad, el uso de estos

5



caracteres se ha convertido en una herramienta importante, aunque no
exclusiva, en la delimitacion de especies (Avise y Ball, 1990).

Bajo este panorama los caracteres moleculares, sustentados en
métodos filogenéticos (filogenias) o filogeograficos (tocogenias), se han
convertido en una piedra angular para inferir la historia evolutiva de los

organismos, siendo este un tema central en la biologia (Godoy, 2009).

l. Il Historia de la filogeografia y sus aplicaciones

El termino filogeografia fue acufado por John C. Avise en el afio de
1987 y la defini6 como el campo de estudio concerniente con los principios y
procesos que gobiernan la distribucién geografica de los linajes genealdgicos,
especialmente aquellos dentro y entre especies cercanamente relacionadas
(Avise et al., 1987; Avise, 2000). Esto quiere decir, que la filogeografia,
considerada como una sub-disciplina de la biogeografia histérica, se ocupa de
los componentes histéricos y filogenéticos de la distribucion espacial de los
linajes genéticos, por lo que el tiempo y el espacio son los dos factores a
considerar en los trabajos filogeograficos de las especies (Avise, 2000).

Los analisis filogeograficos y su interpretaciéon usualmente integran
conceptos y técnicas de genética molecular, genética de poblaciones, etologia,
demografia, biologia filogenética, paleontologia, geologia y geografia historica.

La filogeografia, por tanto, es una sub-disciplina integrativa, que engloba
varias disciplinas microevolutivas (relaciones tocogenéticas) y macroevolutivas
(relaciones jerarquicas). Dentro de las disciplinas microevolutivas se
encuentran la etologia, la demografia y la genética de poblaciones, entre otras,
mientras que dentro de las disciplinas macroevolutivas se encuentran la
paleontologia y la biologia filogenética (Avise, 2000).

Para llevar a cabo trabajos filogeograficos, la seleccion de los
marcadores moleculares juega un papel primordial al inferir los patrones que
rigen la distribucion actual de los linajes genéticos. Desde la concepcion de la
filogeografia, el ADN mitocondrial en especies animales ha jugado un papel
muy importante (Correa-Ramirez, 2010).

El uso del ADN mitocondrial se debe a sus caracteristicas, entre ellas,

es de herencia matrilineal, extensa variacion intraespecifica y presenta altas
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tasas de mutacién (Lanteri y Confalonieri, 2003). Las variantes (secuencias) de
ADNmt, conocidas como haplotipos, registran la historia matrilineal de eventos
mutacionales, los cuales pueden conectarse de un modo filogenéticamente
inteligible en un arbol de genes (Avise, 2000; 2008).

El uso exclusivo del ADNmt en algunos casos puede ser arriesgado, ya
que implica un unico locus, el cual puede estar ligado a seleccion, puede
presentar introgresion o puede que no sea posible identificar su dispersion
entre poblaciones como consecuencia de diferencias ecoldgicas o etoldgicas
entre hembras y machos o entre especies (Avise, 2008; Dominguez-
Dominguez et al., 2009). Lo mencionado anteriormente, puede implicar
limitaciones al reconstruir las historias poblacionales (Avise, 2000), razones por
las cuales cada vez es mas frecuente el uso combinado y comparativo de
genealogias obtenidas de datos de ADNmt y ADN nuclear (ADNn). Aunque el
ADNnN también puede presentar inconvenientes como son la recombinacion, asi
como el riesgo de que cada locus, muestre historias evolutivas independientes
(Zhang et al., 2005).

Recientemente, la secuenciacion de nueva generacion (NGS por sus
siglas en inglés), ha facilitado el desarrollo de nuevos loci nucleares, es decir
polimorfismos de nucledtidos simples (SNP por sus siglas en inglés) (Andres y
Bogdanowicz, 2011). Los SNPs son considerados por muchos investigadores
entre las herramientas mas poderosas en estudios de genética de poblaciones
(Guichoux et al., 2011). Los beneficios potenciales de otras aproximaciones
con NGS en estudios filogeograficos han comenzado a incrementarse (Davey
et al., 2011; Egan et al., 2012; Ekblom y Galindo, 2011; Emerson et al., 2010;
Lexer et al., 2013; Zimmer y Wen, 2015), aunque actualmente la adopcion de
estos métodos han sido limitados como resultado de los desafios
metodoldgicos y computacionales (McCormack et al., 2013). Al menos por
ahora, los estudios filogeograficos siguen dependiendo de la secuenciacion
tradicional de Sanger (Morris et al., 2018; Prince, 2015; Sanger y Coulson,
1975; Shaw et al., 2014).

Las aproximaciones filogeograficas son utilizadas principalmente en dos
areas de estudio, por un lado en la taxonomia, para el reconocimiento y

establecimiento de limites entre especies y por otro lado, su uso especifico en



biologia de la conservacion, sobre todo en la definicion de unidades de
conservacion y manejo (Dominguez-Dominguez y Vazquez-Dominguez, 2009).

Los estudios filogeograficos han ayudado a reconocer y establecer
limites entre las especies, de igual manera, la aplicacion de métodos de
analisis filogeograficos, ha sido una herramienta muy poderosa en estudios de
biologia de la conservacién, permitiendo evaluar el potencial evolutivo de las
especies. Ademas, los analisis filogeograficos han permitido evaluar hipotesis
biogeograficas, describir procesos demograficos y evolutivos que resultan en
unidades poblacionales diferenciables, asi como inferir procesos que han
determinado el origen, distribucion y mantenimiento de la biodiversidad,
informacion indispensable en taxonomia y conservacion (Dominguez-

Dominguez y Vazquez-Dominguez, 2009).

[. Il El centro de México

El centro de México representa una zona de transicion definida
por Halffter (1987; 2003), como un area compleja en la cual los componentes
bidticos Neotropicales y Nearticos se traslapan. Este traslape es
particularmente evidente en la porcién sur del Centro de México, en donde la
Faja Volcanica Transmexicana (FVTM), caracteriza la zona orograficamente,
resultado de extensos y complejos procesos geoldgicos (Halffter, 2003: Miller y
Smith, 1986) y volcanicos desde el Mioceno temprano (hace aproximadamente
25 millones de anos; Ferrari y Rosas-Elguera, 1999). La mayor actividad de la
FVTM se desarrolld en los ultimos 12 millones de afios en la regidon central y
oeste (Israde-Alcantara et al., 2010). Representa el arco del Nedégeno mas
extenso en Norte América, abarcando 160,000 km? con una longitud de casi
1,000 km entre las coordenadas 18°30" y 21°30°N (Ferrari et al., 2012).

Recientemente, esta zona ha recibido mucha atencién por parte de los
sistétmatas y biogeografos (Beltran-Lopez et al., 2017; 2018; Dominguez-
Dominguez et al., 2008a; 2016; Mateos et al., 2002; Mejia-Madrid et al., 2007;
Pedraza-Lara et al., 2012; Pérez-Rodriguez et al., 2009; 2015) debido a la
fuerte estructura genética que se ha encontrado relacionada a la historia

geoldgica de la regidn.



Los ambientes dulceacuicolas de esta region del pais han sido
constantemente modificados debido a la dinamica e intensa actividad tecténica
y volcanica de la FVTM; estos cambios, estan reflejados en los procesos de
génesis, destruccion, conexién, aislamiento y restructuracién continua de las
cuencas hidroldgicas, incluidas las endorreicas, asi como las cuencas
asociadas con las vertientes del Pacifico y del Golfo de México, delimitadas por
la Sierra Madre Occidental, la Sierra Madre Oriental y la Sierra Madre del Sur
(Miller y Smith, 1986).

[. IV Subfamilia Goodeinae

I. IV. | Generalidades, biologia y ecologia de la subfamilia Goodeinae

Uno de los grupos mejor representados de peces endémicos para el
Centro de México, son los miembros de la subfamilia Goodeinae, que es un
grupo de pequefios peces viviparos (de 40 a 180 mm de longitud estandar).
Esta subfamilia esta representada por aproximadamente 18 géneros y 41
especies, siendo muchas de sus especies endémicas a una cuenca especifica
0 microendémica a un solo cuerpo de agua (Dominguez-Dominguez et al.,
2010). La distribucion de los goodeinos incluye drenajes a lo largo de las
vertientes del Pacifico y del Golfo de México; en la vertiente del Pacifico se
distribuyen desde la parte alta de la cuenca del Rio Mezquital hasta las partes
altas del sur de la cuenca del Rio Balsas, mientras que en la vertiente del Golfo
de México habitan en las partes altas de la cuenca del Rio Panuco. Ademas
habitan drenajes interiores como el Rio Aguanaval y los lagos de Cuitzeo,
Patzcuaro, Chapala y Zirahuén (Dominguez-Dominguez et al., 2010).

Se les conoce como mexclapiques, tiros y pintitos. Sus especies
presentan diferencias importantes en su adaptacion a los habitat mas diversos:
manantiales, humedales, lagos, arroyos, grandes rios, canales y otros habitat
artificiales, principalmente en altitudes de 1000 a 2300 msnm (una especie
habita hasta los 2800 msnm). La mayoria vive en aguas someras, por lo
general a no mas de 1 m de profundidad (Miller et al., 2005). Las especies de
este grupo poseen rangos troficos desde estrictamente carnivoros (Alloophorus
robustus y Allodonthichthys tamazulae) a herbivoros (Goodea atripinnis), sin

embargo, la mayoria de las especies poseen dietas similares, siendo omivoros,
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y ocupan diferentes nichos dentro del espectro tréfico del grupo (Soto-Galera et
al., 1999).

La subfamilia tiene adaptaciones unicas para la reproduccion, 1)
estructura urogenital muscular (Nelson, 1975); 2) los primeros seis a ocho
radios anales del macho, cortos y apifiados; 3) desarrollo de trofotenias
complejas (placentas trofoténicas), estructuras relacionadas con la nutricion y
la respiracion (absorcion de glucosa, aminoacidos y proteinas) en el embrion
(Lombardi 'y Wourms, 1985); 5) espermatozeugmas (haces de
espermatozoides; no espermatoforos), con las cabezas enterradas y las colas
orientadas periféricamente, estructuras que no se encuentran en ningun otro
grupo y 6) ausencia de 6rganos sensoriales, es decir la linea lateral, los cuales
estan presentes en todas las familias cercanas. El dimorfismo sexual es
marcado en muchas de las especies; los machos suelen ser mas pequefios y
coloridos que las hembras, presentan un elaborado cortejo que involucra
complejas exhibiciones de movimientos y danzas por parte de los machos
(Dominguez-Dominguez y Pérez-Ponce de Ledn, 2007), de esta manera, la
seleccién sexual a través de la eleccion de pareja es una caracteristica
importante de este grupo.

Comparten caracteres osteoldgicos con dos géneros oviparos actuales
(Empetrichthys y Crenichthys) en el oeste de los Estados Unidos, estos dos
géneros han sido incluidos dentro de la familia Goodeidae (Parenti, 1981), sin
embargo, Miller et al. (2005), consideran que esos dos géneros constituyen la

familia hermana Empetrichthyidae.

1. IV. Il Relaciones filogenéticas y sistematica de la subfamilia Goodeinae

Se ha propuesto que el origen y evolucién de la subfamilia Goodeinae,
ha estado estrechamente vinculada a la compleja historia geoldgica y climatica
del Centro de México desde la época del Mioceno (16 millones de anos atras
aproximadamente), factor que, junto con la peculiar forma de reproduccién y
seleccion sexual, asi como la historia climatica de la regién, han sido
ampliamente discutidos y considerados como factores determinantes de su
extraordinaria radiacion adaptativa (Dominguez-Dominguez et al., 2010; Pérez-
Rodriguez et al., 2015). El fésil mas antiguo de la subfamilia perteneciente a la

epoca del Mioceno corresponde a la especie extinta Tapatia occidentalis
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(Guzman, 2015), especie que ya mostraba las especializaciones propias de la
familia.

A pesar de considerarse un grupo ampliamente estudiado,
investigaciones recientes usando técnicas moleculares han inferido valores
altos de diversidad genética y divergencias entre poblaciones, proponiendo una
subestimacién en el nimero de especies dentro de la subfamilia (Beltran-Lopez
et al., 2017; Doadrio y Dominguez 2004; Dominguez-Dominguez et al., 2008a;
2010; Piller et al. 2015), e incluso se han descrito especies nuevas
(Dominguez-Dominguez et al., 2008b; 2016).

El trabajo filogenético y biogeografico mas completo hasta el momento
para la subfamilia es el realizado por Dominguez-Dominguez et al. (2010), en
el que incluyeron un total de 162 individuos de 138 poblaciones y 41 especies.
En general, este trabajo apoya los resultados del estudio filogenético
previamente reportado por Doadrio y Dominguez (2004), en el cual tres grupos
de especies bien diferenciados fueron encontrados, las tribus Characodontini e
llyodontini y un grupo que incluye a las especies restantes. Las hipdtesis
filogenéticas en este trabajo no soportaron la existencia de Godiini como un
grupo monofilético en el que se incluia Goodea y Ataenobius.

Las tribus dentro de Goodeinae divergieron aproximadamente hace
14.05 millones de afios (Foster y Piller, 2018). Un segundo evento
cladogenético (hace diez millones de afios aproximadamente) separd al
ancestro del clado llyodontini en la parte oeste de las cuencas del Pacifico, a lo
largo de las cuencas de los Rios Ameca, Armeria y Mascota-Purificacion, del
ancestro del resto de los godeinos, aislado en las partes altas del Centro de
México. Aparentemente, como resultado de este evento cladogenético, el
ancestro del resto de los goodeinos fue capaz de extender su rango de
distribucion, experimentando un proceso de diversificacion a lo largo de la
llamada Mesa Central de México (Dominguez-Dominguez et al., 2010). Estos
eventos vicariantes, tienen correspondencia con el levantamiento de la Mesa
Central de México durante el Mioceno.

Un trabajo realizado con la familia Goodeidae, mostr6 que dentro de
estos, a comparacion de la subfamilia Empetrichthyinae, la subfamilia
Goodeinae tuvo una radiacion adaptativa en el Centro de México en un periodo

corto de tiempo, resultado de esto, son las altas tasas de evolucién de la forma
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corporal que presenta este grupo, ya que se ha mostrado que muchos de los
miembros de Goodeinae colonizaron nuevas areas debido a la alta variabilidad
morfolégica que presentan, mientras que los Empetrichthyinae no se
expandieron hacia nuevos ambientes y no se diversificaron de la misma
manera que los goodeinos, ademas, la evolucion de la viviparidad en este
grupo también pudo haber jugado un papel importante en su adaptacion a
nuevos ambientes (Foster y Piller, 2018).

Dentro de esta subfamilia, el género Ilyodon, cuya distribucion
geografica esta limitada a las cuencas de la vertiente del Pacifico del Centro de
México (Rios Balsas, Coahuayana, Armeria, Ameca, Purificacion vy
Marabasco), ha tenido una historia taxondémica controversial. Cinco especies
han sido validamente descritas: llyodon whitei (Meek, 1904), llyodon furcidens
(Jordan y Gilbert, 1882), llyodon xantusi (Hubbs y Turner, 1939), /lyodon
lennoni Meyer y Foerster, 1983, e llyodon cortesae Paulo-Maya y Truijillo-
Jiménez, 2000. Sin embargo, diferentes investigaciones han diferido acerca del
numero de especies reconocidas. El catalogo de peces de Eschmeyer et al.
(2016) incluye cuatro especies validas (llyodon whitei, Illyodon furcidens,
llyodon lennoni e llyodon cortesae), mientras que en el trabajo de Doadrio y
Dominguez (2004), basado en caracteres moleculares, fueron reconocidas solo
dos especies (llyodon whitei e llyodon furcidens). Mientras que Dominguez-
Dominguez et al. (2010), incluyendo todas las especies del género llyodon, con
un solo gen mitocondrial, no encontraron grupos monofiléticos dentro del
género. Se ha mostrado que este género exhibe niveles altos de plasticidad
fenotipica, debido a diferentes morfotipos tréficos (Grudzien y Turner, 1984a,b;
Turner y Grosse, 1980). Por lo anterior, un estudio que incluyera todas las
especies identificadas a través de su rango de distribucién y con secuencias de
ADN mitoncondrial y nuclear era necesario para esclarecer la evoluciéon y la
taxonomia del género llyodon (Beltran-Lopez et al., 2017).

Por otra parte, dentro de la subfamilia Goodeinae, Goodea es uno de los
géneros mas ampliamente distribuidos (Miller et al., 2005) y ambientalmente
tolerante (De la Vega-Salazar, 2006), con marcadas diferencias morfolégicas
entre poblaciones, y poco dimorfismo sexual. Al menos tres especies han sido
descritas dentro de este género: Goodea atripinnis (Jordan, 1880) distribuido

en la cuenca del Rio Lerma, Goodea luitpoldii (Steindachner, 1894) distribuido
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en el lago endorreico de Patzcuaro, y Goodea gracilis (Hubbs y Turner, 1939),
distribuido en la cuenca del Rio Panuco. A pesar del reconocimiento de estas
tres especies, en el trabajo de Dominguez-Dominguez et al. (2010), con
caracteres moleculares y un numero reducido de muestras, concluyeron que
Goodea esta compuesto de una sola especie Goodea atripinnis (Dominguez-
Dominguez et al.,, 2010; Webb et al.,, 2004), por lo que las variantes
morfoldgicas parecen ser producto de una alta plasticidad fenotipica debida a
una rapida respuesta al cambio ambiental (Foster et al., 2015). Por lo que un
estudio que analizara el vinculo entre la historia evolutiva de G. atripinnis y la
historia geoldégica y climatica del centro de México, asi como factores
ecologicos y biologicos de la especie, incluyendo muestras de toda su area de
distribucion, era necesario para esclarecer la estructura y diversidad genética,
asi como la demografia histérica de sus poblaciones (Beltran-Lopez et al., en
preparacion).

Finalmente, la especie Xenotoca variata, es otra de las especies con
amplia distribucion dentro de la subfamilia. Esta capacidad de dispersion
parece estar ligada a la amplia variedad de ambientes que habita, tolerante a
diferentes caracteristicas ecoldégicas y a diferentes condiciones ambientales
(De la Vega Salazar, 2006; Miller et al., 2005). Sin embargo, se ha reconocido
a X. variata como una especie altamente dimodrfica con marcada seleccion
sexual, en donde los machos realizan cortejos muy complejos en el que
presentan a la hembra las caracteristicas sexualmente dimorficas,
particularmente el color y las aletas desplegadas (Fitzimons, 1976), lo que
podria implicar una alta diferenciacién genética entre sus poblaciones (Ritchie
et al., 2005; 2007), a pesar de su alta capaciad de dispersion. Por lo que un
trabajo filogeografico usando genes mitocondriales y nucleares, incluyendo
todas las poblaciones conocidas para esta especie, era necesario para evaluar
el papel tanto de los eventos geoldgicos y climaticos en la diversificacion de
linajes, asi como los aspectos ecoldgicos y etoldgicos de esta especie (Beltran-

Lépez et al., en preparacion).
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[. V Subfamilia Poeciliinae

I. V. | Generalidades, biologia y ecologia de la subfamilia Poeciliinae

Los peces de esta subfamilia representan un grupo ampliamente
distribuido y muy diverso. La subfamilia incluye de 22 a 29 géneros y mas de
200 especies (Lucinda, 2003), tienen un tamafo entre 31 y 70 mm de longitud
patron (200 mm maximo; Miller et al., 2005). Los miembros de esta subfamilia
son endémicos del nuevo mundo, con la mayoria de las especies distribuidas
en México, América Central y las Antillas, aunque su distribucién incluye desde
el este de Estados Unidos hasta el noreste de Argentina (Berra, 2001).
Representan uno de los cuatro grupos de peces del orden Cyprinodontiformes
que han desarrolado la fecundacion interna, siendo el gonopodio del macho un
organo intromitente representado por la modificacion de los radios anales 3-5.
Estos caracteres gonopodiales constituyen un caracter diagndstico con fines
taxondémicos, incluso la correcta identificacion de ciertas especies requiere del
examen minucioso de esta estructura gonopodial. Este grupo representa uno
de los tres grupos que han evolucionado de manera independiente a la
viviparidad, dando a luz a sus crias vivas (Parenti, 1981). A los peces de este
grupo se les conoce como guayacones, topotes, espadas, gupis y molis y
representan uno de los grupos de peces dominantes en aguas dulces y
salobres, principalmente en zonas tropicales.

Las hembras gravidas pueden producir varias camadas sucesivas
estando aisladas de los machos hasta por 10 meses o mas, un proceso
llamado retencion de esperma. Algunas especies pueden presentar
superfetacién, de modo que dos o mas camadas en diferentes etapas de
desarrollo coexisten en una sola hembra. Esto ha evolucionado probablemente
de manera independiente varias veces en esta subfamilia (Reznick y Miles,
1989). Muchas especies de esta subfamilia, entre ellas los platis y colas de
espada (Xiphophorus spp.), el gupi (Poecilia reticulata) y los molis (Poecilia),
son peces de acuario muy populares. El guayacdén mosquito (Gambusia affinis
y sus parientes cercanos) se ha introducido en muchas regiones del mundo
como control de las larvas de mosquitos, pero cuando se le introduce fuera de
su ambito natural puede tener efectos negativos en la ictiofauna nativa (Miller
et al., 2005).
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1.V. Il Relaciones filogenéticas y sistematica de la subfamilia Poeciliinae

Los Poecilinos han jugado un papel importante en estudios
biogeograficos debido a su amplia distribucion y diversidad en Centro América
y el Caribe (Rosen, 1975). Los poeciliinos se han agrupado en cinco grupos de
acuerdo a su distribucion geografica y a las relaciones filogenéticas: Sur
Ameérica, que incluye los géneros Tomeurus, Phalloceros, Phallotorynus,
Phalloptychus, Cnesterodon, y Poecilia; Centro América, que incluye los
géneros Alfaro, Phallichthys, Carlhubbsia, Belonesox, Priapella, Xiphophorus,
Pseudoxiphophorus, Poecilia, Gambusia, Xenodexia, Scolichthys 'y
Poeciliopsis; la parte sur de Centro América, que incluye los géneros
Brachyrhaphis, Priapichthys, Neoheterandria, Poeciliopsis, Poecilia vy
Gambusia; Norte América, que incluye los géneros Heterandria, Poecilia y
Gambusia; y las grandes Antillas, que incluye los géneros Gambusia, Limia,
Quintana y Girardinus. La distribucién geografica de los poeciliinos también
tiene correspondencia con linajes monofiléticos, aunque el linaje de Sur
América es parafilético, mientras que Gambusia y Poecilia son los géneros mas
ampliamente distribuidos. Durante el Cretacico, parece haber existido una
conexién entre Centro y Sur América, permitiendo dispersion bidireccional entre
el Norte y el Sur por parte de los Poeciliinos, que representan un antiguo grupo
que inicialmente estuvo restringido a Sur América, la cual es su area de origen,
experimentando después vicarianza que condujo a una radiacién adaptativa en
Centro América, las Grandes Antillas y la parte sur de Centro América, seguida
de eventos de dispersion a las regiones de Sur América (Hrbek et al., 2007).

Se ha establecido que la mayor colonizacion de Centro y Norte América
probablemente ocurrié a través de las Grandes Antillas durante la transicion del
Eoceno al Oligoceno (67.98 millones de afos aproximadamente). La mayor
radiacion de este grupo tuvo lugar hace aproximadamente 44 millones de anos,
lo cual es compatible con una segunda invasién de Centro y Norte América a
través del puente de las aves en las Grandes Antillas hace 35-33 millones de
afnos (lturralde-Vinent y MacPhee, 1999). Después de estas colonizaciones,
varios eventos de colonizacion posteriores han sido documentados para
diferentes géneros, mostrando que el escenario mas probable para la historia
evolutiva de los poeciliinos debe ser un origen en Sur América con recurrentes

eventos de dispersion a Centro y Norte América, siendo los puentes terrestres
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un factor crucial en la diversificacion de este grupo (Hrbek et al., 2007). Los
analisis filogenéticos han mostrado que los géneros Poeciliopsis Yy
Neoheterandria son el grupo hermano del clado mas surefio de Centro América
(Hrbek et al., 2007).

Actualmente, la taxonomia de este grupo se basa primordialmente en las
caracteristicas del gonopodio, reconociendo a las siguientes tribus: Poeciliini
(gonopodio relativamente corto); Cnesterodontini (gonopodio desplazado hacia
adelante y elongado); Gambusiini son los menos especializados (gonopodio de
pequefia a mediana longitud); Girardinini (gonopodio largo, modificado y
complejo). Heterandriini (modificaciones comparables con Girardinini, aunque
con un gonopodio mas simple). En diversos trabajos se ha reconocido que las
tribus deben ser reevaluadas taxonémicamente, porque varias de ellas no son
monofiléticas (Lucinda y Reis, 2005).

El género Poeciliopsis se distribuye mayormente en los drenajes del
Pacifico, desde el sur de Arizona hasta el oeste de Colombia. Las especies de
este género pueden distribuirse en un amplio rango de ambientes, desde
cuencas tropicales y altitudes bajas, hasta lagos de grandes altitudes, asi como
manantiales en el desierto y rios. Han sido reconocidas 20 especies para este
género (Mateos et al., 2002).

Un trabajo filogenético realizado con las especies del género
Poeciliopsis establecio que al menos dos eventos vicariantes en distintos
periodos de tiempo en la FVTM fueron los responsables de la divergencia entre
el linaje del norte de la FVTM vy el linaje del sur de la FVTM. El primer evento
ocurrié hace ocho y 16 millones de afios, separando los miembros estrictos del
norte del clado del sur. Mientras que el segundo evento vicariante tuvo lugar
entre 2.8 y 6.4 millones de afos (Mateos et al., 2002).

Dentro de este género, la especie Poeciliopsis infans es el Unico pez de
origen Neotropical que ha colonizado las partes altas y templadas de la FVTM,
incluyendo las Cuencas Lerma-Santiago, Ameca, Armeria, Coahuayana,
Balsas y Panuco, asi como los lagos endorreicos del Centro de México. Debido
a estas caracteristicas y a que se encuentra codistribuida con especies de
origen Neartico, como los goodeinos y ciprinidos, inferir la historia evolutiva de
esta especie era necesario para poder explicar como la actividad volcanica y

tectonica han moldeado la estructura filogeografica de esta especie. Por otra
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parte, al ser una especie que ha evolucionado en areas marginales y
templadas, en comparacion con el resto de las especies de Poeciliopsis, P.
infans podria mostrar patrones filogeograficos contrastantes a los mostrados

para otras especies co-distribuidas en la regién (Beltran-Lopez et al., 2018).

I. VI Estudios filogeograficos en el centro de México

Se ha reconocido que la actividad volcanica y tecténica desde la época
del Mioceno ha tenido una importante influencia en la diversificacion de
muchos taxa del nuevo mundo (Castoe et al., 2009). En conjunto, los eventos
geoldgicos y los eventos climaticos durante el cuaternario, son los principales
factores que han moldeado la distribucion geografica de la variacién genética
en las especies, poblaciones y comunidades en diferentes taxa (Bermingham y
Martin, 1998; Hewitt, 2000; 2004).

Bajo este contexto, la localizacién geografica, la compleja topografia, el
dinamismo geoldgico desde el Mioceno y la historia climatica del Centro de
México, han moldeado la compleja historia biogeografica de la zona, que ha
permitido la coexistencia de taxa de origen Neotropical y Neartico, asi como de
grupos endémicos a esta parte del pais. Todos estos componentes fisicos y
bioldgicos, han influenciado la distribucidén de los linajes genéticos en espacio y
tiempo, tanto de organismos terrestres como de organismos dulceacuicolas
(Arellano et al., 2005; Beltran-Lépez et al., 2017; 2018; Betancourt-Resendes et
al., 2018; Bryson et al., 2011a,b,c,d; Dominguez-Dominguez et al., 2008; 2010;
Huidobro et al., 2006; Mejia-Madrid et al., 2007; Pedraza-Lara et al., 2012;
Pérez-Rodriguez et al., 2009; 2015).

Para taxa dulceacuicolas distribuidos en el Centro de México como
peces, crustaceos, plantas y parasitos, se ha demostrado que la estructura
filogeografica parece haber sido influenciada por los intensos eventos
vicariantes asociados a la historia geoldgica y climatica de la regién (Beltran-
Lopez et al., 2017; 2018; Dominguez-Dominguez et al., 2008a; 2010; Huidobro
et al.,, 2006; Mejia-Madrid et al., 2007; Pedraza-Lara et al., 2012; Pérez-
Rodriguez et al., 2009: 2015), principalmente por la configuracion antigua de
los rios y no la configuracién actual, como es el caso del goodeido

Zoogoneticus quitzeoensis (Dominguez-Dominguez et al.,, 2008a), para
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especies de cyprinidos del género Algansea (Pérez-Rodriguez et al., 2009),
para poeciliidos (Beltran-Lépez et al., 2018; Mateos et al., 2002) y para
atherinopsidos (Betancourt-Resendes et al., 2018).

Patrones filogeograficos contrarios, aunque menos comunes, se han
reportado en el Centro de México, estudios recientes han demostrado que
cuando existe conexion dentro y entre cuerpos de agua, la historia de vida y las
caracteristicas ecolégicas de las especies pueden influenciar la capacidad de
dispersién y por lo tanto, la conectividad genética de las poblaciones (Beltran-
Lépez et al., en preparacion; Betancourt-Resendes et al., 2018; Goto y Andoh,
1990). En este sentido, la diferenciacion genética baja o nula en especies de
peces dulceacuicolas en el Centro de México, ha sido explicada por la alta
capacidad de dispersion de las especies, por la incertidumbre taxonémica de
algunas especies o incluso debido a dispersion mediada por humanos,
(Beltran-Lopez et al., 2018; Betancourt-Resendes et al., 2018; Corona-Santiago
et al., 2015; Ornelas-Garcia et al., 2012).

La presente tesis, incluye un trabajo filogeografico con marcadores
mitocondriales y nucleares de cuatro grupos de especies de peces
dulceacuicolas viviparos, Ilyodon spp., Goodea spp., Xenotoca variata
(Goodeinae) y Poeciliopsis infans (Poeciliinae), todos con distribucion en el
Centro de México. Este trabajo aporta nuevos datos acerca de los patrones
filogeograficos de peces viviparos del Centro de México, ademas de relacionar
la historia geoldgica de la region y las caracteristicas bioldgicas y ecoldgicas
propias de cada especie con los patrones filogeograficos encontrados,
sugiriendo nuevas hipotesis acerca de la historia evolutiva de especies de dos

subfamilias distribuidas en el Centro de México.
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ll. OBJETIVOS.- OBJETIVO GENERAL

Describir la historia evolutiva de las especies de goodeinos llyodon spp.,
Goodea spp. y Xenotoca variata, asi como del poecilido Poeciliopsis infans a

lo largo de las cuencas del Centro de Mexico.

[1.OBJETIVOS PARTICULARES

CAPITULO |

1. Entender las relaciones filogenéticas y filogeograficas de las especies que
componen el género llyodon en toda su area de distribucion.

2. Describir la historia biogegrafica en espacio y tiempo de las especies bajo
estudio.

3. Entender la taxonomia de las especies que componen el género /lyodon.
4. Evaluar a través de arboles de especies y pruebas de delimitacion
filogenética de especies, el numero de especies que componen el género
llyodon.

5. Relacionar las relaciones filogenéticas y la taxonomia del género con

eventos antiguos de la actividad volcanica y tectonica de la region.

CAPITULOII

1. Describir las relaciones filogenéticas y filogeograficas de las especies que
han sido descritas para el género Goodea en todo su rango de distribucion.
2. Describir la estructura genética de Goodea.

3. Describir la diversidad genética de Goodea.

4. Examinar la historia demografica de Goodea.

5. Examinar la relacién entre la historia evolutiva de Goodea atripinnis
(Goodeinae) y la historia geoldgica y climatica del Centro de México.

6. Comparar los patrones encontrados para G. atripinnis con los patrones
encontrados en estudios previos de goodeinos y otras especies de peces co-

distribuidas.

CAPITULO Il

1. Describir los patrones filogeograficos de Xenotoca variata (Goodeinae).
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2. Inferir la estructura genética de las poblaciones en toda su area de
distribucion.

3. Describir la diversidad genética de las poblaciones de esta especie.

4. Elucidar el tiempo de divergencia de los linajes genéticos recuperados.

5. Describir la historia biogeografica de los linajes genéticos recuperados.

6. Evaluar el papel de los eventos geoldgicos y climaticos en la diversificacion
de los linajes.

7. Evaluar como los aspectos ecoldgicos y bioldgicos afectan la historia

evolutiva de la especie.

CAPITULO IV

1. Inferir la variacion filogeografica de todas las poblaciones de la especie de
poecilido Poeciliopsis infans en toda su area de distribucion.

2. Inferir la historia biogeografica en espacio y tiempo de los linajes
recuperados para la especie.

3. Describir la historia demografica de las poblaciones de P. infans.

4. Examinar la influencia que han tenido los ciclos glaciales e interglaciares en
la historia demografica de los linajes genéticos asi como en la distribucion
potencial en el pasado (ultimo interglaciar y ultimo maximo glacial) para la
especie.

5. Examinar la influencia de la historia geoldgica de la region en espacio y
tiempo en la historia evolutiva de la especie Neotropical (P. infans)

evolucionando en un area predominantemente Neartica.
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V. RESULTADOS

CAPITULO |

Phylogeny and taxonomy of the genus Illyodon Eigenmann, 1907 (Teleostei:

Goodeidae), base on mitochondrial and nuclear DNA sequences

Beltran-Lopez, R. G., Dominguez-Dominguez, O., Guerrero, J. A., Corona-
Santiago, D. K., Mejia-Mojica, H., & Doadrio, I. (2017). Phylogeny and
taxonomy of the genus llyodon Eigenmann, 1907 (Teleostei: Goodeidae),
based on mitochondrial and nuclear DNA sequences. Journal of Zoological
Systematics and Evolutionary Research, 55(4), 340-355. DOI:
10.1111/jzs.12175
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Abstract

Taxonomy of the live-bearing fish of the genus Illyodon Eigenmann, 1907
(Goodeidae), in Mexico, is controversial, with morphology and mitochondrial
genetic analyses in disagreement about the number of valid species. The
present study accumulated a comprehensive DNA sequences dataset of 98
individuals of all /lyodon species and mitochondrial and nuclear loci to
reconstruct the evolutionary history of the genus. Phylogenetic inference
produced five clades, one with two sub-clades, and one clade including three
recognized species. Genetic distances in mitochondrial genes (cytb: 0.5-2.1%;
coxl: 0.5-1.1% and d-loop: 2.3-10.2%) were relatively high among main clades;
while, as expected, nuclear genes showed low variation (0.0-0.2%), with
geographic concordance and few shared haplotypes among river basins. High
genetic structure was observed among clades and within basins. Our genetic
analyses, applying the priority principle, suggest the recognition only of /lyodon
whitei and Illyodon furcidens, with I. cortesae relegated to an invalid species, the

populations of which belong to /. whitei.

KEYWORDS

Diversification, endemic fish, mitochondrial DNA, nuclear DNA, taxonomy
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INTRODUCTION

The geological history of Central Mexico is characterized by high tectonic
and volcanic activity since the Miocene, at least 16 Mya that continues to the
present, generating an ongoing process of hydrological reconfiguration (Ferrari
Conticelli, Vaggelli, Potrone, & Manetti, 2000). This dynamic geomorphology
has been postulated as the primary cause of the complex evolutionary history of
the freshwater fish fauna of Central Mexico, exceeding the effects of biological
characteristics and the evolution of climate conditions (Barbour 1973;
Dominguez-Dominguez, Doadrio, Martinez-Meyer, Zambrano, & Pérez-Ponce
de Ledn, 2006; Dominguez-Dominguez et al., 2010; Pérez-Rodriguez,
Dominguez-Dominguez, Doadrio, Cuevas-Garcia, & Pérez-Ponce de Leodn,
2015; Smith, 1980). Of the nearly 100 described species of freshwater fish in
Central Mexico, ~70% are endemic (Miller Minckley, & Norris, 2005) as a result
of paleogeological isolation processes, especially volcanism and tectonic
events.

Studies of endemic and native freshwater fishes in Central Mexico have
chiefly focussed on phylogeny based on DNA sequences or biogeographic
aspects of complete groups of fishes in Mexico (Corona-Santiago, Doadrio, &
Dominguez-Dominguez, 2015; Doadrio & Dominguez, 2004; Dominguez-
Dominguez, Pérez-Rodriguez, Escalera-Vazquez, & Doadrio, 2009;
Dominguez-Dominguez et al., 2010; Pérez-Rodriguez, Dominguez-Dominguez,
Pérez-Ponce de Leodn, & Doadrio, 2009; Pérez-Rodriguez et al., 2015;
Schonhuth & Doadrio, 2003; Schoénhuth, Doadrio, Dominguez-Dominguez,
Hillis, & Mayden, 2008), while within-species phylogeographic studies are
scarce (Dominguez-Dominguez, Alda, Pérez-Ponce de Ledn, Garcia-
Garitagoitia, & Doadrio, 2008; Mateos, Sanjur, & Vrijenhoek, 2002), especially
of species distributed in Central Mexico Pacific drainages (CMPD) (Dominguez-
Dominguez et al., 2006; Mateos 2005; Piller, Kenway-Lynch, Camak, &
Dominguez-Dominguez, 2015). Phylogeographic and population studies are
essential tools in understanding evolutionary patterns and provide useful
information on genetic isolation of populations on a geographic and temporal
scale. Phylogeographic data are especially relevant when the populations

studied are under threat, as is the case for the Central Mexico endemic
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subfamily Goodeinae (Dominguez-Dominguez & Pérez-Ponce de Ledn, 2007).
Phylogeographic studies can identify divergent populations and evolutionarily
isolated lineages undetected by traditional taxonomy (Dominguez-Dominguez
et al., 2008; Mateos, 2005; Piller et al., 2015).

The goodeids in Central Mexico include the endemic subfamily Goodeinae
represented by approximately 19 genera, including /lyodon, and 40 species of
viviparous fishes with internal fertilization and matrotrophy (Doadrio &
Dominguez, 2004; Dominguez-Dominguez & Pérez-Ponce de Ledn, 2007).
Geographic distribution of /lyodon is limited in the CMPD to the main basin of
the Balsas River and the adjacent Coahuayana, Armeria, Ameca, Purificacion,

and Marabasco River basins (Figure1).
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FIGURE 1 Sampling locations (symbols) and the hydrological basins (filled
areas) where llyodon is distributed, numbers corresponded with Table 2. The
lines of the Balsas basin show the west, central, and east divisions considered
in the present study. The colors of symbols correspond to the colors of the
clades.
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Species of llyodon have long been taxonomically controversial. Five
species have been described: llyodon whitei (Meek, 1904), llyodon furcidens
(Jordan & Gilbert, 1882), Illyodon xantusi (Hubbs & Turner, 1939), llyodon
lennoni Meyer & Fderster, 1983, and /lyodon cortesae Paulo-Maya & Trujillo-
Jimenéz, 2000. However, opinions have differed with regard to the number of
valid species. The catalogue of fishes (Eschmeyer, Fricke & Van der Laan,
2016) includes four valid species (I. whitei, I. furcidens, I. lennoni, and .
cortesae), whereas taxonomy based on molecular studies has identified only /.
whitei and I. furcidens (Doadrio & Dominguez, 2004). The results of a
comprehensive study of Goodeidae, including all species of Illyodon, using a
single mitochondrial DNA gene, did not find monophyletic groups (Dominguez-
Dominguez et al., 2010).

At the population level, morphological and genetic data also generate wide
discussion of /lyodon speciation vs. phenotypic plasticity in previously separated
species or subspecies (Kingston, 1979; Turner & Grosse, 1980). Two trophic
morphs found in sympatry in the Coahuayana and Armeria River basins,
described as [. furcidens and I. xantusi have been considered the same species
with an incipient signature of reproductive isolation, resulting from trophic
differentiation (Grudzien & Turner, 1984a,b; Turner & Grosse, 1980).

The present study comprises a comprehensive report of llyodon, including
all identified species throughout their distribution range and DNA sequences
analyses of three mitochondrial and two nuclear markers. The use of combined
mitochondrial and nuclear genes allows a better understanding of the evolution
and taxonomy of /lyodon. The aims of the study were to infer the evolutionary

history of /lyodon and elucidate the relationships among described species.

MATERIALS AND METHODS

Fish sampling

Ninety-eight specimens of I. cortesae, I. furcidens, I. lennoni, and I. whitei
from throughout their distribution range were collected from the east, central,
and west sub-basins of the Balsas River basin, as well as the Coahuayana,
Armeria, and Ameca River basins (Figure 1). llyodon xantusi has been

described from a tributary of the Armeria River, near Colima city. In this work,
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following Turner and Grosse (1980), we considered /. xantusi a junior synonym
of I. furcidens.
Fish were captured by electrofishing and trawl nets and anesthetized with
tricaine mesylate (MS-222). A fin fragment of each fish was preserved in 95%
ethanol for DNA extraction. A maximum of five specimens from each locality
were preserved in 5% formalin and deposited in the fish collection of several
institutions, approved by the Ministry of Environment and Natural Resources for
Mexico (SEMARNAT), with the permission number: SGPA/DGVS/08473/15.
The remaining fish were released at the capture site. The fin clips were
deposited in the fish collection at the Universidad Michoacana de San Nicolas
de Hidalgo, México (SEMARNAT registration number MICH-PEC-227-07-09),
the fish collection of the Universidad Autbnoma del Estado de Morelos, México
(SEMARNAT registration number MOR-CC-243-201), and the collection of the
Museo Nacional de Ciencias Naturales, Spain (Table 1). Based on published
reports and available samples, we used Allodontichthys as outgroup (Doadrio &
Dominguez 2004; Dominguez-Dominguez et al., 2010). Information on

sampling is provided in Table 2.
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TABLE 1 Geographical information, collection where the tissue are deposited and the voucher number of the sample

Locality

GPS Coordinates

Fish Collection

Tissue voucher number

Rio Ameca, puente la muerta
Rio Armeria

Arroyo Chacambero

Rio Las Trojes

Presa Copales

Presa Tacotan

Rio Las Rosas

Rio Cajones

Rio Ahuacapan

Manantial Cutzaréndiro

Manantial Tocumbo

Arroyo El Tule, Tuxpan

Los Horcones

Potrero Grande

Achacales

Atenquique, Tuxpan

San Jerénimo, Tuxpan

Los Pitayos, Tuxpan

Arroyo La Purisima, Tuxpan
Arroyo coréndiro, Nueva ltalia.
Barranca de Cuernavaca, Morelos

Barranca San Andrés de la Cal

20° 31744 N, 104° 7" 473" W
19°561°1.3" N, 104°17° 0.0 W
18°20°44.53" N, 100° 437 43.97"" W
19° 05" 38.8" N, 101°49" 33.5”" W
20° 13749.2" N, 104° 117 429" W
20°3742.78 "N, 104° 18" 43.67" W
20° 54" 51.27"" N, 104° 45" 1.75" W
19°9713.59"" N, 102° 4" 23.7" W
19° 39" 54.217" N, 104° 19" 19.79” W
19°11°0.6"" N, 101° 30" 8.3 W

19°42° 7" N, 102° 30" 60" W
19°19°32.3"" N, 103° 22" 18.8”" W
19°35748.1"" N, 102° 54" 152" W
20°31°156"" N, 104° 7" 36" W
19°42° 141" N, 104° 8" 37.9" W
19°31746.35"" N, 103° 25" 56.39”" W
19°41°42.3""N,103° 21" 82" W
19°45°35.3" N, 103° 11" 84" W
19°31°19.8"" N, 103° 20" 32.9”" W
19°4746.7"" N, 102° 4" 25" W
18°52"0" N, 99°6°38.6" W
18°57"41.1"N,99°7" 46" W

MNCN
MNCN
MNCN
MNCN
MNCN
MNCN
MNCN
UMSNH
UMSNH
UMSNH
MNCN
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH
UMSNH

31943, 31944, 31945, 31946
31971

32155, 32156, 32157, 32752
32158, 32159

33008

64259

4266, 64367, 64368

5179, 5180

8842, 8843

9162, 9164, 9166

64229, 64230

9260, 9984, 9986

9267, 9268, 9269

9393

9938, 9940, 9942, 9946
11989, 11990, 11991

12018, 12019

12033

12056

13042

36420, 36421, 36422, 36423, 36424
36434, 36435, 36436, 36437, 36438

36444, 36445, 36446, 36447, 36448, 36449
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Rio Apatlaco, Jojutla 18°33"0"N,99°14° 0" W

Rio Chinapa, Tzitzio 19°20° 50.8"" N, 100° 55" 6.7"" W
Rio Cuautla, el ojito 18°49°18.3'"N,98°56° 0.1 W
Rio Rijo, Izucar de Matamoros 18°37°23.8" N, 98° 33" 39" W
Rio Zitacuaro, Tuzantla 19°12°18.3" N, 100° 32" 242" W
Rio Yautepec, Oaxtepec 18° 53" 55" N, 98° 58" 59" W

Rio Zicuiran, Zicuiran 18°53"1.4°" N, 101° 58" 35.7"" W
Rio Tacambaro, Puruaran 19°11°0.6"" N, 101°30° 8.3 W

Rio Cupatitizio, Parque Uruapan 19°23719°"N,102° 0" 51" W

UAEM

UMSNH
UMSNH
UAEM

UMSNH
UMSNH
UMSNH
UMSNH
MNCN

UMSNH

51
36415,36416, 36417, 36418, 36419
36429, 36430, 36431, 36432, 36433
52, 53, 54, 55

36406, 36407, 36408, 36409, 36450
36439, 36440, 36441, 36442, 36443
36410, 36411, 36412, 36413, 36414
36425, 36426, 36427, 36428, 36451
33649

9584, 9585

UMSNH, Universidad Michoacana de San Nicolas de Hidalgo; UAEM, Universidad Auténoma del Estado de Morelos, MNCN,

Museo Nacional de Ciencias Naturales
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TABLE 2 Sampling locations

Site Locality Sub-basin Basin Species

1 Rio Ameca, puente la muerta Ameca Ameca llyodon furcidens
2 Rio Armeria Ayuquila Armeria llyodon furcidens
3 Arroyo Chacambero Medio Balsas central Balsas llyodon lennoni
4 Rio Las Trojes Cupatitzio west Balsas llyodon whitei

5 Presa Copales Ayuquila Armeria llyodon furcidens
6 Presa Tacotan Ayuquila Armeria llyodon furcidens
7 Rio Las Rosas Mascota Ameca llyodon furcidens
8 Rio Cajones Cupatitzio west Balsas llyodon whitei

9 Rio Ahuacapan Ahuacapan Ameca llyodon furcidens
10 Manantial Cutzaréndiro Tacambaro central Balsas llyodon cortesae
11 Manantial Tocumbo Tepalcatepec west Balsas llyodon whitei

12 Arroyo El Tule, Rio Tuxpan Tamazula Coahuayana llyodon furcidens
13 Los Horcones Tepalcatepec west Balsas llyodon whitei

14 Potrero Grande Ameca Ameca llyodon furcidens
15 Achacales Ayuquila Armeria llyodon furcidens
16 Atenquique, Rio Tuxpan Tamazula Coahuayana llyodon whitei

17 San Jerénimo, Rio Tuxpan Tamazula Coahuayana llyodon whitei

18 Los Pitayos, Rio Tuxpan Tamazula Coahuayana llyodon whitei

19 Arroyo La Purisima, Rio Tuxpan Tamazula Coahuayana llyodon whitei

20 Arroyo corondiro, Nueva ltalia. Cupatitzio west Balsas llyodon whitei

21 Barranca de Cuernavaca, Morelos Amacuzac east Balsas llyodon whitei

22 Barranca San Andrés de la Cal Amacuzac east Balsas llyodon whitei

23 Rio Apatlaco, Jojutla Amacuzac east Balsas llyodon whitei

24 Rio Chinapa, Tzitzio Cutzamala central Balsas llyodon whitei

25 Rio Cuautla, el ojito Amacuzac east Balsas llyodon whitei

26 Rio Rijo, Izacar de Matamoros Atoyac east Balsas llyodon whitei

27 Rio Zitacuaro, Tuzantla Cutzamala central Balsas llyodon whitei

28 Rio Yautepec, Oaxtepec Amacuzac east Balsas llyodon whitei

29 Rio Zicuiran, Zicuiran Cupatitzio west Balsas llyodon whitei

30 Rio Tacambaro, Puruaran Tacambaro central Balsas llyodon cortesae
31 Rio Cupatitizio, Parque Uruapan Cupatitzio west Balsas llyodon whitei

DNA Extraction, amplification, and sequencing

Total genomic DNA was isolated with the Qiagen Dneasy Tissue and Blood

Kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocol.

Fragments of three mitochondrial genes and two nuclear genes were amplified:

cytochrome b (cytb: 533 bp), cytochrome oxidase subunit | (cox/: 626 bp), and

control region (d-loop: 441 bp), for a total of 1600 bp from 98 individuals, and a

fragment of the nuclear (-actin gene (ACTB: 979) and the exon 3 of the
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recombinant activating gene 1 (RAG17: 1453), for a total of 2432 bp from a
subset of 51 individuals, representing the variation found in mtDNA haplotypes.
Polymerase chain reactions (PCRs) were conducted in a reaction volume of
12.5 pl containing 4.25 pl ultrapure water, 0.5 pl of each 0.2 yM primer, 6.25 pl
Dream Taqg Green PCR Master Mix 2x (Thermo Scientific, Waltham, MA, USA),
and 1 ul (ca 10-100 ng) of DNA template. The protocols for amplification are
presented in Table S1. The PCR products were purified using ExoSAP-IT (USB
Corp. Cleveland, OH, USA) and submitted to Macrogen Inc. (Netherlands) for
sequencing. Nucleotide sequences were edited and aligned in Mega v. 6.06
(Tamura et al. 2013). The sequences of ACTB showed heterozygous positions
defined by indels, a manual reconstruction of the two allele phases was
performed following the procedure described by Sousa-Santos, Robalo,
Collares-Pereira & Almada (2005). The d-loop and ACTB genes showed
ambiguously aligned positions that are showed in Table S2. For the RAG1
gene, the phase of heterozygous genotypes was resolved using DNAsp v. 5.10
(Librado & Rozas, 2009) and conducted with the algorithm provided by PHASE
v. 2.0 (Stephens & Donelly, 2003). Recombination of nuclear genes was
assessed with the phi test in Splitstree v. 4.13 (Huson & Bryant, 2006) and did
not find significant evidence for recombination in either gene (p= 1 for both).
Codification of amino acids was used to verify the alignment and the absence of
stop codons. The obtained sequences were deposited in GenBank under
accession numbers for cytb: KY204452-KY204540, for coxl: KY118827-
KY118914, for d-loop: KY204628-KY204716, for ACTB: KY204717-KY204778,
and for RAG1: KY204541-KY204627 (Table S3). All raw data: alignments of
each one of the genes, are show in Dataset S1, S2, S3, S4 and S5.

Phylogeny based on DNA sequences and haplotype networks

The incongruence length difference test (partition homogeneity test; Farris,
Kallersjo, Kluge, & Bult, 1995) was conducted in Phylogenetic Analysis Using
Parsimony* and other methods (PAUP*) v. 4.0b10 (Swofford, 2003) to evaluate
the significance of conflict among datasets, using 1000 resampling of
characters. Phylogenetic analyses were conducted for each gene, for the
concatenated dataset for mitochondrial genes, and for the five genes combined.

Model selection based on the Akaike information criterion and optimal partition-
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setting analyses, conducted using PartitionFinder v. 1.1.0 (Lanfear, Calcott, Ho,
& Guindon, 2012), suggested that optimal partition-setting was obtained by
assigning a substitution model for each gene (Table S4). Genetic trees were
constructed using maximum likelihood and Bayesian inference. Maximum
likelihood analyses were carried out using RAXMLGUI v.1.3.1 (Silvestro &
Michalak, 2012; Stamatakis, 2014), with the substitution model GTR+gamma
and 10,000 bootstrap replicates.

The relative stability of clades was evaluated by 1,000 nonparametric
bootstrap replicates (Alfaro, Zooler, & Lutzoni, 2003). Bayesian analyses were
implemented using MrBayes v. 3.2.1 (Ronquist et al., 2012). The analysis was
run for 10 million of generations, with two independent runs implementing four
Markov chain Monte Carlo (MCMC) processes, sampling every 100
generations. We evaluated the chain convergence with the log-likelihood (-InL)
values of the runs on Tracer v. 1.5 (Rambaut & Drummond, 2007), discarding
10% of generations as burn-in to construct the consensus tree (o= 0.0002).

To determine the geographic correspondence with the genetic structure, a
haplotype network for each gene was constructed using the median-joining
algorithm as implemented in Network v. 4.6.1.3 (Bandelt, Forster, & Ro&hl,
1999).

Genetic distances and structure

To analyze the genetic structure of populations of llyodon spp., we
conducted analyses of molecular variance (AMOVA) and calculated the
components of the fixation index ®cr (variation between groups), ®sr (variation
within populations), and ®sc (variation among populations within groups) using
Arlequin v. 3.5.1.3 (Excoffier & Lischer, 2010). The analyses were implemented
for the five genes separately, as well as grouped, according to various criteria to
estimate partitioning of the genetic variance at different hierarchical levels
(Excoffier, Smouse, & Quattro, 1992). The first analysis considered each
hydrological basin as a group. In the second analysis, each group comprised
species that have been described and recognized as valid. Finally, in a third
analysis all recovered groups within the main clades in phylogenetic inference
were considered as groups. Analyses were performed using 10,000

permutations to significance values estimated in Arlequin v. 3.5.1.3.
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The uncorrected genetic distances were calculated between the
recovered groups in phylogenetic trees for each mitochondrial gene (cytb, cox/
and d-loop), and between all individuals for ACTB and RAG1 in Mega v.6.06
(Tamura et al., 2013), a bootstrapping process was performed with 1,000

repetitions.

Species delimitation test

Species tree analysis was conducted to obtain a guide tree and speciation
model, using a multispecies coalescent model (Heled & Drummond, 2010) in
BEAST v. 1.8.1 (Drummond, Suchard, Xie, & Rambaut, 2012), for
implementation in the Bayesian species delimitation test using Bayesian
phylogenetics and phylogeography (BPP v. 3.1; Yang & Rannala, 2010; Yang,
2015). For estimating the species tree model, the analysis was performed using
the assumption that each clade recovered in the phylogenetic analyses
represented a different species.

For the species tree ancestral reconstruction (StarBEAST) implemented in
BEAST, the model parameters were unlinked across cytb, coxl/, d-loop, ACTB,
and RAG1 genes. The dataset consisted of one sequences for each gene (cytb,
coxl, d-loop, ACTB and RAGT1), of each one of the clades and sub-clades.
Substitution models were set according to the selected model for each gene by
PartitionFinder v. 1.1.0 (Lanfear et al., 2012). We applied a lognormal relaxed
clock (Uncorrelated) model on branch length and calibrated the cytb partition
using the mutation rate of cytb in teleosts of 0.76-2.2%/million years
(Machordom & Doadrio, 2001; Near & Benard, 2004; Zardoya & Doadrio, 1999).
We estimated the evolutionary rate of the coxl, d-loop, RAG1 and ACTB genes
relative to the cytb gene. We selected the tree prior-species Tree: Yule process
model. Markov chain Monte Carlo analysis was run for 70 million generations,
sampled every 1000 generations. We evaluated the chain convergence with the
-InL values in Tracer v. 1.5 (Rambaut & Drummond, 2007), and summarized the
results using TreeAnnotator v. 1.8.1 (Drummond et al., 2012).

For the BPP analyses of the five concatenated genes, we used the
reversible-jump Markov chain Monte Carlo (jMCMC) (Yang & Rannala, 2010)
algorithm to determine whether to collapse or retain nodes throughout the

phylogeny. Using the entire dataset coded by each gene, we tested with two
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algorithms: Analysis A10, in which the rjfMCMC algorithm was used to move
between species-delimitation models that were compatible with a fixed guide
tree (Rannala & Yang, 2013; Yang & Rannala, 2010), and Analysis A11 that
explored species delimitation models and species phylogenies with the nearest
neighbour interchange or sub-tree pruning and re-grafting used to change the
species-tree topology and test all species-tree models from a fixed tree (Yang &
Rannala, 2014).

To determine whether lineages could be considered distinct species under
a general lineage species concept, the program assessed the probability of the
node separating the species (de Queiroz, 2007). We used algorithm 0 with
values of 5, 10, 15, 20 for the fine-tuning parameter to ensure that the fMCMC
mixed effectively in species-delimitation models. We conducted analyses with
priors 6 and 1o (Leaché & Fujita, 2010) to discern how the effective ancestral
population size and time of divergence influenced results. We initially set the
gamma prior at 6 and 1 to the values a =1 and 2 and 3 = 10, 100, and 2000 and
ran four analyses of each with different starting seeds for two independent
chains of 500,000 generations with a burn-in of 50,000 and thinning every five
generations. Finally, to test the robustness of the results, the analysis was
repeated, randomizing individuals to either group to minimize the over-splitting
effect and changing the speciation model according to the genetic results

obtained (two to six species).

Ancestral area reconstruction

The ancestral area reconstruction for the species of genus llyodon was
estimated using the dispersal-extinction-cladogenesis (DEC) model of
LAGRANGE (Ree, Moore, Webb & Donoghue, 2005; Ree & Smith, 2008),
implemented in RASP v. 3.2 software (Yu, Harris, Blair & He, 2015). The
ultrametric and dichotomous tree obtained for the five concatenated genes in
BEAST software was used as the tree topology on which mapping ancestral
areas. The number of maximum areas was kept as 2. For this analysis, we
divided the distribution area of llyodon in four according with hydrological
regions of distribution: Ameca River, Armeria River, Balsas River and

Coahuayana River.

RESULTS
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Phylogenetic relationships

The incongruence length difference test did not show significant
differences, indicating that all genes presented the same phylogenetic signal.
The phylogenetic analyses for the mitochondrial (cytb, coxl, d-loop: 1,600 bp;
Figure S1) and the concatenated gene dataset (cytb, coxl, d-loop, ACTB,
RAG1: 4032 bp), based on maximum likelihood and Bayesian methods,
recovered the same topology. Five well-differentiated clades were
geographically segregated but did not correspond to actual basin configuration,
corresponding to Ameca-Armeria (Clade A), central and east Balsas (Clade B),
Coahuayana lower (Clade C), Coahuayana upper (Clade D), and west Balsas
(Clade E) watersheds. The phylogenetic relationships among the five clades
were not resolved, appearing as a large basal polytomy (Figure 2). Clade A
clustered individuals identified as /. furcidens from Ameca and Armeria basins.
Clade B clustered individuals of the central and east Balsas basin identified as
I. whitei. For clade B two well supported sub-clades were identified: B1 included
the Atoyac sub-basin (east Balsas) specimens, and B2 included clustering
samples from the Zitacuaro River of Cutzamala sub-basin (central Balsas) and
the Amacuzac sub-basin (east Balsas). Clade C consisted of samples from the
lower Coahuayana basin identified as /. furcidens. Clade D clustered samples of
the upper Coahuayana basin identified as /. whitei. These two species were
identified on the basis of the morphology of their mouth, teeth, head, and
coloration patterns. Finally, Clade E grouped individuals of the central and
western Balsas, including the sub-basins Cutzamala, Tacambaro, middle
Balsas, Cupatitzio, and Tepalcatepec, comprising specimens identified as /.
whitei, I. lennoni, and |. cortesae, the last two collected in the type locality.
Phylogeny based on nuclear genes was unresolved and high polytomy was
recovered, as expected, for genes with low variation in closely related species
(Figure S2).
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FIGURE 2 The Bayesian inference tree of llyodon species inferred from
concatenated sequences of three mitochondrial genes (cytb, coxl, and d-loop;
1,600 bp) and two nuclear genes (ACTB and RAG1; 2,432 bp) concatenated.
Bayesian posterior probability (>90%) and maximum likelihood bootstrap values
(>80%) are indicated. Under the name of each clade, the taxonomic proposal of
the present work is found.

The haplotype networks for the mitochondrial genes essentially showed the
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general pattern of the phylogenetic analyses, with no shared haplotypes among
groups. Five corresponded to the main clades A, B, C, D, and E and two to the
sub-clades B1 and B2 (Figure S3). The number of mutation steps between
haplogroups differed depending on the marker, with 14-31 for the d-loop, 5-12
for cytb, and 3-9 for the cox/. The six haplogroups found in mitochondrial
networks were not recovered in the haplotype networks of the nuclear genes
(Figure S4), and shared haplotypes were observed in nuclear genes of the
defined mitochondrial groups. For the nuclear ACTB gene, structure was found
in Ameca, Armeria, and lower Coahuayana specimens with shared haplotypes.
They were separated from the Balsas specimens, with the exception of the
samples from the Tepalcatepec sub-basin of the west Balsas basin, which were
closely related to the upper Coahuayana samples. Samples from upper and
lower Coahuayana showed no shared haplotypes. A single mutation step
separated most of the samples from east-central Balsas from those to the west-
central Balsas. The samples from the Zitacuaro River shared haplotypes with
those of west Balsas, whereas the mtDNA was consistent with samples from
the Amacuzac River, in the east Balsas. For RAG1, the same general pattern
was observed, but haplotypes from Ameca, Armeria, and the lower and upper

Coahuayana showed more shared haplotypes than they did for the ACTB gene.

Genetic distances and structure

The uncorrected mean genetic distances calculated between the main
clades ranged from 3.7-10.2% for the d-loop, 1-2.1% for cytb, and 0.6-1.1%
for cox/ (Tables S5, S6), and for nuclear genes ranged from 0-0.2% (Table S7).
Highest genetic distance for the d-loop and cytb genes was found between
clade A and sub-clade B1, at 10.2% and 2.1% respectively. Based on cox/, the
maximum genetic distances were observed in clade E and C with respect to
sub-clade B2, 1.1% in both cases. Within the Balsas basin (clade B, east-central
and clade E, west-central), the mean genetic distances were 4.7% for the d-
loop, 1.6% for cytb, and 1.1% for coxl. Sub-clades B1 and B2 showed mean
genetic distances of 4.3% for the d-loop, 1.6% for the cytb, and 0.8% for the
coxl genes. The genetic distances between clade C and D (lower and upper
Coahuayana) were 0.5% for cytb and coxl/, 2.3% for d-loop, and 0.1% for the

nuclear genes.
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In all analyzed genes, significant genetic structure was observed among a
priori groups, among populations within groups, and within populations.

For the three mitochondrial genes, the highest (p < 0.0001) percent of
variation among groups was when populations were grouped according to
phylogenetic analyses (cytb, 72.9%; coxl, 73.8%; d-loop, 78.6%; Table 3) and
not according to hydrological basin (cytb, 35.5%; coxl, 29.9%; d-loop, 54.3%),
or recognized species (cytb, 16.4%; coxl, 24.2%; d-loop, 31.1%). For nuclear
genes, the highest (p < 0.0001) percent of variation was also among groups
according the phylogenetic analyses (ACTB, 80.09%; RAG1, 45.91%) (Table
4), but differences for RAG1 were lower than found in mitochondrial genes and
ACTB (Table 3).

TABLE 3 Analyses of molecular variance for groups according to hydrological
basin, recognized species, and those recovered in phylogenetic analyses [A =

Ameca and Armeria; B1 = east Balsas; B2 = east-central Balsas; C = lower

Tuxpan River (Tamazula); D = upper Tuxpan River (Tamazula); E = west-
central Balsas] for the mitochondrial genes.
Cytb
Testing assumptions Source of variation % of Fixation P- value
variance  index
Grouped according to Among groups 35.46 ®cr:0.35 ns
hydrological basin Among populations within groups ~ 51.85 ®sc: 0.80  <0.0001
[Ameca, Armeria, Within populations 12.69 Ps1:0.87 <0.0001
Coahuayana and Balsas] Total 100
Grouped according to Among groups 16.41 @c1:0.16 ns
recognized species Among populations within groups 69.45 ®sc: 0.83  <0.0001
Within populations 14.14 ®s1:0.85  <0.0001
Total 100
Grouped according to Among groups 72.94 @c1: 0.72 <0.0001
recovered clades and sub-  Among populations within groups 16.62 ®sc: 0.61 <0.0001
clades Within populations 10.44 ®s1:0.89  <0.0001
Total 100
cox1
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Testing assumptions Source of variation % of Fixation index  P- value
variance

Grouped according to Among groups 29.95 @cT:0.29 <0.0001

hydrological basin Among populations within groups  41.85 ®sc: 0.59 <0.0001

[Ameca, Armeria, Within populations 28.20 ®sT:0.71 <0.0001

Coahuayana and Balsas] Total 100

Grouped according to Among groups 24.24 &cr:0.24 ns

recognized species Among populations within groups  66.78 ®sc: 0.88 <0.0001
Within populations 8.97 ®s1:0.91 <0.0001
Total 100

Grouped according to Among groups 73.87 ®cr: 0.73 <0.0001

recovered clades and Among populations within groups  21.52 ®sc: 0.82 <0.0001

sub-clades Within populations 4.61 ®s1:0.95 <0.0001
Total 100

d-loop
Testing assumptions Source of variation % of Fixation index  P- value
variance

Grouped according to Among groups 54.32 &cr: 0.54 <0.0001

hydrological basin Among populations within groups  40.41 ®sc: 0.88 <0.0001

[Ameca, Armeria, Within populations 5.27 ®s1:0.94 <0.0001

Coahuayana and Balsas] Total 100

Grouped according to Among groups 31.10 ®cr: 0.31 Ns

recognized species Among populations within groups  62.36 ®sc: 0.90 <0.0001
Within populations 6.54 ®s1:0.93 <0.0001
Total 100

Grouped according to Among groups 78.64 @cr: 0.78 <0.0001

recovered clades and Among populations within groups  15.34 Psc: 0.71 <0.0001

sub-clades Within populations 6.01 ®sT:0.93 <0.0001
Total 100

TABLE 4 Analyses of molecular variance of groups according to hydrological

basin, recognized species, and groups recovered in phylogenetic analyses [A =
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Ameca and Armeria; B1 = east Balsas; B2 = east-central Balsas; C = Lower

Tuxpan River (Tamazula); D = Upper Tuxpan river (Tamazula); E = west-central

Balsas] for the nuclear genes.

ACTB
Testing assumptions Source of variation % of Fixation P- value
variance  index
Grouped according to Among groups 75.81 @ct: 0.75  <0.0001
hydrological basin Among populations within 9.97 ®sc: 041 <0.0001
[Ameca, Armeria, groups 14.22 ®sT:0.85 <0.0001
Coahuayana and Balsas] Within populations 100
Total
Grouped according to Among groups 71.18 @ct: 0.71 <0.0001
recognized species Among populations within 12.78 ®sc: 0.44 <0.0001
groups 16.05 ®sT: 0.83 <0.0001
Within populations 100
Total
Grouped according to Among groups 80.09 @ct: 0.80 <0.0001
clades and sub-clades Among populations within 1.64 ®sc: 0.08 Ns
groups 18.27 ®sT 0.81 <0.0001
Within populations 100
Total
RAG1
Testing assumptions Source of variation % of Fixation P- value
variance index
Grouped according to Among groups 46.90 @ct: 0.46 <0.0001
hydrological basin Among populations within 15.13 ®sc: 0.28 <0.0001
[Ameca, Armeria, groups 37.97 ®s7: 0.62 <0.0001
Coahuayana and Balsas] Within populations 100
Total
Grouped according to Among groups 41.22 @ct: 0.41 <0.0001
recognized species Among populations within 18.33 ®sc: 0.31  <0.0001
groups 40.46 ®s7 0.59 <0.0001
Within populations 100
Total
Grouped according to Among groups 45.91 @ct: 0.46 <0.0001
recovered clades and sub-  Among populations within 10.52 ®sc: 0.19  <0.0001
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clades groups 43.57 ®st:0.56 <0.0001
Within populations 100
Total

Species delimitation test

The speciation model based on the species tree estimate strongly
supported the assumption of six species. In the tests of species delimitation
implemented in BPP, we obtained strong support (posterior probability of 1) for
the tested speciation model of six a priori defined species within /lyodon (clade
A: Ameca and Armeria Rivers; sub-clade B1: Atoyac sub-basin of the east
Balsas River basin; sub-clade B2: Zitacuaro River of the Central Balsas and
Amacuzac sub-basins of the east Balsas basin; clade C: lower Coahuayana
Basin; clade D: upper Coahuayana Basin; and clade E: west Balsas River
basin). However, in the posterior analyses conducted to minimize the over-
splitting effect, reducing the number of species in the model and randomizing
individuals or splitting populations to construct new clades, the posterior
probability was 1 in all speciation models applied (Figure 3). The BPP was not
sensitive for species delimitation, and no alteration of posterior probabilities of
the speciation model was seen when we applied different values of root age (7o)
and population size (6), showing high posterior probabilities for models tested
with both the A10 and A11 algorithms.
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FIGURE 3 Alternative species hypothesis. (a) Guide topology based on the
StarBEAST analysis. Bayesian species delimitation results for /lyodon assuming
six species, five species and two species (b) guide trees. The speciation
probabilities are provided for each node. We consider speciation probability

values >0.95 as strong support for speciation event.

Ancestral area reconstruction

Ancestral area reconstruction revealed a complex biogeographical history
for Illyodon species, with different events of dispersion and vicariance. The
ancestral areas estimated for Illyodon spp., were Armeria and Balsas Rivers
with a marginal probability of 0.315, followed by dispersion events to Ameca
River, and one vicariance event in which Armeria and Ameca Rivers were
isolated from Balsas River. A second dispersal event were estimated from
Balsas River toward Coahuayana River with a marginal probability of 0.769;
inside of Balsas basin, several dispersal and vicariance events were estimated
(Figure 4).
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DEC results:
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FIGURE 4 Ancestral area reconstruction with DEC for all species of genus
llyodon, with the dichotomous tree obtained in BEAST and with the

biogeographical regions Armeria, Ameca, Coahuayana and Balsas Basins.
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DISCUSSION

In Central Mexico, the Pacific coast river drainages show a configuration in
which the upper areas of the basins drain parts of the Mexico Plateau, while the
low sections are in the Pacific Plain (Dominguez-Dominguez et al., 2006). This
area is located in an active geological zone, with high volcanic activity during
the late Pliocene and early Pleistocene (1.5-3.5 Mya) (Rosas-Elguera & Urrutia-
Fucugauchi, 1998). Specifically, the activity in the triple junction (boundaries of
the Tepic-Zacoalco, Chapala and Colima rifts), the Tenochtitlan fault system,
and the Chapala-Oaxaca fault system (Garcia-Palomo et al., 2002; Garduio-
Monroy et al., 1998; Rosas-Elguera, Ferrari, Lopez-Martinez, & Urrutia-
Fucugauchi, 1997), along with climate change at the pluvial-interpluvial period
beginning ca. 0.9 Mya, had a strong influence on the configuration of river
basins in the area and on distribution of freshwater fish populations (Hewitt
2000; Smith et al., 2002; Webb & Bartlein, 1992).

The presence of the hard polytomy in the main clades recovered in the
phylogenetic analyses makes the evolutionary history of /lyodon difficult to
interpret.

The phylogenetic, phylogeographic, and AMOVA results showed six well-
differentiated groups, including main clades and sub-clades, that lack
taxonomic and river basin configuration congruence: one distributed in the
Armeria and Ameca basins (clade A), two in the Coahuayana basin (clades C
and D), and three belonging to the Balsas basin (B1, B2, and E).

At least four scenarios can be proposed for the genetic formation of the
main groups: i) the ancestor of /lyodon evolved in the Armeria or Balsas basins
and later dispersed into the other basins, as is hypothesised by the DEC
analysis and is partial supported by the results showed in Dominguez-
Dominguez et al. (2010). This hypothesis was also supported by a study of
helminth parasites of llyodon (Martinez-Aquino, Ceccarelli, Eguiarte, Vazquez-
Dominguez, & Pérez- Ponce de Ledn, 2014). 2). (ii) isolation of Ilyodon
populations occurred, resulting in significant genetic structure in all analyzed
genes, followed by secondary contact, supported by the shared haplotypes
between drainages in the nuclear genes. This would involve a significant but

low number of migrants, with genetic drift purifying the mitochondrial haplotype
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of migrants and acting on nuclear genes to a lesser extent than expected in
large populations (Qu et al. 2012; Sefc, Payne & Sorenson, 2005). Possibly
only males, which likely made up the bulk of migrants, reproduced, or selective
pressures promoted the reproductive isolation of migrant females resulting in no
shared haplotypes in mitochondrial genes (Qu et al., 2012). (iii) The genetic
structure found in mitochondrial genes and the lack of resolution in nuclear
genes could be due to relatively recent divergence of the main clades that
shape llyodon, which resulted in the nuclear genes of the two most divergent
groups (Ameca/Armeria vs. central and east Balsas) showing no shared
haplotypes, while divergent groups of the west Balsas basin and Coahuayana
Basin do exhibit shared haplotypes. This pattern in which nuclear genes resolve
some structure but not to the extent of mitochondrial genes, due to recent
diversification, has been reported for other freshwater fishes of Central Mexico
(Pérez-Rodriguez et al., 2009). The last and more likely scenario for llyodon
genetic groups evolution is (iv) a recent and simultaneous differentiation of the
six genetic groups, that is supported by the similar values of genetic distance
between them, the hard basal polytomy, and the lack of shared haplotypes in
mitochondrial genes accompanied by incomplete lineage sorting in nuclear
genes (Ballard, Chernoff, & James, 2002; Qu et al., 2012), and this also explain
the low marginal probability found in the DEC analyses for the most plausible
ancestral area. We suggest that our data are not enough for determinate the
ancestral area of llyodon. In any case, is evident that the biogeographical
history of /lyodon is more complex than previously reported (Doadrio &
Dominguez, 2004; Dominguez-Dominguez et al., 2010), mainly for lineage
evolved in the Balsas Basin, which several events of dispersal and vicariance
were estimated in DEC (Figure 4).

This complex history seems to be closely related with the complex
hydrological system in the area. Genetic patterns related to connection and
disconnection in Pacific slope drainages are partially supported by the goodeine
species Allodontichthys spp., Xenotoca eiseni, and Xenotoca melanosoma
(Dominguez-Dominguez et al., 2010; Piller et al. 2015; Webb, 2002) and other
freshwater fish, such as Algansea aphanea, Moxostoma sp, and Astyanax
aeneus (Ornelas-Garcia, Dominguez-Dominguez, & Doadrio, 2008; Pérez-

Rodriguez et al., 2009, 2015). Incomplete genetic data for most of these groups
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prevent accurate comparisons with /lyodon. Certain geological events provide
an independent line of evidence, such as the uplift of the Sierra de Manantlan
and Cacoma, the volcanic activity of the Talpa-Mascota graben, dated 3.6 Mya
(Carmichael, Lange, & Luhr, 1996), and the reactivation of the Colima and
Tamazula graben in the Pliocene. These geologic events are related to the

configuration of the river basin beds (Allan 1986; Gardufio-Monroy et al., 1998).

Coahuayana groups

Two groups (clades C and D) were recovered in the specimens from
Coahuayana River basin, one distributed in the lower and other in the upper
Cohuayana basin. A genetic split between the upper and lower Coahuayana
populations has been suggested, based on two cytotypes, one distributed in the
upper and other in the lower Coahuayana (Turner, Grudzien, Adkisson, &
Worrell, 1985). This is also supported for Allodontichthys, with two related
species showing the same pattern: Allodontichthys hubbsi mainly distributed in
the lower Coahuayana, and Allodontichthys tamazulae in the upper
Coahuayana, but with higher divergence than in Ilyodon (Doadrio &
Dominguez, 2004; Dominguez-Dominguez et al., 2010; Webb 2002).

The relationships within these groups were not resolved in the phylogenetic
trees, and the haplotype networks indicate different relationships depending on
the marker analyzed. Also, these two clades showed the lowest genetic
distances among all the pairwise comparisons (Tables S5, S6 and S7).
Mitochondrial and nuclear genes showed no shared haplotypes between clades
C and D, with the exception of a single haplotype in RAG1. The nuclear ACTB
showed the lower Coahuayana basin samples to share haplotypes with the
Ameca-Armeria clade, and the upper Coahuayana basin shared haplotypes
with the west Balsas population. For the RAG1 gene, the lower Coahuayana
specimens possessed unique haplotypes, with the exception of one shared with
the upper Coahuayana, Ameca, and Armeria basins. The upper Coahuayana
specimens shared haplotypes with lower Coahuayana, Ameca-Armeria, and
west Balsas. The most plausible scenario is a recent isolation event of the
ancestor of these two Coahuayana groups, one in the upper and other in the
lower Coahuayana basin, as could be indicated by the low genetic distances
between them (2.3% for d-loop and 0.5% for cytb and cox/), and, by the DEC
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analysis, which showed several dispersal and vicariance events that separated
these two groups inside Coahuayana River (marginal probability=1.0). In this
scenario, the relationships of the nuclear genes are a product of incomplete
lineage sorting or of secondary contact between the lower Coahuayana and
Armeria-Ameca populations. Secondary contact is also supported by the
occurrence of Allodontichthys zonistius, a species previously considered
endemic to Armeria drainages, in the lower reaches of the Coahuayana River,
probably related to a river piracy event of nearby (15 km) tributaries (Webb,
2002). Cytogenetic data in /lyodon show the cytotypes from the lower
Coahuayana to be more closely related to the Armeria population than those of
the upper Coahuayana (Turner et al., 1985). Evidence of a founded population
in the Ameca and Coahuayana drainages, the source of which was an Armeria
population, has also been suggested for Allodontichthys (Webb 2002). In most
of the genes analyzed, the upper Coahuayana population seems to be close
related with west Balsas specimens and even the genetic distances are similar
between lineage within Coahuayana than between upper Coahuayana and
West Balsas. This may indicate that west Balsas specimens had secondary
contact or that the upper Coahuayana population was founded by specimens

from Balsas River as indicate the DEC.

Balsas basin

Three well-differentiated groups that show significant genetic structure and high
divergence were identified within the Balsas River basin (Figure 2 and Figure
S3), the clades and subclades B1, B2, and E. This scenario of the formation of
differentiated groups within the Balsas river basin is supported by the results of
DEC, in which several dispersal and vicariance events have been promoted the
actual distribution of these three groups (Figure 4). Isolation of other fish
species in the Balsas watershed has been documented, including restriction of
Notropis boucardi (Schénhunth & Doadrio, 2003) to the east Balsas and
evidence for two divergent groups of Astyanax, one distributed in west and
other in the east Balsas basin (Ornelas-Garcia et al., 2008). The significant
genetic structure and the relatively high genetic distances observed in the
Balsas populations are at the same rank with that seen between populations of

isolated drainages. This could be explained by ancient ecological or geological

47



barriers within the basin, which is inferred in the mitochondrial genes. The
shared haplotypes in RAG1, along with close relationships without shared
haplotypes in ACTB, in the Balsas basin populations could be indicative of
secondary contact and gene flow between previously isolated groups, as was
previously suggested for the lower Coahuayana and Armeria samples.
Evidence of a gene flow process within Balsas populations was shown by the
central Balsas specimens from Zitacuaro River (Figures S1, S3 and S4), which
showed a close relationship to an east Balsas population in mitochondrial
genes, but a closer relationship to west Balsas populations in the ACTB gene.
Gene flow previous to isolation and gene flow among /lyodon populations have
been suggested previously (Webb, 2002). These processes are as complex as
the geological and climatic history of the Balsas depression. Geological activity
has been suggested to have similarly effect on other endemic species, including
spiders, butterflies, birds, amphibians, and reptiles, especially in a sector of the
Amacuzac sub-basin (Escalante-Pliego, Navarro, & Peterson, 1993; Luna-
Reyes, Llorente-Bousquets, & Luis-Martinez, 2008; Nieto-Castafieda, Pérez-
Miguel, & Garcia-Cano, 2014). Also, the Balsas depression is located between
the Trans-Mexican Volcanic Belt and the Sierra Madre del Sur (Castafieda-
Rico, Leodn-Paniagua, Vazquez-Dominguez, & Navarro-Sigienza, 2014;
Ferrusquia-Villafranca, 1993) which has been active from the Eocene and
Oligocene to the present (Yarza de De la Torre, 1992), specifically the Guerrero
and Morelos platforms, the Tierra Caliente metamorphic complex and Guerrero
terrane, the Taxco fault and Arcelia graben, the Tenochtitlan fault system, and
the Chapala-Oaxaca fault system (Garcia-Palomo et al., 2002; Gonzalez-Torres
et al., 2013).

Taxonomic implications

The species delimitation tests did not resolve the species-level taxonomy of
llyodon. We suggest that a speciation model based on different criteria
(phylogenetic relationships, genetic structure, haplotype networks, genetic
distances, and geography) is not informative when phylogenetic relationships
are unresolved, low genetic divergences in nuclear genes are observed, or
shared nuclear haplotypes are present, violating the algorithm assumptions in

the species tree and species delimitation analyses. The BEAST analysis
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assumes a model in which the separation of species is complete, if this
separation is nor complete, can result in an incorrectly specified guide tree or
speciation model (Leaché & Fujita, 2010) that detects species before they are
fully separated (incipient species) (Heled, Bryant, & Drummond, 2013). Eberle,
Warnock & Ahrens (2016) have shown that uncertainties in analyses
implemented in BPP, such as guide tree inference, individual species
assignment, and prior parameter choice, may impact the accuracy of results.
However, in our tests, use of different prior parameters (70 and 6) did not affect
the results, which showed high values of posterior probability in all analyses
(>0.95). We consider that basal hard polytomy obtained in the phylogenetic
tree, and possible over-splitting, could explain the results obtained with the
species delimitation tests (similar high posterior probabilities for two to six
species of llyodon). Hence, we consider that our data do not meet the
conditions and parameters necessary for the species delimitation test. It has
been shown that both BEAST and BPP may be impacted by putative
incomplete lineage sorting and are inadequate for delimiting very young
species, which are difficult to distinguish on the basis of molecular or
morphological data alone (Eberle et al., 2016).

Despite the failure of the species delimitation test, the finding of six well-
differentiated lineages, together with the significant differentiation between them
revealed by AMOVA, seemed to indicate a separate genetic identity of each
group. The genetic distances calculated with mitochondrial genes are similar to
those previously reported between llyodon species (Doadrio & Dominguez
2004; Dominguez-Dominguez et al., 2010; Webb et al. 2004). The highest
genetic distance was found between the d-loop and cytb gene of the Ameca-
Armeria population (clade A) with respect to the other clades (B1, B2, C, D, and
E). For nuclear genes, the genetic distance between these clades ranged from
0.1-0.2% (Table S7). Previous studies of other goodeine species showed
similar genetic distances and lack of resolution in phylogenetic analyses, as did
some species of Allofoca and Goodea, associated with recent isolations (< 1
Mya) or secondary contact events promoted by river piracy or founder effect
(Corona-Santiago et al., 2015; Doadrio & Dominguez, 2004; Dominguez-

Dominguez et al., 2010;).
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Not all species within /lyodon were identified as monophyletic in the
phylogenetic results. The pattern of species or genera mixed in the
phylogenetic tree has also been reported for other freshwater fishes of Mexico
(Corona-Santiago et al., 2015; McMahan, Geheber & Piller, 2010; Ornelas-
Garcia et al., 2008; Pérez-Rodriguez et al., 2009). The variation among Illyodon
with morphological recognized groups has been associated with trophic
structure, with variation in the shape and arrangement of the head, mouth, and
teeth and in fish size influenced by habitat and feeding (Grudzien & Turner
1984a,b; Kingston, 1979; Turner & Grosse, 1980).

All currently recognized llyodon species were described morphologically
(Paulo-Maya & Truijillo-dJiménez, 2000), with no descriptions based on molecular
analyses. In the present study, results of molecular analyses of five genes
disagree with the currently recognized taxonomy of llyodon. Our results showed
lower genetic distance between most clades than the average found for all the
recognized species of goodeines (1.7% in cytb), as well as shared haplotypes
among most main clades in nuclear genes. We also found higher genetic
divergence between the [ whitei sampled in west and east Balsas than
between samples from the Balsas and Coahuayana basins, with evidence of
interbreeding between highly divergent lineages. We found significant
geographic structure in Illyodon, but not concordance with the five previously
recognized species I. furcidens, I. xantusi, I. whitei, I. lennoni, and I. cortesae
showing polyphyletic relationships (Tables 3 and 4). Hence, taxonomic
interpretations are difficult to assess. Further genetic and morphological
analyses need to be conducted to provide a clearer picture of the taxonomy and
evolution of genetically divergent populations of /lyodon, but some suggestions
can be made according to the priority principle and type locality.

All specimens belonging to clade A were identified as /lyodon furcidens.
Although the type locality was given as Cape San Lucas by Eigenmann (1907),
later researchers state the type locality to be Rio Colima, a tributary of Armeria
River basin (Hubbs & Turner, 1939). Although we did not include samples from
the Colima River in the lower Armeria basin, and because of high genetic
differentiation found within other drainages, we provisionally designate the

specimens of clade A as [. furcidens. Since the type locality for I. xantusi is the
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Colima River, in the Armeria River basin, more samples from the lower Armeria
need to be examined to draw a robust conclusion.

The specimens of sub-clade B1 were identified as llyodon whitei, but this

group showed high genetic divergence and significant structure with respect to
other samples, so we considered this group as a differentiated group of /lyodon
“whitel”.
Specimens belonging to sub-clade B2 were also identified as . whitei. This
group included specimens collected at its type locality (upper tributaries of
Balsas, at Cuautla and Yautepec, in Morelos state), and we considered this
clade as /. whitei. Within this clade we found genetic flow between east Balsas
(B2) and west Balsas (E) in nuclear genes.

Specimens belonging to clade C were identified as [. furcidens, but,
because of the genetic divergence from other groups and the possibility of
interbreeding with Armeria populations, we considered this group a
differentiated group of /lyodon “furcidens.”

Specimens belonging to clade D were identified as . whitei, but, based on the
divergence from other genetically identified /. whitei, and the high structure
found, we considered this group a differentiated group of llyodon “whitei.”

The specimens belong to clade E were identified as I. whitei, I. cortesae,
and /. lennoni, with the latter two species collected from the type locality. Since
specimens identified as I. whitei in the type locality (upper tributaries of Balsas,
at Cuautla and Yautepec) belong to the sub-clade B2, the specimens of clade E
must be considered llyodon ‘lennoni,” while I. cortesae was not considered a
valid species.

Our results show more complex evolutionary and taxonomic history of
llyodon than was previously revealed by molecular studies (Doadrio &
Dominguez, 2004; Dominguez-Dominguez et al., 2010). In this scenario, and
due to the high level of morphological differentiation, a broader taxonomic and
systematic work for /lyodon species is necessary to confirm the taxonomic

status of each described species.

Implications for conservation
We identified at least six genetic groups, with geographic correspondence, in
analyses performed with mtDNA and with concatenated mtDNA + nDNA. Each
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of these groups should be considered an operational conservation unit (OCU),
and effective protection of the OCUs could guarantee the conservation and
preservation of the genetic pool (Doadrio, Perdices & Machordom, 1996) found
within genus llyodon. llyodon whitei is catalogued since 1996 in the red list of
endangered species as critically endangered (Contreras-Balderas & Almada-
Villela, 1996), and . furcidens is catalogued as threatened in the NOM-059 for
the Ministry of Environmental and Natural Resources (SEMARNAT, 2010).
Based on our genetic groups recovered for mitochondrial genes, we suggest a

re-evaluation of the conservation status of the llyodon species or populations.
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@ Clade A: I. furcidens (Ameca and Armeria basins)
Clade B (B1): I. whitei (East Balsas basin)
@ cClade B (B2): I. whitei (East Balsas basin)
@ Clade B (B2): I. whitei (Central Balsas basin)
@ cClade C: /. furcidens (Lower Tamazula-Coahuayana basin)
@ cClade D: |. whitei (Upper Tamazula-Coahuayana basin)
@ Clade E: I. whitei, I. lennoni and |. cortesae
(West and Central Balsas basin)

* Mutation step
¢ Hypothetical haplotypes

Figure S3. Haplotype networks of mitochondrial genes; a) cytb; b) d-loop; c)
coxl; colours represent the hydrological basin; the area of the circles is

proportional to haplotype frequency.
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a) b)

@ Clade A: I. furcidens (Ameca and Armeria basins)
Clade B (B1): /. whitei (East Balsas basin)
@ Clade B (B2): I. whitei (East Balsas basin) .
@® Clade B (B2): I. whitei (Central Balsas basin)
@ Clade C: /. furcidens (Lower Tamazula-Coahuayana basin)
@ cClade D: /. whitei (Upper Tamazula-Coahuayana basin)
@ Clade E: I. whitei, . lennoni and . cortesae
(West and Central Balsas basin)
® Mutation step

* Hypothetical haplotypes

Figure S4. Haplotype networks of nuclear genes a) ACTB; b) RAGT; colours
represent the hydrological basin; the area of the circles is proportional to
haplotype frequency. In the case of haplotypes shared among hydrological

basins, shading is proportional to the frequency of the haplotype in each region.
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Table S1. Primers, PCR conditions, and References.

Cytb cox1 d-loop ACTB RAG1
Primers Glu-F Fish-F1 Dloop-A B-actin-For Rag-1F
Thr-R Fish-R1 Dloop-E B-actin-Rev Rag-9R
Size (bp) 533 626 441 979 1453
Reference Doadrio and Ward et al. Lee et al. Robalo et al. Quenouille,
Dominguez, (2004).  (2005). (1995). (2006) Bermingham &
Planes (2004).
Denaturing 94°C, 2 min. 94°C, 2 min. 95°C, 1 min. 94°C, 3 min. 94°C, 3 min.
(step 1)
Cycles 35 35 32 32 32
(step 2)
Denaturing 94°C, 45 s. 94°C, 30 s. 94°C, 30 s. 94°C, 45 s. 94°C, 45 s.
Annealing 49.4°C, 1 min. 52°C, 30 s. 49.5°C, 30 s. 55°C, 45 s. 52°C to
54.5°C, 45 s.
Extension 72°C, 90 s. 72°C, 1 min. 72°C, 1 min. 72°C, 90 s. 72°C, 90 s.
Final 72°C, 5 min. 72°C, 10 min. 72°C, 7 min. 72°C, 7 min. 72°C, 7 min.
Extension
(step 3)
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Table S2. Ambiguously Aligned Regions for d-loop above and ACTB below.
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Table S3. Access numbers for GenBank of each sequence for all genes.

Tissue GenBank GenBank GenBank GenBank GenBank
access for cytb  access for cox/ access for d- access for access for
loop RAG1 ACTB

32155 KY204452 KY118827 KY204628 KY204542 KY204718

32156 KY204453 KY118828 KY204629 KY204543 KY204719

32156B KY204544

32157 KY204454 KY118829 KY204630 KY204545 KY204720

32157B KY204546

33649 KY204455 KY 118830 KY204631

64230 KY 118831

4102 KY 118832

4103 KY204456 KY 118833 KY204632 KY204721

64259 KY204457 KY118834

4133 KY204458 KY118835 KY204633 KY204547 KY204722

4266 KY204711

64367 KY118836

64368 KY204459 KY118837 KY204634 KY204548 KY204723

5179 KY204460 KY204635 KY204549 KY204724

5179B KY204550

5180 KY204461 KY 118838 KY204636

8842 KY204462 KY 118839 KY204637 KY204551 KY204725

8842B KY204552

8843 KY204463 KY118840 KY204638 KY204553 KY204726

8843B KY204554 KY204727

9162 KY204464 KY118841 KY204639 KY204555 KY204728

9162B KY204556

9164 KY204465 KY118842 KY204640 KY204557 KY204729
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9166
9260
9260B
9267
9267B
9268
9268B
9269
9269B
9393
9393B
9584
9585
9585B
9938
9938B
9940
9940B
9942
9942B
9946
9984
9984B
9986
9986B
11989
11989B
11990
11990B
11991

KY204466
KY204467

KY204468

KY204469

KY204470

KY204471

KY204472

KY204473

KY204474

KY204475

KY204476

KY204477

KY204478

KY 118843
KY 118844

KY 118845

KY 118846

KY 118847

KY 118848

KY 118849

KY118850

KY 118851

KY 118852

KY 118853

KY 118854

KY118855

KY 118856

KY 118857

KY204641
KY204642
KY204643
KY204644
KY204645

KY204646
KY204647

KY204648
KY204649
KY204650

KY204651
KY204652

KY204653
KY204654
KY204655

KY204656

KY204558
KY204559
KY204560
KY204561
KY204562
KY204563
KY204564
KY204565
KY204566
KY204567

KY204568
KY204569
KY204570
KY204571
KY204572
KY204573
KY204574
KY204575

KY204576
KY204577
KY204578
KY204579
KY204580
KY204581

KY204582

KY204730
KY204731
KY204732
KY204733
KY204734

KY204735
KY204736

KY204737

KY204738

KY204739

KY204740

KY204741
KY204742
KY204743
KY204744

KY204745
KY204746
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11991B
12018
12019
12019B
12033
12033B
12056
12056B
13042
31943
31944
31945
31946
32158
32159
33008
51

52

53

53B

54

54B

95
36415
36415B
36416
36417
36418
36418B
36419

KY204479
KY204480

KY204481
KY204482
KY204483
KY204484
KY204485
KY204486
KY204487
KY204488
KY204489

KY204490
KY204491

KY204492

KY204493
KY204494

KY204495

KY204496

KY118858

KY 118859

KY 118860
KY 118861
KY 118862

KY118863
KY 118864
KY118865
KY118866
KY118900
KY 118886
KY 118887

KY 118888

KY118889
KY118906

KY 118907

KY 118908

KY204657
KY204658
KY204659
KY204660
KY204661
KY204662
KY204663

KY204665
KY204664

KY204666
KY204667

KY204710
KY204677

KY204678
KY204679

KY204680

KY204583

KY204584
KY204585
KY204586
KY204587
KY204588
KY204589
KY204590
KY204541

KY204602
KY204603
KY204604
KY204605
KY204606
KY204607
KY204608
KY204609

KY204610
KY204611
KY204612

KY204747

KY204748
KY204749

KY204750
KY204717

KY204772
KY204773

KY204774

KY204751

KY204752
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36419B
36420
36421
36421B
36422
36423
36424
36428
36410
36411
36412
36413
36413B
36414
36425
36425B
36426
36427
36428
36406
36407
36408
36409
36450
36444
36445
36446
36447
36447B
36448

KY204497
KY204498

KY204499
KY204500
KY204501

KY204502
KY204503
KY204504
KY204505

KY204506
KY204507

KY204508
KY204509
KY204510
KY204511
KY204512
KY204513
KY204514
KY204515
KY204516
KY204517
KY204518
KY204519

KY204520

KY 118877
KY 118878

KY 118879
KY118880
KY 118881

KY 118909
KY118910
KY 118911
KY 118912

KY118913
KY118890

KY 118891
KY 118892
KY 118893
KY 118901
KY 118902
KY 118903
KY 118904
KY118905
KY118895
KY118896
KY 118897
KY 118898

KY 118899

KY204668
KY204670

KY204669
KY204671
KY204672

KY204681
KY204682
KY204683
KY204684

KY204685
KY204673

KY204674
KY204675
KY204686
KY204687
KY204688
KY204689
KY204690
KY204701
KY204702
KY204703
KY204704

KY204613
KY204614
KY204615
KY204616

KY204619

KY204620
KY204621

KY204617
KY204618

KY204622
KY204623

KY204591

KY204592

KY204593
KY204594

KY204753
KY204754

KY204755

KY204756

KY204757
KY204758

KY204759
KY204760
KY204761
KY204762

KY204763
KY204764
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36449
36439
36440
36441
36442
36443
36429
36430
36431
36432
36433
36434
36435
36436
36437
36438
36438B
36451
1270
4157
4158
4180
4181

KY204521
KY204522
KY204523
KY204524
KY204525
KY204526
KY204527
KY204528
KY204529
KY204530
KY204531
KY204532
KY204533
KY204534
KY204535
KY204536

KY204537

KY204538

KY204539
KY204540

KY 118882
KY118883

KY 118884
KY 118885
KY 118867
KY 118868
KY 118869
KY 118870
KY 118871
KY 118872
KY 118873
KY 118874
KY118875
KY 118876

KY 118894

KY118914

KY204705
KY204706
KY204707
KY204708

KY204709
KY204691
KY204692
KY204693
KY204694
KY204695
KY204696
KY204697
KY204698
KY204699
KY204700

KY204676
KY204716
KY204715
KY204713
KY204714
KY204712

KY204595

KY204767
KY204768
KY204596
KY204598

KY204597

KY204599

KY204600
KY204601

KY204624
KY204626
KY204625
KY204627

KY204767
KY204768
KY204769
KY204771

KY204770

KY204765

KY204766

KY204776
KY204775
KY204777
KY204778
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Table S4. Models selected with Akaike information criterion and the parameters

of each gene.

Cytb cox1 d-loop ACTB RAG1
Model TIN+I+G  TrN+G K81ug+G  HKY TrN+|
Frec. A 0.2557 0.2357 N/A 0.2395 0.2619
Frec. C 0.3057 0.2686 N/A 0.2537 0.2416
Frec. G 0.1279 0.1668 N/A 0.2212 0.2763
Frec. T 0.3107 0.3289 N/A 0.2856 0.2203
P-inv 0.4760 N/A N/A N/A 0.1360
Gamma shape  0.9130 0.0660 0.0880 N/A N/A
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Table S5. Uncorrected genetic distances within recovered clades and sub-

clades based on cytb (to the left of the diagonal) and cox? (to the right of the

diagonal) and between recovered groups in phylogenetic analyses based on

cytb (below the diagonal) and cox7 (above the diagonal) genes.

cytb/cox1 Clade A Clade B Clade C Clade D Clade E
Sub-clade Sub-clade
B1 B2
Clade A 0.005/0.002 0.008 0.009 0.007 0.006 0.007
Sub-clade B1  0.021 0.000/0.001 0.008 0.010 0.008 0.010
Sub-clade B2  0.019 0.016 0.005/0.005 0.011 0.010 0.011
Clade C 0.020 0.014 0.016 0.001/0.000 0.005 0.007
Clade D 0.019 0.013 0.015 0.005 0.000/0.000 0.005
Clade E 0.017 0.015 0.016 0.010 0.009 0.003/0.002
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Table S6. Uncorrected genetic distances within and between recovered groups

in phylogenetic analyses based on the d-loop gene.

d-loop Clade A Clade B Clade C Clade D Clade E
Sub-clade  Sub-clade
B1 B2

Clade A 0.007

Sub-clade B1  0.102 0.000

Sub-clade B2  0.079 0.043 0.019

Clade C 0.067 0.035 0.040 0.002

Clade D 0.080 0.037 0.041 0.023 0.001

Clade E 0.081 0.043 0.047 0.037 0.036 0.014
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Table S7. Uncorrected genetic distances within recovered clades and sub-
clades based on ACTB (to the left of the diagonal) and RAG1 (to the right of the
diagonal), and between recovered groups in phylogenetic analyses based on
ACTB (below the diagonal) and RAG1 (above the diagonal).

ACTB/IRAG1 Clade A Clade B Clade C Clade D Clade E
Sub-clade Sub-clade
B1 B2
Clade A 0.000/0.000 0.001 0.001 0.001 0.001 0.002
Sub-clade B1 0.001 0.000/0.000 0.000 0.001 0.001 0.001
Sub-clade B2  0.001 0.000 0.000/0.000 0.001 0.001 0.001
Clade C 0.000 0.001 0.001 0.001/0.000 0.000 0.001
Clade D 0.000 0.001 0.001 0.001 0.001/0.000 0.001
Clade E 0.000 0.001 0.001 0.000 0.000 0.000/0.000
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CAPITULO lI

Genetic differentiation among populations of the freshwater fish Goodea
atripinnis Jordan, 1880 (Cyprinodontiformes: Goodeidae), implications for its

evolutionary history and its taxonomy
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ABSTRACT

Central México is characterized by a complex topography, due to tectonic and
climatic history; these events have influenced the evolutionary history of
numerous freshwater fishes that inhabit the area. However, recent studies have
been demonstrate than when exist conection within and among water
drainages, life history traits and ecological characteristics of the species may
influence dispersal capabilities, which, can affect the genetic connectivity.
Goodea is one of the most widely distributed and environmentally tolerant
genera of goodeidos. We examined with cytb the phylogeographical
relationships, genetic structure, genetic diversity, and demographic history of
populations of Goodea atripinnis from across its range of distribution. Low
genetic differentiation was found (genetic distances of 0.5 to 0.7%), and shared
haplotypes between several regions, although, geographic segregation was
found in samples west and east of the Lower Lerma region. Also, the AMOVA
that explained better the genetic structure was when were considered two
haplogroups plus Armeria region (42.18%). Several regions showed null genetic
diversity suggested a dispersal mediated by humans. Finally, the BSP showed
a population expansion for two haplogroups, showed the contrary to other
fishes of central México, suggested to G. atripinnis the climate change do not
have been affected its effective size populations. This phylogeographic pattern
suggested a recent colonization toward the most of the biogeographic regions,
due to its high dispersal capacity, and to be a very abundant species with high
reproductive success, tolerant to environmental changes, monomorphic species
and the generalist feeding to differences with other freshwater fishes of central

México.

Keywords: Endemic fish, widest distribution, phylogeography, haplogroups
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INTRODUCTION

The distribution of genetic variation in freshwater organisms around the
world is mainly affected by geologic evolution of the basins where they occur
and they frequently show strong genetic structure as a result of their
confinement to given hydrological systems (Faulks et al., 2010; Loxterman &
Keeley, 2012). For widely distributed freshwater fishes, genetic differentiation
patterns are more frequently linked with historical geomorphological processes
of the drainages, more than the present-day configuration (Beltran-Lopez et al.,
2018; Bermingham & Martin, 1998; Dominguez-Dominguez et al., 2008a;
Hewitt 2000; 2004; Perea et al., 2016; Pérez-Rodriguez et al., 2009).

Under this context, central México is characterized by a complex
topography, due to tectonic and climatic history, been one of the most important
geological features of central México the Trans Mexican Volcanic Belt (TMVB).
The uplift of the TMVB since the Neogene have promoted a long history of
genesis and destruction of water drainages, which has had a significant impact
on the diversification of taxa in the region; due to the formation of new
geographical barriers and montane habitats (Anducho-Reyes et al., 2008;
Ferrusquia-Villafranca, 1993). These events have influenced the evolutionary
history of numerous freshwater organisms that inhabit the area (Beltran-Lépez
et al., 2018; Dominguez-dominguez et al., 2008a; 2010; Huidobro et al., 2006;
Mateos et al., 2002; Pedraza-Lara et al., 2012; Pérez-Rodriguez et al., 2009;
2016).

But in the other hand, recent studies have been demonstrate than when
exist connection within and among water drainages, life history traits and
ecological characteristics of the species may influence dispersal capabilities,
which, in turn, can affect the genetic connectivity (Betancourt-Resendes et al.,
2018; Goto & Andoh, 1990). In this sense, dispersal and colonization capability
play a very important role in occupancy of new habitats and in the geographic
distribution of freshwater fishes (Clobert et al., 2001). For its high geological
dynamism, México is considered a model region for studying how different
ecological and biological traits affect the genetic structure or connectivity of the

species (Mastretta-Yanes et al., 2015).
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The goodeines (Cyprinodontiformes: Goodeidae) are one of the most
prevalent groups of freshwater fishes in central México. Several species within
the family are widespread, whereas most others are restricted to a few river
systems or even a single spring (Miller et al., 2005). Evolutionary studies of
several species have found high genetic structure and divergence among
species, genera, and populations, as was the case of Zoogoneticus
quitzeonesis (Dominguez-Dominguez et al., 2008a), Xenotoca eiseni (Piller et
al.,, 2015) and llyodon species (Beltran-Lépez et al., 2017). Although not
common, null or low genetic differentiation between freshwater fishes species,
in the region, including some goodeines (Beltran-Lopez et al., 2018;
Betancourt-Resendes et al.,, 2018; Corona-Santiago et al., 2015; Ornelas-
Garcia et al., 2012), in which low genetic differences, shared haplotypes, and
recent isolation events were found, which could be explained by human
mediated dispersion, high dispersal capability of the species, or even taxonomic
unsertainity of some of the recognized species.

Within the Goodeidae, Goodea is one of the most widely distributed
(Miller et al., 2005) and environmentally tolerant genera (De la Vega-Salazar,
2006). Morphological differences between populations are found (Miranda et
al., 2010) and, at least three species have been described: Goodea atripinnis
(Jordan, 1880), from Lerma basin, which drains to the Pacific slope, Goodea
luitpoldii (Steindachner, 1894), from Lake Patzcuaro, and Goodea gracilis
(Hubbs and Turner, 1939), from the Panuco River basin on the Atlantic slope.
Despite of recognition of three described species, recent molecular studies
using a reduced number of samples have concluded that Goodea is composed
of only one species, Goodea atripinnis (Dominguez-Dominguez et al., 2010;
Webb et al., 2004).

Morphological differences among populations of aquatic organisms have
been postulated to be the result of divergent selection pressures of water flow,
variation in dissolved oxygen, or prey type/abundance variation between lotic
and lentic habitats (Collin & Fumagalli, 2011; Crispo & Chapman, 2010).
Therefore, despite minimal genetic divergences between populations, a high
phenotypic plasticity in G. atripinnis have been found, mainly related to a rapid
response to a changing environment (Crispo, 2008, Foster et al., 2015;
Robinson & Wilson, 1994).
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The objective of this study is to examine the link between the
evolutionary history of Goodea atripinnis and the geologic and climatic history of
central México. In particular, we examined the phylogeographic relationships,
genetic structure, genetic diversity, and demographic history of populations of
Goodea atripinnis from across its range and compare with the patterns found in
previous studies in goodeines and in other co-distributed species of fishes
(Beltran-Lopez et al., 2018; Dominguez-Dominguez et al., 2008a; Pérez-
Rodriguez et al., 2009; Schonhuth and Doadrio, 2003). To accomplish this, we
extensively sampled throughout the distributional range of Goodea and included
many individuals to alleviate the small sample size issues of previous studies
that have included this species (Doadrio and Dominguez 2004; Dominguez-
Dominguez et al., 2010; Webb et al., 2004). It is expected that inclusion of a
larger number of samples from across the range will better clarify the genetic
structure within this widespread species and allow us to determine if there is
significant genetic structure between biogeographical regions, as has been
recovered for other fishes in central México (Beltran-Lépez et al., 2018;
Betancourt-Resendes et al., 2018; Dominguez-Dominguez et al., 2008a; 2010;
Pérez-Rodriguez et al., 2009; 2015; 2016).

MATERIALS AND METHODS

Fish sampling and DNA isolation

Three hundred eighteen specimens were collected from 72 localities in
23 biogeographical regions proposed to central México by Dominguez-
Dominguez et al., (2006). The samples include rivers and lakes and cover the
entire distributional range of Goodea atripinnis (Figure 1; Table 1). Fish were
captured with permission of the authorities by electrofishing and seine nets and
anesthetized with tricaine-mesylate (MS-222). Pectoral fin clips were obtained
and preserved in absolute ethanol and frozen at -75°C, and deposited in the
tissue bank of the Aquatic Biology laboratory of the Universidad Michoacana de

San Nicolas de Hidalgo.
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Figure 1 Distribution map of Goodea atripinnis samples, diamonds shown the
localities sampled for the present work, the shaded part show the geographic
distribution of the two recovered clades/haplogroups obtained in phylogenetic
analyses. The abbreviations of the biogeographical regions are: MAG: Lake
Magdalena, LLE: Lower Lerma river, AME: Ameca river, VME: Valley of México,
PAN: Panuco river, AGU: Aguanaval river, CUIl: Lake Cuitzeo, VER: Verde
river, BOL: Bolafios river, MLE: Middle Lerma river, CHA: Lake Chapala, ULE:
Upper Lerma river, PAT: Lake Patzcuaro, ZAC: Lake Zacapu, ETZ: Etzatlan-
San Marcos, JUC: Juchipila river, ARM: Armeria river, COT: Lake Cotija, ZIR:
Lake Zirahuen, MEZ: Mezquital river, SAN: Santiago river, BAL: Balsas river,
ATO (3): Lake Atotonilco, SMA (4): Lake San Marcos, SAY (5): Lake Sayula
and ZAP (6): Lake Zapotlan, the last four numbers corresponded with the

Sayula region.
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Table 1 Samples localities and sequences information.

Site Locality Basin Biogeographic region = Sequences GPS Coordinates

number
1 Presa la Quemada Lake Magdalena Magdalena 5 20° 57" 51.05" N, 104° 3'8.34"" W
2 Los Venados Lake Magdalena Magdalena 7 20°54" 142" N, 104°1"11.6"” W
3 Lago de Magdalena Lake Magdalena Magdalena 9 20°54" 369" N, 104° 4" 45.62"" W
4 El Moloya Lake Magdalena Magdalena 11 20°57°51.05" N, 104° 3" 8.34" W
5 Presa La Luz Duero river Lower Lerma 2 19° 56" 12.4"" N, 102° 17" 55.3”" W
6 Las adjuntas Duero river Lower Lerma 8 19°54739.9 N, 102° 12" 20" W
7 El Platanal Duero river Lower Lerma 6 19°55740.7"" N, 102° 14" 30.3" W
8 Pateo Lower Lerma 1 19°54°33.1°"N, 100° 19" 5.1 W
9 Camecuaro Lake Camecuaro Lower Lerma 3 19°54" 9.8 N, 102° 12" 35.27" W
10 Amatlan de cafas Ameca Ameca 2 20°42°13.7"" N, 104° 18" 34.4" W
11 El Rincén Ameca Ameca 1 20°41°34.8" N, 104° 50" 471" W
12 Tala, Rio Salado Ameca Ameca 5 20°41°12.1°" N, 103° 41" 36.3”" W
13 Teuchitlan Cocula-La Vega Ameca 5 20°40°46.8"" N, 103° 50" 59.2"" W
14 Xochimilco Canal de Xochimilco Valle de México 2 19°17° 3" N,99°6° 7.62" W
15 Presa del Carmen Panuco 6 20°40°8.1°" N, 100° 15" 6.73" W
16 Zumpango Panuco 4 19°47° 316" N,99° 7" 17" W
17 San lidefonso Panuco 1 19°57°43.2"" N, 100° 37" 1.27" W
18 Tierra Quemada Panuco 1 21°42°53.9° N, 100° 41" 159" W
19 Jesus Maria Panuco 5 21°55°24.3" N, 100° 54" 39.9”" W
20 Jesus Maria-Villa de Reyes Panuco 5 21°55°32.3" N, 100° 54" 39.5" W
21 Santa Clara Aguanaval 12 24°40°47.57° N, 103°13°36.2"" W
22 Presa el Tecolote Verde Verde 1 21°31°25.1°" N, 102° 13" 25.2"" W
23 Arroyo el Tecolote Verde Verde 3 21°31°38.4° N, 102° 15" 221" W
24 Presa La Paz Verde Verde 1 21°49°21.0°° N, 101° 46" 13.7" W
25 Guadalupe Victoria Verde Verde 2 21°41°49.3" N, 101° 37" 21.3" W
26 San Julian-San Miguel Verde Verde 2 21°0°32.7°" N, 102° 17" 47.3" W
27 Bordo en Chimaliquin Verde Verde 1 21°21°24" N, 102° 48" 6.8 W
28 Presa El Tesorero Bolafios Bolafios 3 22°49°53.6"° N, 102° 57" 12.7" W
29 Urideo, ojo de agua el Capulin Middle Lerma 2 20°12°52.2° N, 100° 50" 43.4”" W
30 Arroyo Neutla Middle Lerma 2 20°41°41.5"" N, 100° 50" 48.8"" W
31 Carretera San Miguel-Comonfort Middle Lerma 2 20°46°17.8"" N, 100° 47" 30.0”" W
32 Afluente Neutla Middle Lerma 1 20°42°16.5" N, 100° 52" 1.6 W
33 Rio San José del Rodeo Middle Lerma 7 20°55°12.2"" N, 101° 13" 19.9”" W




34 Rio Xoconostle-San Juan Laja Middle Lerma 1 20°56° 31.5"" N, 100° 58" 38" W
35 Manantial Andrés-Figueroa San Marcos Sayula 5 20°20°0.4" N, 103° 34" 976" W
36 Deposito Santa Catarina San Marcos Sayula 1 20°21°3.6"" N, 103° 33" 11.6” W
37 Canal Presa Buena Vista Atotonilco Sayula 7 20°20°5.8" N, 103° 45" 19.7" W
38 Lago Atotonilco Atotonilco Sayula 4 20°18°45.6"" N, 103° 31" 59.3" W
39 Presa Buena Vista Atotonilco Sayula 4 20°20°5.2"" N, 103°45°20.2" W
40 Lago de Zapotlan Zapotlan Sayula 9 19°44° 449" N, 103° 28" 224" W
41 Lago de Sayula Sayula Sayula 10 19°56° 32" N, 103° 31" 36.7" W
42 Lago de Chapala Chapala Chapala 2 20°16°30.4" N, 103° 24" 371" W
43 Los Negritos Chapala Chapala 2 20°3736.3"" N, 102° 36" 46.1" W
44 Chiquimitio Cuitzeo Cuitzeo 4 19°47° 446" N, 101° 15" 4117 W
45 Rio Querendaro Cuitzeo Cuitzeo 7 19°53"13.9" N, 100° 56" 52.2"" W
46 Desembocadura Rio Querendaro Cuitzeo Cuitzeo 2 19°53°14.5"N,100° 57" 71" W
47 Manantial Chapultepec Patzcuaro Patzcuaro 8 19°34"19.17" N, 101°31°29.3" W
48 Embarcadero Principal Patzcuaro Patzcuaro 3 19°32°42.9°° N, 101° 37" 4.2 W
49 Erongacicuaro Patzcuaro Patzcuaro 2 19°35°12.6"" N, 101° 41" 50.21" W
50 Napizaro Patzcuaro Patzcuaro 3 19°35°30°" N, 101°41°16.5" W
51 Presa Melchor Ocampo Angulo-Lerma Zacapu 12 20°5°36.5" N, 101°43° 574" W
52 La Zarcita Angulo-Lerma Zacapu 2 19°49°19°" N, 101° 47" 51" W

53 Tocumbo Balsas 7 19°42° 7" N, 102° 30" 60" W

54 Presa San Juanico Cotija Cotija 3 19°49° 574" N, 102° 38 25.8" W
55 San Sebastian Etzatlan-San Marcos  Etzatlan-San Marcos 9 20°49° 25" N, 104°7°10.8" W
56 Presa San Rafael Etzatlan-San Marcos Etzatlan-San Marcos 4 20°44° 8.3 N, 104° 11" 49.7" W
57 Puente Malpaso Juchipila Juchipila 11 22°36°57.2"° N, 102° 45" 39.5" W
58 Tepatitlan Santiago-Chapala Grande de Santiago 4 20°47°6.8"" N, 102° 45" 58.7" W
59 San Antonio, Tepatitlan Santiago-Chapala Grande de Santiago 7 20°40°27.2"° N, 102° 33" 194" W
60 Presa Garabato, Totolan Santiago-Chapala Grande de Santiago 12 24° 37284 N, 102° 41" 156" W
61 Joya Grande Upper Lerma 2 20°5°25.3" N, 100° 32" 40.8" W
62 Manantial del seminario Upper Lerma 1 21°28°42.2"°N,101°15°6.6” W
63 Presa Juriquilla Upper Lerma 3 20°41°56.3" N, 100° 27" 31.7" W
64 Laguna de Almoloya Upper Lerma 12 19°9°8.4"" N, 99° 29" 30.6" W

65 Pateo-Contepec Upper Lerma 1 19°54"33.1°" N, 100° 19" 51" W
66 Tepuxtepec Upper Lerma 6 19°58°50.1"" N, 100° 14" 12.6” W
67 Achacales Armeria 3 19°42° 141" N, 104° 8" 37.9”" W
68 El grullo Ayuquila Armeria 1 19°42°16.6"" N, 104° 31" 411" W
69 Atenguillo Armeria 5 20°19°16.6"" N, 104° 31" 411" W
70 Opopeo Zirahuen 3 19°26°12.2°° N, 101°44° 23.9”" W
71 Rio San Pedro Mezquital 8 24° 18" 24°" N, 104° 46" 20.38"" W
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Some specimens were deposited in the fish collection of the Universidad
Michoacana de San Nicolds de Hidalgo (registration by the Ministry of
Environment and Natural Resources for México SEMARNAT: MICH-PEC-227-
07-09), the remaining specimens were returned to the water. Tissues for DNA
extraction were digested with ATL QIAGEN Buffer and Proteinasa K and
purified with BioSprint DNA Blood Kit QIAGEN according to the manufacturer

instructions.

Locus ampilification and sequencing

Polymerase Chain Reaction (PCR) was performed to amplify the
cytochrome b gene (cytb: 1112 bp) with the primers GLuDG (Palumbi et al.,
1991) and H16460 (Perdices et al., 2002). The PCR reaction consisted of a
12.5 pl volume reaction containing 4.25 pl ultrapure water, 0.5 ul of each 0.2 yM
primer, 6.25 yl Dream Taq Green PCR Master Mix 2x (Thermo Scientific,
Waltham, MA, USA), and 1 pul (ca 10-100 ng) of DNA template. The PCR
procedure consisted of 2 min at 94°C followed by 35 cycles of 45 s at 94°C for
DNA denaturation, 1 min at 46.5°C for primer alignment, 1.5 min at 72°C for
synthesis, and a final extension of 5 min at 72°C. After checking PCR products
by electrophoresis in agarose gel of 1.5%, amplicons were purified using
ExoSAP-IT (USB Corp. Cleveland, OH, USA), and submitted to Macrogen Inc.
(Netherlands) for sequencing. Manual alignment of the sequences was

implemented in Mega v7.0 (Kumar et al., 2016).

Phylogeny, divergence time estimation, population structure and genetic
distances

Sequences were collapsed to haplotypes using the web-based program
ALTER (Gonzalez-Pefa et al., 2010). The best-fit model of molecular evolution
selected by the Akaike information criterion (AIC), using jModelTest v2
(Santorum et al., 2014), was general time reversible + invariable site proportion
+ gamma (GTR+I+G). Phylogenetic reconstruction was implemented using
Maximum likelihood (ML) and Bayesian inference (Bl). Maximum likelihood was
carried out using RAXMLGUI v1.3.1 (Silvestro and Michalak, 2012; Stamatakis,
2014), with the substitution model selected by jModelTest and 10,000 bootstrap
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replicates. Bayesian analysis was implemented in MrBayes v3.2.1 (Ronquist et
al.,, 2012). The analysis was run for five million of generations, with two
independent runs implementing four Markov chain Monte Carlo (MCMC)
processes, sampling every 500 generations. The model of molecular evolution
was the selected by jModelTest v2 (GTR+I+G). We evaluated chain
convergence with the log-likelihood (-InL) values of the runs on Tracer v1.5
(Rambaut and Drummond, 2007). After discarding the first 10% of generations
as burn-in, the 50% majority rule consensus tree and posterior probabilities
were obtained.

To determine the geographic correspondence with the genetic structure,
a haplotype network was constructed using HaploViewer (available at

http://www.cibiv.at/~%20greg/haploviewer).

The divergence time for populations of G. atripinnis was estimated using
the program BEAST v1.8.1 (Drummond et al., 2012), and a lognormal relaxed
clock (uncorrelated) model on branch length (Drummond et al., 2006). The
molecular clock was calibrated using the mutation rate of cytb in teleosts of
0.76-2.2%/million years (Near and Benard, 2004; Zardoya and Doadrio, 1999).
The substitution model was selected by jModelTest. We used the tree prior:
Coalescent Bayesian Skyline (Drummond et al., 2005) and estimated a starting
tree using the random method. The MCMC analysis was conducted with 30
million generations, sampling every 500 generations. We assessed whether
parameters values had reached effective sample size and convergence in
Tracer v1.5 (Rambaut and Drummond, 2007). Finally, the maximum clade
credibility tree was built discarding the first 10% of the trees as burn-in using
Tree-Anotator v1.8.1 (Drummond et al., 2012).

In order to analyse the genetic structure of populations of G. atripinnis,
we conducted analyses of molecular variance (AMOVA) at three hierarchical
levels: 1) considering the biogeographic regions proposed by Dominguez-
Dominguez et al., (2006), that were based in distribution and evolution of the
species of the family Goodeidae, 2) according with recovered haplogroups in
haplotype network (two and three haplogroups), and 3) an analysis without a
priori grouping. Components of the fixation index ®cr, ®@sr and ®sc were also
calculated using Arlequin v3.5.1.3 (Excoffier and Lischer 2010).

Uncorrected p-distances were estimated in MEGA v7.0 (Kumar et al.,
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2016) in order to quantify genetic differences between recovered haplogroups

of G. atripinnis (east and west + Armeria River).

Genetic diversity and historical demography

We estimated levels of genetic diversity including the number of
haplotypes (H), polymorphic sites, nucleotide diversity (1), and haplotype
diversity (h) for all biogeographic regions (sensu Dominguez-Dominguez et al.,
2006) of G. atripinnis using Arlequin v3.5.1 (Excoffier & Lischer, 2010).
Population size fluctuations through time were examined with a Coalescent
Bayesian skyline plot analysis (Drummond et al., 2005) implemented in BEAST
v1.8.1 (Drummond et al., 2012). This analysis was implemented to infer the
historical demography of the recovered haplogroups in the haplotypes network.
The substitution model was that obtained in jModeltest. The molecular clock
was calibrated using the mutation rate used in the divergence time estimation,
using an uncorrelated relaxed clock model for 50 million of generations and
sampling every 500 generations. Convergence was assessed with Tracer v1.5
(Rambaut & Drummond, 2007), and were discarded the first 10% of the trees as

burn-in.

RESULTS

We obtained sequences of the mitochondrial gene cytochrome b (Cytb:
1112 bp) from 318 individuals. Of this, 1,053 sites were invariable, while 52
were variable, 19 were singleton variable sites, and 33 were parsimony

informative.

Phylogeny, haplotype network and divergence time estimation

Although the dicotomous tree obtained from the Molecular Clock
Analyses in Beast recovered two genetic groups, that have correspondence
with geographical distribution (west and east of the Lower Lerma region) of
populations of Goodea atripinnis, the ML and Bl analyses not support this
relationship, and even the Beast tree only support the existence of the West
Group (Fig. 2). The west group, cluster individuals of Bolafios, Ameca,

Magdalena, Chapala, Sayula, Etzatlan-San Marcos, Cotija, Balsas, Armeria and
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Santiago regions, while the not supported east group clustered individuals of
the follow biogeographic regions (sensu Dominguez-Dominguez et al., 2006):
Mezquital, Verde, Aguanaval, Panuco, Zirahuen, Zacapu, Patzcuaro, Upper
Lerma, Middle Lerma, Valley of México and Juchipila. Both genetic groups have
correspondence with the east of the Lower Lerma region and the west of the
Lower Lerma region (Figure 1), but samples of Cuitzeo, Magdalena, Santiago

and Lower Lerma regions are clustered in both clades (Figures 2 and 3).
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Figure 2 Haplotype phylogenetic tree obtained in BEAST. Support values are
shown above the branch in the following order: 1) posterior probabilities
obtained from BEAST, 2) posterior probabilities obtained from Mr. Bayes, 3)
bootstrap values from a Maximum Likelihood analysis, and 4) the divergence

time between the two clades/haplogroups.
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Figure 3 Haplotypes network for all sampled populations, the circles sizes
corresponded with the number of samples belonging to each haplotype. Black
circles represent the mutational steps.

In the haplotypes network, several biogeographic regions (sensu
Dominguez-Dominguez et al., 2006), share haplotypes. As was explained in the
phylogenetic analyses, geographic segregation was found in samples west and
east of the Lower Lerma region. For instance, two main haplogroups were
found and were separated by two mutational steps. One cluster the samples
distributed west to the Lower Lerma region (Ameca, Bolanos, San Marcos,
Zapotlan and Atotonilco, Sayula, Chapala, Etzatlan-San Marcos, Armeria,
Cotija, and Balsas regions) (Figure 3). Within this west group, the Armeria,
Zapotlan and Sayula samples were grouped in exclusive haplotypes separated
by two mutational and one mutational step respectively.

The other haplogroup is comprised mainly by the samples collected east
of the Lower Lerma region (Upper and Middle Lerma, Valley of México, Panuco,
Patzcuaro, Zacapu, Zirahuen, Juchipila, Verde, Mezquital and Aguanaval

regions). The samples from the northwest drainages of Juchipila, Verde,
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Mezquital and Aguanaval regions belong to the east haplogroup. The samples
of Cuitzeo, Magdalena, Santiago and Lower Lerma regions share haplotypes
between west and east haplogroups (Figures 1 and 3).

The divergence time estimation for populations of G. atripinnis showed
that the divergence time between the two recovered haplogroups was ca. 0.81
Mya (95% HPD: 0.33-1.3) during the Pleistocene (Figure 2).

Population structure and genetic distances

The analysis of molecular variance implemented by biogeographic
regions showed that the percentage of molecular variance among groups was
of 19.09% (®ct = 0.19, Psc = 0.63 and Ps1: 0.70). Furthermore, the analyses of
molecular variance implemented with the two inferred haplogroups showed that
the percentage of molecular variance among groups was of 38.77% (®ct =
0.38, ®sc = 0.55 and Ps7:0.72). When a third haplogroup that was separated
by two mutational steps were added (Armeria River), the percentage of
molecular variance among groups was higher than when only two groups were
included (42.18%, ®ct = 0.42, ®sc = 0.52 and Pst: 0.72). Also, in the
arrangement of no grouping a priori, the highest percentage of variation was
among populations with 67.84% (®st:0.67). The only comparison that was not
significant was when the samples were grouped according to the
biogeographical regions (Table 2).

The genetic distances, based on the three genetic groups were of 0.5%
between west vs. east and Armeria, and of 0.7% of Armeria vs. east group
(Table 3).
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Table 2 Analyses of molecular variance for groups according to: 1) 23

biogeographic regions considered in the present work; 2) the two recovered

haplogroups; 3) The two recovered haplogroups + Armeria River; and 4)

Without grouping a priori. Ns = not significant.

Cytb
Testing assumptions Source of variation % of Fixation P- value
variance  index
Groups Among groups 19.09 @c1:0.19 Ns
According with Among populations within groups ~ 51.19 ®sc: 0.63  <0.0001
biogeographical regions Within populations 29.71 ®s71:0.70  <0.0001
Total 100
According with the two Among groups 38.77 ®c1:0.38  <0.0001
recovered haplogroups Among populations within groups 33.81 ®sc: 0.55  <0.0001
West and East Within populations 27.42 ®s1:0.72  <0.0001
Total 100
According with the two Among groups 42.18 &cr: 0.42  <0.0001
recovered haplogroups Among populations within groups 30.46 ®sc: 0.52  <0.0001
West and East + Armeria Within populations 27.35 ®s1:0.72  <0.0001
River Total 100
No grouping a priori Among populations 67.84 ®s1:0.68  <0.0001
Within populations 32.16
Total 100

Table 3 Uncorrected genetic distances based on cytb within and between the three

genetic groups recovered for G. atripinnis.

cytb West East Armeria River
haplogroup haplogroup

West 0.003

haplogroup

East 0.005 0.002

haplogroup

Armeria 0.005 0.007 0.001

River

Genetic diversity and historical demography

In general, the genetic diversity of all populations of Goodea atripinnis

are moderate to low, with haplotype diversity in almost all biogeographic regions
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being <0.7, while the nucleotide diversity show values less than 0.001 in most
of the biogeographical regions.

The highest haplotype diversity was found in Patzcuaro (h= 0.850),
followed by Verde (h=0.844), both biogeographic regions belonging to the east
haplogroup. Null haplotype and nucleotide diversity was found in Valley of
México, Middle Lerma, Etzatlan-San Marcos, Juchipila, Balsas, Zapotlan and
Mezquital regions, while Magdalena, Cotija and Zirahuen regions, as well as
Verde and Lower Lerma regions exhibit the highest nucleotide diversity (=
0.002; Table 4).

Table 4 Genetic diversity for each biogeographic region of Goodea atripinnis
using mtDNA data. N, sample size, S, polymorphic sites, H, number of

haplotypes, 7, nucleotide diversity h, haplotype diversity.

Cytb
Biogeographic region N S H M h
Magdalena 32 16 9 0.002+/-0.001 0.800+/-0.04
Ameca 13 4 0.0006+/-0.000 0.602+/-0.130
Valley of Mexico 2 0 1 0.000+/-0.000 0.000+/-0.000
Panuco 22 12 6 0.001+/-0.000 0.580+/-0.111
Aguanaval 12 2 3 0.0005+/-0.0005 0.590+/-0.107
Middle Lerma 15 0 1 0.000+/-0.000 0.000+/-0.000
San Marcos (Sayula) 6 4 4 0.001+/-0.001 0.800+/-0.172
Atotonilco (Sayula) 15 2 3 0.0004+/-0.0004 0.447+/-0.134
Sayula (Sayula) 10 1 2 0.0001+/-0.0002 0.200+/-0.154
Cuitzeo 13 5 3 0.001+/-0.001 0.564+/-0.111
Patzcuaro 16 8 8 0.001+/-0.001 0.850+/-0.075
Zacapu 14 3 4  0.0008+/-0.0006 0.714+/-0.078
Etzatlan-San Marcos 13 0 1 0.000+/-0.000 0.000+/-0.000
Chapala 4 3 3 0.001+/-0.001 0.833+/- 0.222
Juchipila 11 0 1 0.000+/-0.000 0.000+/-0.000
Balsas 7 0 1 0.000+/-0.000 0.000+/-0.000
Cotija 3 4 2 0.002+/-0.002 0.666+/-0.314
Verde 10 6 8 0.002+/-0.001 0.844+/-0.102
Bolafios 3 1 2 0.0006+/-0.0007 0.666+/-0.314
Zapotlan 9 0 1 0.000+/-0.000 0.000+/-0.000
Upper Lerma 25 8 7 0.001+/-0.001 0.740+/-0.066
Armeria 2 2 0.000+/-0.000 0.555+/-0.090
Zirahuen 4 3 0.002+/-0.002 1.00+/-0.272
Mezquital 0 1 0.000+/-0.000 0.000+/-0.000
Grande de Santiago 23 10 7 0.001+/-0.001 0.806+/-0.052
Lower Lerma 20 10 8 0.002+/-0.001 0.589+/-0.12994
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The BSP analysis implemented for the two haplogroups showed that the
west group showed a stable effective population size through time, with a
population expansion calculated to be <30,000 years. While for the eastern
group, population expansion occurred after the long stable effective population

size and much older that the western group (=125,000 years ago) (Figure 4).

Ne 1.0e2

>
x|

West haplogroup East haplogroup

(HPD = 95%) {(HPD = 95%)

1E 1,0E-
B0 (] 02 03 04 i) 08 o7 B0 [iX] 02 03 (Y]

Time (Mya) Time (Mya)

Figure 4 Bayesian Skyline Plots according to the two recovered haplogroups of

the haplotype network (west clade/haplogroup and east clade/haplogroup).

DISCUSSION

The results obtained herein, using mDNA data for populations of G.
atripinnis along its wide distributional range, reveal minimal genetic
differentiation within and between biogeographic regions (Figures 2 and 3;
Tables 2 and 3). These results are not in agreement with previous
phylogeographic studies of freshwater fishes in central México, which generally
showed high genetic structure associated with volcanic and tectonic activities,
and quaternary climate change (Beltran-Lépez et al., 2018; Dominguez-
Dominguez et al., 2008a; 2010). Some differentiation is significant enough that
it has warranted the description of new species (Dominguez-Dominguez et al.,
2008b; 2016; Pérez-Rodriguez et al., 2009). The lack of structure in co-
distributed species indicates that G. atripinnis follows an independent
evolutionary history that could be related to the biological and ecological
characteristics of the species. Goodea atripinnis is a generalist feeder and

environmentally tolerant species (De la Vega-Salazar, 2006; Miller et al., 2005)
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that has the ability to disperse between drainages and survive and persist in

new environments (Avise et al., 1987; McGlashan & Hughes, 2000).

Two main genetic groups

The haplotypes network recovered two geographically segregated
haplogroups, separated by two mutational steps (Figures 1 and 3). The highest
percentage of molecular variation is found when populations were grouped
according with phylogenetic analyses and haplotype network and not according
with hydrological basins or biogeographical regions (Beltran-Lopez et al., 2017;
2018; Dominguez-Dominguez et al., 2008a). These two haplogroups have
geographical correspondence with one of them mainly distributed to the west
and the other to the east of the Lower Lerma region, with low genetic distances
of 0.5% between them (Table 3), and recent divergence times (ca. at 0.81 Mya)
(Figure 2). This contradicts previous genetic analyses in this species, in which
no genetic differences were found in 11 studied populations, with limited sample
representation (Doadrio & Dominguez, 2004; Dominguez-Dominguez et al.,
2010).

The biogeographic break between eastern and western haplogroups of
the Lerma River was previously found in Zoogoneticus quitzeoensis
(Goodeidae) but with a much higher level of mean genetic distance for cytb
(3.05%) and a much older divergence time estimate of ca. 3.3 Mya between
these two lineages (Dominguez-Dominguez et al., 2008a). Similarly,
Alloophorus robustus had divergence times estimated for both groups at ca. 2.6
Mya (Dominguez-Dominguez et al., 2010). The differences in the
phylogeographic patterns among these species could be related to the
ecological and biological aspects among the three genera.

Previous works with goodeids has been established that the more
sexually dimorphic species showed greater genetic differentiation, with much
larger values of Fst than monomorphic species, implying lower gene flow
between populations, as predicted if stronger female-biased sexual selection
promoted population differentiation (Ritchie et al., 2007), also, monomorphic
species are amongst the most widespread geographic ranges of all goodeids
(Ritchie et al., 2007), since Goodea atripinnis is a monomorphic species being

the goodeid with the widest geographic distribution, also, with capability to
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survive to the different conditions of the water bodies along the distribution area
of the species (Miller et al., 2005), and, with the capacity to disperse between
areas in different times (Dominguez-Dominguez et al., 2010), these could be
reasons of its phylogeographic pattern. Another reason for the low genetic
differentiation between populations of this species could be related with the high
abundance that present the populations and the high tolerance to
environmental degradation (De la Vega-Salazar, 2006), while Z. quitzeoensis
and A. robustus are considered as environmentally sensitive species, with a lost
of 25% and 33% of their historical localities respectively (De la Vega-Salazar,
2006).

Another plausible explanation for the difference in the phylogeographical
pattern in these three genera is the related with the reproductive potential,
reproduction studies of goodeids have been established that G. atripinnis has a
higher reproductive potential than Z. quitzeoensis and A. robustus, has been
show that while G. atripinnis could has an offspring number between 19.1
(Mendoza, 1962) and the maximum embryos reported is of 167 (Miller et al.,
2005; Uribe et al., 2005), for Z. quitzeoensis has been reported between 3.33
and 13 embryos (Ramirez-Herrejon et al., 2007), For A. robustus has been
reported between 20 and 38 embryos (Meek, 1904; Mendoza, 1962). Moreover,
the reproductive epoch appear to be longer for G. atripinnis compare with A.
robustus and Z. quitzeoensis (Barragan and Magallén, 1994; Mendoza, 1962;
Miller et al., 2005; Ramirez-Herrejon et al., 2007). The above mentioned, may
be related with to favoring the increased of population effective size,
decresaded the genetic drift, which also, due to the high dispersal capability
reported for G. atripinnis, is related to the homogenized among populations of
one species (Hartl and Clark, 1997), as is the case of the present work.

Finally, the other plausible explanation for the differences in the
phylogeographic pattern could be related with the feeding, Z. quitzeoensis has
carnivorous feeding habits (Miller et al., 2005). Moreover, A. robustus seems to
be the carnivorous most specialized of the family Goodeidae (Miller et al.,
2005), while Goodea atripinnis is considered a generalist feeder that may
change according with the food availability (De la Vega-Salazar, 2006;
Ramirez-Herrejon et al., 2014; Soto-Galera et al., 1998; 1999). The fact that G.

atripinnis is a generalist, could be the reason for which is easier for this species
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established in the new environments, could explained its high dispersal
capacity, which could explained the low genetic differentiation among all
populations. Due to the above mentioned, the geological events and climate
cycles could affect populations of G. atripinnis of a different manner respect to
other goodeids.

Dominguez-Dominguez et al., (2010) proposed that the G. atripinnis
evolved in the Santiago River, and later dispersed to Lerma River at ca. <1.7
Ma. The colonization of the Lerma system was followed by the dispersal and
colonization of several water bodies along the TMVB. This scenario is not
supported by the results shown herein, since the haplotypes from the Santiago
River (BOL and JUC) are peripheral and not the central haplotypes.

Similarily that the geographic pattern showed in the distribution of the
haplotypes and the genetic structure of Goodea atripinnis, for plants species
distributed in the TMVB, a clear separation of haplotypes between east and
west regions indicating a lack of gene flow between these two regions (Pérez-
Crespo et al., 2017; Ruiz-Sanchez & Specht, 2013). This same pattern has
been found in animals, including birds (Kingston et al., 2014), lizards and
snakes (Bryson et al., 2011a,b,c,d) for which genetic structure is correlated with
the western, central, and eastern regions of the TMVB. New evidence, however,
suggests that climatic cycles may have had less of an effect on species-level
diversification in Middle America and more of an effect on intraspecific genetic
structuring (Castoe et al., 2009; Daza et al., 2009, 2010). New evidence,
however, suggests that climatic cycles may have had less of an effect on
species-level diversification in Middle America and more of an effect on
intraspecific genetic structuring (Castoe et al., 2009; Daza et al., 2009, 2010).
New evidence, however, suggests that climatic cycles may have had less of an
effect on species-level diversification in Middle America and more of an effect
on intraspecific genetic structuring (Castoe et al., 2009; Daza et al., 2009,
2010).

Other divergent groups
The population of G. atripinnis from the Armeria River shows some
differentiation from other populations, with mean genetic distances between 0.5

to 0.7% with respect to west and east haplogroups respectively. Also, the
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haplotype network showed unique haplotypes separated by two mutational
steps from the other populations. The colonization of the Armeria River for other
fish species including Poeciliopsis infans (Beltran-Lépez et al., 2018; Mateos et
al., 2002) and Moxostoma austrinum (Pérez-Rodriguez et al., 2016), have been
hypothesized to result of a unidirectional faunal exchange due to a river
capture. In addition, other freshwater fishes species characteristic of the
Armeria River are absent in central México, as is the case of Allodontichthys

zonistius, llyodon furcidens and Poecilia butleri (Miller et al., 2005).

Recent dispersal events

The presence of G. atripinnnis in some peripheral basins such as the
Sayula and Panuco regions correspond with the distribution of other fish
species as Ameca splendens, Xenotoca melanosoma and Xenotoca variata
(Dominguez-Dominguez et al., 2010), Yuririra alta (Dominguez-Dominguez et
al., 2007), Algansea tincella (Pérez-Rodriguez et al., 2009) and Poeciliopsis
infans (Beltran-Lopez et al., 2018; Mateos et al., 2002) and events related with
river piracy during recent geological times (less than 1 Mya). River capture is
considered to be the main mode of dispersal that has influenced the recent
evolutionary history of goodeines, at least during the last 2 Mya (Dominguez-
Dominguez et al., 2010). This, together with the high dispersal capacity for G.
atripinnis could explain the low genetic distances between haplogroups, and the
shared haplotypes between several biogeographical regions. The more
common haplotype grouped the following biogeographic regions: Upper, Middle
and Lower Lerma River, Zacapu and Cuitzeo Lakes, Panuco River and Valley
of México River.

Also, populations of G. atripinnis from the Santiago River region were
grouped in both haplogroups, the samples collected upstream of Salto de
Juanacatlan were grouped in the east haplogroup, while populations
downstream of Salto de Juanacatlan were grouped in the west haplogroup,
indicating that the Salto de Juanacatlan act as a geographic barrier for different
species of freshwater fishes (Figure 1). Similar results were found for a

sympatric species, Poeciliopsis infans (Beltran-Lépez et al., 2018).

Genetic diversity and demographic history
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The genetic diversity in general was moderate to low (Table 4), except
for the west drainages Magdalena, San Marcos of the Sayula region and
Chapala, as well as the east drainage Patzcuaro, Verde and Santiago regions,
that was high, with h >0.8 and 7 >0.001.

For Magdalena region, it was reported that P. infans shows minimal
genetic diversity which was attributed to extreme and intermittent periods of
flooding and drying (Beltran-Lépez et al., 2018). The results for G. atripinnis
presented herein, do not agree with these results, since individuals from
Magdalena Lake show high levels of genetic diversity (Table 4).

The high genetic diversity for these populations of G. atripinnis could be
explained the same manner that for other goodeids as a response to the
gradual reduction in population sizes, which allowing to the species to retain
high levels of genetic diversity along the time (Ornelas-Garcia et al., 2012), the
second and most plausible explanation to this high genetic diversity is due to
the migration between populations, which is an important source of new alleles
and limit the loss of genetic diversity (Vega et al., 2007), considering that G.
atripinnis is highly abundant in the areas were is present (Miller et al., 2005) and
that is widely distributed with a high colonization success (De la Vega-Salazar,
2006).

In contrast, seven biogeographical regions show null genetic diversity
(Valley of México, Middle Lerma, Juchipila, Mezquital, Balsas, Etzatlan-San
Marcos and Zapotlan Lake of Sayula region) (Table 4). The most plausible
reason that explains the null genetic diversity for G. atripinnis in these
biogeographic regions is a founder effect due to recent human mediated
dispersal or recent connection of the hydrological basins (Beltran-Lopez et al.,
2018; Corona-Santiago et al., 2015). In the case of some drainage where G.
atripinnis shows null genetic diversity (i.e. Valley of México, Mezquital and
Balsas Rivers), a recent natural dispersal event is not supported since these
drainages have a long history of isolation and no recent connections between
these basins and other basins have been found (Dominguez-Dominguez et al.,
2006; 2010). Furthermore, the shared haplotypes in the network seems to
indicate that populations of this species in these hydrological basins could be
related to human introduction, possibly acompaning the introductions of

Chirostoma and Tilapia (Oreochromis and Tilapia).
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This scenario has been proposed in previous works in which the
distribution in some hydrological basins of some species of goodeids and
populations of Poeciliopsis infans, were the result of human introductions which
promoted a founder effect and subsequent rapid fixation of a single haplotype in
populations (Beltran-Lopez et al., 2018; Corona-Santiago et al., 2015; Galindo-
Villegas & Sosa-Lima, 2002; Ramirez-Herrejon et al., 2013).

Goodeines have had great importance as food for indigenous
populations since their establishment 3,000 years ago (Parsons, 2010). Even
today, these fishes are important part of the food supply for natives of central
México. Archeological remains of G. atripinnis have been found in several parts
of central México, reinforcing the idea that humans could have moved
specimens between basins (Bravo-Espinosa et al., 2009; Guzman et al., 2001).
In other cases, such as Etzatlan-San Marcos, where null genetic diversity was
found, this could be related with the irrigation channels that were built between
the Etzatlan-San Marcos endorrehic basin and Magdalena Lake. This is also
congruent with the haplotypes network, since the only haplotype of Etzatlan-
San Marcos endorrehic basin is shared with Magdalena Lake.

The demographic history found for the two haplogroups of G. atripinnis in
the BSP analyses recovered stable effective population size through time with a
recent population expansion in <30,000 years for the west haplogroup (LGM:
Last Glacial Maximum), while for the east haplogroup, the population expansion
was <125,000 years (LIG: Last Inter Glacial) (Figure 4). These results contrast
the result of other analyses implemented for freshwater fishes of central México,
which show a demographic decline in the last 0.150-0.100 Mya (LIG), as is the
case of P. infans (Beltran-Lopez et al., 2018). For G. atripinnis, glacial and inter-
glacial climate change did not seem to have a negative effect in the effective

population size of G. atripinnis populations through time.

Taxonomic implications

The taxa with Goodea has not been consistent, with three described
species (Goodea atripinnis, Goodea luitpoldii and Goodea gracilis) being
recognized at one time or another. However, the samples of the three species
included herein were not recovered as monophyletic and shared haplotypes

between them were found (Figures 2 and 3) suggesting that a three taxa
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system is not taxonomic accurate. These three species were described based
on morphology (Miranda et al., 2010), but it has been shown that the goodeids
exhibit high morphological variation that does not agree with genetic data, as is
the case for llyodon, in which three described species clustered in the same
clade in phylogenetic analyses, and also the existence of shared haplotypes
between valid species (Beltran-Lépez et al., 2017).

Moreover, populations of the genus Goodea show similar phenotypic
responses to similar environmental gradients and flow regimes, despite the lack
of intraspecific genetic variation across their respective range, also showed that
populations of Goodea atripinnis may show adaptive responses to divergent
habitats, including mouth position, dorsal fin position, anal fin position, and
caudal peduncle (length and width), considering that phenotypic plasticity may
promote morphological response as a result of environmental changes (Crispo,
2008; Foster et al., 2015). Also, the morphological differences might have
arisen as a result of divergent selection pressures of water flow differences,
dissolved oxygen variation, or prey type/abundance variation between lotic and
lentic habitats (Crispo and Chapman, 2010). Accordingly, based on the result of
this study, we consider all populations analyzed in the present work to belong to

a single taxonomic unit: Goodea atripinnis (Jordan, 1880).
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Figure and Tables legends

Figure 1. Distribution map of Goodea atripinnis samples, diamonds shown the

localities sampled for the present work, the shaded part show the geographic
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distribution of the two recovered clades/haplogroups obtained in phylogenetic
analyses. The abbreviations of the biogeographical regions are: MAG: Lake
Magdalena, LLE: Lower Lerma river, AME: Ameca river, VME: Valley of México,
PAN: Panuco river, AGU: Aguanaval river, CUIl: Lake Cuitzeo, VER: Verde
river, BOL: Bolafios river, MLE: Middle Lerma river, CHA: Lake Chapala, ULE:
Upper Lerma river, PAT: Lake Patzcuaro, ZAC: Lake Zacapu, ETZ: Etzatlan-
San Marcos, JUC: Juchipila river, ARM: Armeria river, COT: Lake Cotija, ZIR:
Lake Zirahuen, MEZ: Mezquital river, SAN: Santiago river, BAL: Balsas river,
ATO (3): Lake Atotonilco, SMA (4): Lake San Marcos, SAY (5): Lake Sayula
and ZAP (6): Lake Zapotlan, the last four numbers corresponded with the

Sayula region.

Figure 2. Haplotype phylogenetic tree obtained in BEAST. Support values are
shown above the branch in the following order: 1) posterior probabilities
obtained from BEAST, 2) posterior probabilities obtained from Mr. Bayes, 3)
bootstrap values from a Maximum Likelihood analysis, and 4) the divergence

time between the two clades/haplogroups.

Figure 3. Haplotypes network for all sampled populations.

Figure 4. Bayesian Skyline Plots according to the two recovered haplogroups of

the haplotype network (west clade/haplogroup and east clade/haplogroup).
Table 1. Samples localities and sequences information.

Table 2. Analyses of molecular variance for groups according to: 1) 23
biogeographic regions considered in the present work; 2) the two recovered
haplogroups; 3) the two recovered haplogroups + Armeria River, and 4) without

grouping a priori.

Table 3. Uncorrected genetic distances based on cytb within and between the

recovered genetic groups of Goodea atripinnis.
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Table 4. Genetic diversity for each biogeographic region of Goodea atripinnis
using mtDNA data. N, sample size, S, polymorphic sites, H, number of

haplotypes, 17, nucleotide diversity h, haplotype diversity
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CAPITULO llI

Processes determining the cladogenetic events among populations of Xenotoca

variata (Bean, 1887) (Cyprinodontiformes: Goodeidae)
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Abstract

Geological and climatic events represent the primary explanation to describe
evolutionary processes among species. Freshwater fish groups have been used
as a model species to uncover evolutionary and historical biogeography
patterns in central’s Mexico hydrographic systems. Xenotoca variata was
studied, being one of the most widely distributed species among biogeographic
regions of central Mexico, it has ecological particularities and represent a highly
dimorphic species. In this study, the phylogeographic patterns were described
in order to evaluate the role of geological events, climatic fluctuations and
intrinsic characteristics on lineage diversification. One mitochondrial (cytb) and
three nuclear loci (S7, RHO and RAG1) were analyzed. Phylogeographical
structure, divergence time and demographic history were inferred. Were
recovered two well-defined and highly supported clades, that were separated by
49 mutational steps and a divergence time of ca. 2.87 Mya. Genetic distance
between the two clades with cytb was of 5.0% prove that X. variata is a
genetically structured species. Ecological segregation and their sexual selection
are determining factors of the complex phylogeographic and biogeographic

history of the two highly divergent clades recovered in the present work.

Keywords: Geological history, intrinsic characteristics, endemic fish, Cuitzeo,

dimorphic species
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Introduction

Freshwater fishes are usually restricted to water bodies which are
surrounded by biogeographic barriers (land areas). As a result, it is possible to
invoke an island-like biogeographic model to explain the possible exchange of
biotic components among “islands” (water bodies). This biotic exchange is only
possible when a physical connection has occurred (e.g., river capture, piracy).
Thus, it has been argued that such connection events, which are mainly
induced by geological forces or climatic changes, have consequently influenced
the exchange of fish fauna along the new dispersion route (Bermingham &
Martin, 1998).

From the evolutionary perspective, geological and climatic events
represent the primary explanation to describe evolutionary processes among
species (Beltran-Lopez et al., 2018; Bermingham & Martin, 1998; Dominguez-
Dominguez et al., 2008; 2010; Pérez-Rodriguez et al., 2015; 2016). In
freshwater fishes, these events have an strong impact on population
differentiation being linked to the evolution of hydrographic systems, which have
some direct bearing on the historical biogeography of fishes due to events such
as vicariance, dispersal and range expansion (Burridge et al., 2006), for which,
the main explanation for phylogeographic patterns frequently lies in geological
or climatic hypotheses ( Beltran-Lopez et al., 2018; Casal-Lépez & Doadrio,
2018; Dominguez-Dominguez et al., 2010; Edwards et al., 2005; Perea &
Doadrio, 2015; Perea et al., 2016; Pérez-Rodriguez et al., 2016;).

Freshwater fish groups have been used as a model to uncover
evolutionary and historical biogeography patterns in central Mexico
hydrographic systems as in godeines (Beltran-Lépez et al., 2017; Doadrio and
Dominguez, 2004; Dominguez-Dominguez et al., 2006; 2008; 2010; Ritchie et
al., 2005; 2007; Webb et al. 2004), cyprinids (Pérez-Rodriguez et al., 2009),
atherinids (Betancourt-Resendes et al., 2018; Bloom et al., 2009) catostomids
(Pérez-Rodriguez et al., 2016) and poeciliids (Beltran-Lépez et al., 2018;
Mateos et al., 2002). Concordant and not concordant patterns have been found
even within the same area, as the close relationship and even shared
haplotypes within several isolated fish populations [Lerma River and Zacapu

lake versus Cuitzeo lake populations] (Dominguez-Dominguez et al., 2007a; b;
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2010; Pérez-Rodriguez et al., 2009; 2015), or the endemic fish species of
Zacapu lake strongly differentiated from its sister taxa (Dominguez-Dominguez
et al., 2009; 2010).

For this purpose, fishes of the subfamily Goodeinae are a good model to
study the evolution of its species within a geological, climatic and
biogeographical context. The Goodeinae include about 42 species, apparently
originated in the Middle Miocene, followed by a diversification process in river
basins from central Mexico in the last 11-15 million years (Mya) (Doadrio and
Dominguez, 2004; Dominguez-Dominguez et al., 2010).

Within the Goodeinae, the species Xenotoca variata is one of the most
widely distributed, among biogeographic regions of central Mexico (Dominguez-
Dominguez et al., 2006; 2010; Fitzsimons, 1972). This widespread capability
seems to be linked to the wide range of environments that occupy, its tolerance
to environmental conditions, feeding habits plasticity, consuming a variety of
items which can change in space and time, and its long and multiple
reproductive cycles (Duarte-Sanchez, 1981; Miller et al, 2005). The Xenotoca
variata and its sister species have been recognized as the most dimorphic
lineage within the family Goodeidae (Ritchie et al., 2005). Previous research
have been show that in the dimorphic species (i. e. Xenotoca melanosoma) the
genetic differentiation between populations (Fst) is higher than in monomorphic
species, implying lower gene flow between populations, despite that males are
moving between populations, but reproducing less successfully, and this
support the mechanism by which sexual isolation can influence faster speciation
in dimorphic species by sexual selection (Ritchie et al., 2007). Moreover, sexual
selection seems to be associated with greater species diversity, encouraging
the reputation of sexual selection as an engine of speciation for a broad range
of organisms (Arnqvist et al., 2000; Gavrilets et al., 2001; Martin and Hosken,
2003).

In this study, the phylogeographic patterns of Xenotoca variata are
described, to evaluate the role of geological events and climatic fluctuations on
lineage diversification. Taking into account the ecological aspects of this
species, their wide geographic distribution, high tolerance to environmental

conditions, and generalist feeding; we can expect a lack of genetic structure
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and low genetic variability between populations, as has been the case for other
goodeids (Beltran-Lépez et al., in prep). An alternative hypothesis is that
populations exhibit high genetic structure and high genetic differentiation,
despite ecological traits, which could be related to sexual selection being a
dimorphic species, besides the geologic events and climatic change during the
quaternary as is a common pattern in other freshwater fishes of central México
(Beltran-Lépez et al., 2018; Betancourt-Resendes et al., 2018; Dominguez-
Dominguez et al., 2008; 2010; Pérez-Rodriguez et al., 2009; 2015; 2016).

To respond the above mentioned, one mitochondrial and three nuclear
loci were analyzed. Phylogeographical structure was inferred and divergence
times estimated. Finally, the demographic history and ancestral area were
reconstructed. The results are discussed within a geological and climatic

context, and the species intrinsic characteristics.

Methods

Sample collection

Fish exemplars were sampled at 20 sites in 13 water drainages and 7
biogeographically discrete regions (sensu Dominguez-Dominguez et al., 2006)
throughout the range of the species in central Mexico, using seine nets and
electrofishing. In total, 215 fin clippings were obtained, preserved in absolute
ethanol and stored at -80°C (Table 1, Fig. 1). Some specimens were fixed in
formaline for identification and deposited in the fish collection at the Universidad
Michoacana de San Nicolas de Hidalgo-CPUM, Mexico (SEMARNAT
registration number MICH-PEC-227-07-09). The rest of the fishes were
released to the water. The number of individuals sampled per population, varied

in accordance to their abundance (Table 1).
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Table 1 List of sampled localities with geographic coordinates and number of

individuals analyzed for each locality. The numbers in locality refers to numbers
in Figure 1. N = sample size for genetics cytb/S7/RAG1/RHO.

Discrete Locality N Coordinates
biogeographic (abbreviation)
region
Panuco Santa Maria 1. Tierra 712/12/2 21°42'53.2" N
River Quemada (TQ) 100°41°13.7” W
Santa Maria 2. Jesus Maria 12/1/2/2 21°55'30.5" N
River (JM) 100°53'57.6" W
Chapala Lake Chapala Lake 3. La Alberca 26/6/6/6 20°03'32.9” N
(LA) 102°36°33.1" W
Middle Lerma Turbio River 4. San Francisco 6/1/1/1 21°02' 47.3" N
del Rincon (SF) 101°50'9.3" W
Laja River 5. Gallinero Dam 5/2/12/2 20°56'31.50"N
(Ga) 100°58'38.00"W
Yuriria Dam 6. Yuriria (Yu) 7111 20°14’'13.6" N
101°09°'25.5" W
Laja River 7. Ignacio Allende 12/7/8/7 20°53'11.4" N
Dam 100°47°24.2” W
(IA)
Lerma River 8. Urideo Sprig 4/2/2/2 20°12'52.20"N
(Ur) 100°50°43.40"W
Yuriria Dam 9. Joya Grande 11/5/5/5 20° 7°'43.94"N
JG 101° 0'24.39"W
Turbio River 10. San Jose del 10/3/3/3 20°55’12.20"N
Rodeo (JR) 101°13'19.90"W
Laja River 11. Afluente 3121212 20°42°'16.50"N
Neutla (Ne) 100°52'1.60"W
Cuitzeo Lake Cuitzeo Lake 12. Belisario 11/0/0/0 19°53'42.41" N
(Be) 101°04°16.8" W
Cuitzeo Lake 13. San Cristobal 16/5/5/6 19°57'42" N
(SC) 101°18'6” W
Morelia River 14. La Mintzita 10/2/4/4 19°38'40” N
(Mi) 101°16'28" W
Cuitzeo Lake 15. Salvador 7121212 19°57'57.4" N
Escalante base 101°03'19.2" W
de datos dice
Mariano
Escobedo
(SE)
Zacapu region Zacapu Lake 16. Zacapu 16/8/8/8 19°49'35" N
(Zc) 101°47°10" W
Duero River 17. Melchor 12/6/6/6 20° 5’40.53"N

Ocampo Dam

101°44°18.71"W
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(MO)

Verde River Verde River 18. La Estancia 14/5/7/6 21°24'36.30"N
Stream (Es) 102°44'15.00"0

Aguanaval Aguanaval 19. Atotonilco 11/6/6/6 23°33'33.8" N
River (At) 103°15'50.3" W

Aguanaval 20. Valenciana 14/4/3/3 24°10'25.3" N
River (Va) 103°17'33.5" W
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Figure 1 Sampling locations and discrete biogeographical regions where
Xenotoca variata is distributed. The numbers of the locations has

correspondence with the locations showed in table 1.

DNA extraction, PCR amplification and sequencing

Isolation of genomic DNA was performed using the QIAGEN BioSprint
Dneasy Tissue and Blood Kit (Qiagen, Valencia, Ca, USA) following
manufacturer’s instructions. Two hundred and fifteen specimens were amplified
for the mitochondrial Cytochrome b gene (cytb: 1,000 bp) with the primers GLU-
F and Thr-R (Doadrio & Dominguez, 2004). A subset of 76 specimens were
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selected to represent the genetic variation obtained with cytb; including all
provenances and haplotypes. These were amplified for the first intron and the
second exon of the gene coding for the S7 ribosomal protein (S7: 722 bp), the
exon 3 of the recombination-activating gene 1 (RAG1: 1465 bp), and the gene
coding for the Rhodopsin protein (RHO: 847 bp), a total of 4,034 bp were
amplified for the four genes. The primers details are showed in Table S1.

Each fragment was individually amplified using the Polymerase Chain
Reaction (PCR) for a total volume of 12.5 pl, containing 4.25 ul ultrapure water,
0.5 pl of each 0.2 uM primer, 6.25 yl Dream Taq Green PCR Master Mix 2x
(Thermo Scientific), and 1 pl (ca. 10-100 ng) of DNA template. The specific
PCR protocols of each gene are provided in Table S1. After checking PCR
products on 1.5% agarose gels, the PCR products were purified using ExoSAP-
IT (USB Corp.) and sent for sequencing at htSEQ Inc (High-Throughput
Sequencing, University of Washington, USA) and Macrogen Inc. (The
Netherlands). Sequences were manually aligned in Mega v7.0 (Kumar et al.,
2016) and examined using chromatograms. For the nuclear genes, a Bayesian
computational inference of nuclear genes gametic phase was performed using
DNAsp v5.10 (Librado & Rozas, 2009), using the algorithm provided by PHASE
v2.0 (Stephens & Donelly, 2003). Codification in aminoacids was used to verify
the alignment and the absence of stop codons. The obtained sequences were
deposited in GenBank under the follow access number (cytb: xxx-xxx; S7: xxx-
xxX; RAGT: xxx-xxx; and RHO: xxx-xxx) (see Table S2).

Phylogenetic analyses and haplotype networks

Recombination of nuclear genes was tested carrying out a PHI test in
Splitstree v4.13 (Huson & Bryant, 2006) the test for the three genes did not find
significant statistical evidence for recombination (S7, P = 1.0; RAG1, P = 0.24;
RHO, P = 1.0). DNA sequences of each of the four genes (cytb, S7, RAG1 and
RHO) were collapsed to haplotypes using the web-based program ALTER
(Gonzalez-Pefia et al., 2010). Model selection was based on Akaike information
criteria (AIC) and optimal partition setting analysis was conducted using
PartitionFinder v1.1.0 (Lanfear et al., 2012). Optimal partition setting was

obtained by assigning one substitution model to each gene, using model
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GTR+G for cytb, model TVM+I+G for S7, model HKY+| for RAG1, and model
HKY+I+G for RHO.

The phylogenetic analyses were conducted with each gene separately,
with concatenated datasets for concatenated nuclear genes and for the four
concatenated genes (mtDNA + nDNA)

Phylogenetic reconstructions were assessed using two building
algorithms. Maximum likelihood (ML) reconstruction was conducted in
RAXMLGUI v1.3.1 (Silvestro & Michalak, 2012; Stamatakis. 2014) using the
GTR+Gamma+| substitution model, and 10,000 bootstrap replicates. A
Bayesian inference (Bl) reconstruction was conducted with the software
MrBayes v3.2.1 (Ronquist et al., 2012), for 15 million generations, with two
independent runs implementing four Markov Chain Monte Carlo (MCMC)
processes and sampling every 500 generations. The substitution model was the
assigned for each gene according to PartitionFinder v1.1.0 (Lanfear et al.,
2012). The chains convergence was evaluated with the log-likelihood (-InL)
values of two independent runs on Tracer v1.5 (Rambaut and Drummond,
2007), discarding the initial 10% of the generations (burn-in) to construct the
consensus tree (o0 = 0.0002). According with previous phylogenetic analyses,
Ameca splendens and Allophorus robustus were used as the outgroup in both
implemented algorithms (ML and Bl) (Dominguez-Dominguez et al., 2010).

Four independent networks were reconstructed using Haploviewer
(http://www.cibiv.at/~%20greg/haploviewer) to determine the geographic

distribution of the haplotypes for all populations and the four genes.

Divergence time estimation and genetic distances

The program BEAST v1.8.1 (Drummond et al., 2012), and a lognormal
relaxed clock (uncorrelated) model on branch length (Drummond et al., 2006)
were used to estimate the most recent common ancestor (MRCA) for the
different clades and sub-clades identified within X. variata. This analysis was
carried out with a subset of 80 sequences that include all different haplotypes
for all genes. The molecular clock was calibrated using the mutation rate of cytb
in teleosts of 0.76%-2.2%/million years (Machordom & Doadrio, 2001; Near and
Benard, 2004; Zardoya & Doadrio, 1999). Since the mutation rate is not
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available for the other genes, they were included in the analysis without
calibration information. The model parameters were unliked across cytb, S7,
RAG1 and RHO genes and substitution models were set according to the
selected model for each gene by PartitionFinder v1.1.0 (Lanfear et al., 2012). In
a first analysis, was selected the tree prior Coalescent: Bayesian Skyline Plot
(Heled & Drummond, 2008), and estimated a starting tree using the random
method. A MCMC analysis with 70 million of generations was conducted, and
sampled every 1000 generations. We assessed whether parameter values had
reached effective sample size and convergence in Tracer v.1.6 (Rambaut et al.,
2014). Finally, the maximum clade credibility tree was built, discarding the first
10% of the trees as burn-in, using Tree Annotator v1.8.1 (Drummond et al.,
2012).

Because were found two highly divergent clades within X. variata, in a
second analysis we used a Yule tree prior to the date of the cladogenetic event,
in this case, to estimate divergence times and their credibility intervals, a MCMC
analysis with 70 million of generations was conducted, and sampling every
1000 generations. We assessed whether parameter values had reached
effective sample size and convergence in Tracer v.1.6 (Rambaut et al., 2014).
Finally, the maximum clade credibility tree was built, discarding the first 10% of
the trees as burn-in, using Tree Annotator v1.8.1 (Drummond et al., 2012).

The genetic uncorrected-p distances (Dp) were calculated with three
different grouping 1) considering the recovered major clades, 2) according to
the recovered sub-clades within clades and, 3) according with the
biogeographic regions proposed by Dominguez-Dominguez et al., (2006) for
the four genes separately. All the analyses were carried out in the software
Mega v7.0 (Kumar et al., 2016), implementing a bootstrapping process with 500

repetitions.

Genetic structure among populations

Genetic differentiation level among all geographic populations of X.
variata was estimated with paired test fixation indices (®st). A Bonferroni
correction (Rice, 1989) was applied to each p-value obtained in the paired test

of genetic differentiation.
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To examine genetic differentiation at different hierarchical levels, genetic
structure of X. variata was estimated via analysis of molecular variance
(AMOVA) with 10,000 permutations. The two implemented analyses were
conducted for the four separate genes and grouping according to different
criteria. The first analysis 1) was considering the recovered major clades, 2)
according to the recovered sub-clades within clades, 3) according with the
biogeographic regions proposed by Dominguez-Dominguez et al., (2006). All
paired test fixation indices and AMOVAs were conducted with the software
Arlequin v3.5.1.3 (Excoffier & Lischer, 2010).

Genetic diversity and historical demography

For each gene (cytb, S7, RAG1 and RHO), the number of haplotypes
(H), polymorphic sites (S), nucleotide (11) and haplotype (h) diversities were
obtained to estimate genetic diversity levels to different grouping of X. variata,
the same manner that the genetic distances and genetic structure, the genetic
diversity was calculated for three different grouping, 1) considering the
recovered major clades, 2) according to the recovered sub-clades within clades,
3) according with the biogeographic regions proposed by Dominguez-
Dominguez et al., (2006).

In order to infer the population size fluctuations through time of each of
the recovered groups in phylogenetic analyses of X. variata, a Coalescent
Bayesian Skyline Plot (BSP) analysis (Drummond et al., 2005) was
implemented in BEAST v1.8.1 (Drummond et al., 2012). This analysis only was
implemented with sequences of cytb due the higher number of available
sequences. The substitution model used was that obtained by PartitionFinder.
The molecular clock was also calibrated using the mutation rate of cytb in
teleosts of 0.76-2.2%/million years (Machordom & Doadrio, 2001; Near &
Benard, 2004; Zardoya & Doadrio, 1999), an uncorrelated relaxed clock model
was set a priori, and 70 million generations were run, sampling every 500
generations. Convergence was assessed with Tracer v1.5 (Rambaut &

Drummond, 2007). The first 10% of the states were discarded as burn-in.
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Results

Sequence variation

By sequencing 1,000 bp of the cytochrome b gene in 215 specimens of
Xenotoca variata from 20 sampling sites in 13 water drainages and 7
biogeographically discrete regions, 60 haplotypes were identified. For cytb data
set 121 characters were variable (12.1%), 121 polymorphic segregating sites,
70 were parsimony informative and 51 were singleton variable sites. For the
nuclear gene S7 (722 bp), of the 140 sequences that included the two alleles,
18 haplotypes were identified, for this gene, six polymorphic segregation sites;
six were parsimony informative and no one singleton variable sites. For the
nuclear gen RAG1 (1463 bp), of the 150 sequences that included the two
alleles, 28 haplotypes were identified, for this gene, 35 polymorphic segregation
sites, 26 were parsimony informative and nine singleton variable sites. Finally,
for the nuclear gen RHO (847 bp), of the 148 sequences that included the two
alleles, seven haplotypes were identified, for this gene, six polymorphic
segregation sites, five were parsimony informative and one site was a singleton

variable sites.

Phylogenetic reconstruction and haplotype networks

Phylogenetic analyses with cytb and with the four concatenated genes
(cytb + S7 + RAG1 + RHO) result in the formation of two well defined and highly
supported clades. Clade | cluster haplotypes samples from the 16 locations
from the six biogeographic regions, within this, four sub-clades were recovered,
the first one (sub-clade 1) clustered haplotypes sampled from Middle Lerma,
Zacapu (Duero river samples) and Panuco biogeographic regions, the sub-
clade 2 clustered haplotypes sampled from Chapala lake biogeographic region,
the sub-clade 3 grouped haplotypes sampled from Aguanaval and Verde
(Santiago river) biogeographic region, and, the last sub-clade (sub-clade 4)
grouped haplotypes sampled in Zacapu biogeographic region (Zacapu lake),

(Fig. 2 and S1). Whereas, the clade Il clustered haplotypes sampled in the four
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locations from Cuitzeo biogeographic region (Cuitzeo lake). The phylogenetic

trees for the three nuclear genes concatenated show a politomy (Fig. S2).
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Figure 2 Bayesian inference tree of Xenotoca variata from concatenated
sequences of the four genes (4,034 bp). Bayesian posterior probabilities
(>90%) and maximum likelihood bootstrap values (>80%) (BBP/MLB) are
indicated. The divergence time estimations are shown with 95% HPD. Also, the

morphological differences between clades and lineages are shown.

The haplotype networks for X. variata showed a general congruence with
the phylogenetic reconstruction (Figs. 2 and 3, respectively). For cytb gene, the
haplotype network recovered six haplogroups. The most divergent haplogroup
(HgVI; Clade 1) comprise the samples belonging to Cuitzeo, which was
separated by 49 mutation steps from haplogroup V (sub-clade 4). The
haplogroup V included samples of Zacapu Lake, within the Zacapu
biogeographic region.
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Figure 3 Haplotypes network of cytb. Size of the circles indicates the frequency
of the haplotype and colors correspond to the discrete biogeographic regions
described by Dominguez-Dominguez et al., (2006) were the samples belong as
show. Numbers inside circles correspond to mutation steps. The smallest

circles correspond to mutation steps.

Haplogroup | (sub-clade 1) was conformed by specimens collected in
location along the Middle Lerma, Panuco and Zacapu biogeographic regions
(Melchor Ocampo Dam in the Duero river basin). Haplogroup Il (sub-clade 2)
was conformed by haplotypes from Chapala Lake biogeographic region
collected in one location (La Alberca). Haplogroup Ill (sub-clade 3) is
represented by specimens collected in Aguanaval and Verde (Santiago river)
biogeographic regions. The HglV are represented for five specimens from
Verde river in a single haplotype, this were separated from the other samples

from the same location and Aguanaval samples by seven mutation steps.
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Between five and 15 mutation steps separate the Hgl to HgV. The most
common haplotype corresponded to the Hgl, which includes samples of Middle
Lerma and Duero River of Zacapu biogeographic region. Moreover, Melchor
Ocampo location in Zacapu biogeographic region not share haplotypes with
specimens sampled in Zacapu lake, and are separated by eight mutation steps
between them (Fig. 3).

For the nuclear genes, haplotypes from Panuco, Aguanaval, Middle
Lerma, Verde (Santiago river) and Zacapu (Duero river) biogeographic regions
appeared mixed in at least one haplotype. Samples from Zacapu (Zacapu lake)
appeared also mixed in S7 and RHO genes, but conformed a single haplotype
in RAG1. Samples from Chapala appeared mixed in RAG7 and RHO genes. As
in the cytb, most of the samples from Cuitzeo region were grouped together and
separated from the rest of the samples for at least one mutation step, only in the
RHO gene, one specimen was grouped with samples from the other
biogeographic region. For S7, one deletion with five exclusive gaps were found

in the Cuitzeo samples (Fig. 4).
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Figure 4 Haplotypes network, A) with S7 gene, B) with RAG1 gene, C) with
RHO gene. Size of the circles indicates the frequency of the haplotype and
colors correspond to the discrete biogeographic regions described by
Dominguez-Dominguez et al., (2006) were the samples belong as show. The

smallest and black circles correspond to mutation steps.

Divergence time estimation and genetic distances

The mutation rate-calibration tree suggested that the first isolation event
in X. variata, that separated clades | and Il, probably occurred near the middle
Pliocene and middle Pleistocene ca. 2.87 Mya (95% HPD: 1.44-4.31 Mya).
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Whereas, the separation between sub-clades within clade | was estimated to
have occurred during the Pleistocene period ca. 0.91 Mya (95% HPD: 0.4-1.42
Mya) (Fig. 2).

The genetic distance between the two highly divergent clades (Cuitzeo
vs. the rest of biogeographic regions) was of 5.0% with cytb, while for the
nuclear genes were of 0.2% for S7 and RAG1, and 0.3% for RHO. When the
grouping was according with recovered sub-clades within clade [, the highest
genetic distance with cytb was of sub-clade Il (Aguanaval and Verde rivers (this
last belonging to Santiago river) vs. clade Il (Cuitzeo lake) 5.3%, while for the
nuclear genes the genetic distance was from 0.1% to 0.4%. Finally for the third
grouping according with biogeographic region, for cytb the highest genetic
distance was between Aguanaval river and Cuitzeo lake (5.4%), while for the
nuclear genes the maximum genetic distance was between biogeographic
regions clustered in clade | for S7 and RAG1, for the RHO the highest genetic
distance was between Cuitzeo (clade Il), and the rest of biogeographic regions
(Table 2).

Table 2 Uncorrected p genetic distances in percentage within (bold numbers)
and according with the same grouping that the used in genetic structure and

genetic diversity for the four genes for Xenotoca variata.

Cytb
Testing assumptions Source of variation % of Fixation P- value
variance index
Groups Among groups 19.09 @c1:0.19 Ns
According with Among populations within groups ~ 51.19 ®sc: 0.63  <0.0001
biogeographical regions Within populations 29.71 ®s1:0.70  <0.0001
Total 100
According with the two Among groups 38.77 &ct:0.38  <0.0001
recovered haplogroups Among populations within groups ~ 33.81 ®sc: 0.55 <0.0001
West and East Within populations 27.42 ®s1:0.72  <0.0001
Total 100
According with the two Among groups 42.18 ®c1: 042  <0.0001
recovered haplogroups Among populations within groups ~ 30.46 ®sc: 0.52  <0.0001
West and East + Armeria Within populations 27.35 ®s1:0.72  <0.0001
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River Total 100

No grouping a priori Among populations 67.84 ®s71:0.68  <0.0001
Within populations 32.16
Total 100

Genetic structure among populations

The pairwise ®st with cytb and S7 when compared clade | vs. clade Il
shown high and significant genetic differentiation (>0.75), while for RAG1 and
RHO although the differences are not very high, were significant (Table 3).

When the arrangement was according with the mtDNA + nDNA
phylogeny the pairwise ®st were high, although not all were significant. For
nuclear genes for this arrangement, S7 showed the highest genetic
differentiation (Table 3). Finally, when comparisons were performed according
with biogeographic regions, for all genes, all comparisons of Cuitzeo respect to
the other biogeographic regions were highest, but not all were significant (Table
3).

Table 3 Genetic differentiation using pairwise @st for cytb, S7, RAG1 and RHO,
1) according with recovered lineages, 2) according with clades within lineages,
and, 3) according with biogeographic regions. The comparisons significant after

Bonferroni correction (p < 0.05) are in bold.

cytb West East Armeria River
haplogroup haplogroup

West 0.003

haplogroup

East 0.005 0.002

haplogroup

Armeria 0.005 0.007 0.001

River

AMOVA analysis for cytb revealed the most significant genetic structure
when grouped according with phylogenetic trees and haplotype networks (sub-
clades within clade | and clade Il) (®st = 0.96, ®sc 0.12 and ®ct 0.95, p <
0.001) (Table 4). The AMOVAs when the arrangements were according with
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sub-clades and clades, and for biogeographic regions, recovered a high genetic
structure among groups, however, were not significant (Table 4).

For the nuclear genes, the S7, although showed high genetic structure
when groups were set according to clades and biogeographic regions, but were
not significant, while for RAG7 and RHO, the highest genetic structure was
found when samples were grouping according with the two clades, but were not

significant (Table 4).

Table 4 Analyses of molecular variance for groups according to: 1) the
recovered lineages; 2) clades and lineages recovered in phylogenetic analyses
(within lineage |: Clade 1 = Middle Lerma, Panuco, Zacapu (Duero River);
Clade 2 = Chapala Lake biogeographic region; Clade 3 = Aguanaval and Verde
river (Santiago); Clade 4 = Cuitzeo Lake; and, lineage Il = Cuitzeo
biogeographic region); and 3) according to biogeographic regions proposed by

Dominguez-Dominguez et al., (2010), for the four genes. Ns = Not significant.

Cytb
Testing assumptions Source of variation % of Fixation P- value
variance index

1) Lineage | and lineage I Among groups 83.24 @c1:0.83  Ns
Among populations within groups 14.64 ®sc: 0.87  <0.001
Within populations 212 ®st:0.97 <0.001
Total 100

2) Clades within lineages Among groups 95.73 @ct: 0.95  <0.001
Among populations within groups 0.55 ®sc:0.12  Ns
Within populations 3.72 ®s1:0.96 <0.001
Total 100

3) Biogeographic regions Among groups 89.01 @c1:0.89 Ns

proposed by Dominguez- Among populations within groups  6.78 ®sc: 0.61 <0.001

Dominguez et al., 2010. Within populations 4.21 ®s1:0.95  <0.001
Total 100

S7

1) Lineage | and lineage I Among groups 69.20 @cr: 0.67  Ns
Among populations within groups  21.89 ®sc: 0.50  <0.001
Within populations 8.91 ®st:0.84 <0.001
Total 100

2) Clades within lineages Among groups 67.78 @c1:0.39 Ns
Among populations within groups 16.32 ®sc: 0.01 <0.001
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Within populations 15.90 ®s1:0.40  <0.001
Total 100

3) Biogeographic regions Among groups 64.90 @c1:0.64 Ns

proposed by Dominguez- Among populations within groups 17.84 ®sc: 0.50  <0.001

Dominguez et al., 2010. Within populations 17.26 ®sT:0.82 <0.001
Total 100

RAG1

1) Lineage | and lineage I Among groups 48.90 ®cr: 048 Ns
Among populations within groups 13.28 ®sc: 0.25  <0.001
Within populations 37.82 ®s1:0.62  <0.001
Total 100

2) Clades within lineages Among groups 40.99 @c1: 040 Ns
Among populations within groups ~ 6.55 ®sc: 0.11 <0.001
Within populations 52.47 ®s1:0.47  <0.001
Total 100

3) Biogeographic regions Among groups 23.53 @c1:0.23 Ns

proposed by Dominguez- Among populations within groups 20.45 ®sc: 0.26 <0.001

Dominguez et al., 2010. Within populations 56.02 ®sT1:0.43 <0.001
Total 100

RHO

1) Lineage | and lineage I Among groups 49.76 ®cr: 049  Ns
Among populations within groups 16.62 ®sc: 0.33  <0.001
Within populations 33.62 ®s1:0.66 <0.001
Total 100

2) Clades within lineages Among groups 43.75 @c1: 043  Ns
Among populations within groups 9.30 ®sc:0.16 Ns
Within populations 46.95 ®s1:0.53  <0.001
Total 100

3) Biogeographic regions Among groups 24 .42 ®cr:0.23 Ns

proposed by Dominguez- Among populations within groups  25.32 ®sc: 0.33  <0.001

Dominguez et al., 2010. Within populations 50.26 ®sT:0.49 <0.001
Total 100

Genetic diversity and historical demography

The genetic diversity for X. variata when considered the two recovered
clades for the four genes for the clade | were h between 0.529 and 0.824 and 1
between 0.0009 and 0.007, higher than the obtained for the clade Il (h between
0.289 and 0.730; 1 between 0.0005 and 0.001) (Table 5). When the sub-clades
within clade | were considered separately and when grouping according to the

biogeographic regions, the genetic diversity for cytb was highest for clade I
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(Cuitzeo biogeographic region) (Table 6). For the nuclear genes when the
arrangement was according with sub-clades and clades the highest genetic
diversity was for sub-clade 1 with S7 and RHO and for sub-clade 3 with the
RAG1 (Table 6). Finally when the grouping was according to the biogeographic
regions for nuclear genes the highest genetic diversity for S7 and RHO was for

Panuco biogeographic region, and for RAG1 for Aguanaval (Table 7).

Table 5 Genetic diversity for each recovered lineage of Xenotoca variata for the
four genes. N, sample size, S, polymorphic sites, H, number of haplotypes, T,

nucleotide diversity h, haplotype diversity.

cytb
Lineages N S H 14 h
Lineage | 171 63 40 0.007+/-0.003 0.783+/-0.026
Lineage Il 44 26 20 0.001+/-0.001 0.730+/-0.075
S7
Lineage | 122 8 13 0.003+/-0.001 0.824+/-0.016
Lineage Il 18 4 5 0.001+/-0.0009 0.405+/-0.142
RAG1
Lineage | 128 31 24 0.0009+/-0.0006 0.613+/-0.048
Lineage Il 22 4 4 0.0005+/-0.0004 0.333+/-0.124
RHO
Lineage | 124 5 6 0.001+/-0.0008 0.529+/-0.038
Lineage Il 24 3 2 0.001+/-0.0008 0.289+/-0.102
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Table 6 Genetic diversity according with the phylogenetic arrangement

(including sub-clades within clade 1) of Xenotoca variata for the four genes. N,

sample size, S, polymorphic sites, H, number of haplotypes, m, nucleotide

diversity h, haplotype diversity.

cytb
Phylogenetic arrangement N S H n h
Clade 1 (lineage I) 90 26 19 0.0006+/-0.0005 0.379+/-0.066
Clade 2 (lineage I) 26 5 0.0003+/-0.0004 0.289+/-0.114
Clade 3 (lineage I) 39 13 0.002+/-0.001 0.476+/-0.094
Clade IV (lineage I) 16 8 0.001+/-0.0007 0.700+/-0.127
Lineage Il 44 26 20 0.001+/-0.001 0.730+/-0.75
S7
Clade 1 (lineage I) 64 5 8 0.002+/-0.001 0.653+/-0.050
Clade 2 (lineage I) 12 3 3  0.0006+/-0.0007 0.318+/-0.163
Clade 3 (lineage I) 30 2 4  0.0008+/-0.0007 0.560+/-0.058
Clade IV (lineage I) 16 1 2 0.0005+/-0.0006 0.400+/-0.113
Lineage Il 18 4 5 0.001+/-0.0009 0.405+/-0.142
RAG1
Clade 1 (lineage I) 68 16 13 0.0006+/-0.0005 0.480+/-0.075
Clade 2 (lineage I) 12 1 0.000+/-0.000 0.000+/-0.000
Clade 3 (lineage I) 32 19 12 0.001+/-0.001 0.715+/-0.085
Clade IV (lineage I) 16 0.000+/-0.000 0.000+/-0.000
Lineage Il 22 4 4  0.0005+/-0.0004 0.333+/-0.124
RHO
Clade 1 (lineage I) 66 4 5 0.001+/-0.001 0.643+/-0.035
Clade 2 (lineage I) 12 3 3  0.0009+/-0.0008 0.439+/-0.158
Clade 3 (lineage I) 30 0 1 0.000+/-0.000 0.000+/-0.000
Clade IV (lineage I) 16 2 2 0.0002+/-0.0003 0.125+/-0.106
Lineage Il 24 3 2 0.001+/-0.0008 0.289+/-0.102
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Table 7 Genetic diversity according with the biogeographic regions proposed by
Dominguez-Dominguez et al., (2010) of Xenotoca variata for the four genes. N,
sample size, S, polymorphic sites, H, number of haplotypes, m, nucleotide

diversity h, haplotype diversity.

cytb
Phylogenetic arrangement N S H n h
Middle Lerma 58 14 11 0.0005+/-0.0004 0.345+/-0.081
Panuco 20 12 9 0.001+/-0.0008 0.652+/-0.122
Zacapu 28 15 9 0.004+/-0.002 0.730+/-0.062
Chapala 26 5 0.0003+/-0.0004 0.289+/-0.114
Aguanaval 25 7  0.0004+/-0.0004 0.430+/-0.123
Verde 14 2 0.003+/-0.002 0.494+/-0.087
Cuitzeo 44 26 20 0.001+/-0.001 0.730+/-0.075
S7
Middle Lerma 46 5 7 0.001+/-0.001 0.573+/-0.075
Panuco 6 3 3 0.002+/-0.001 0.733+/-0.155
Zacapu 28 3 5 0.001+/-0.0009 0.563+/-0.097
Chapala 12 3 3  0.0006+/-0.0007 0.318+/-0.163
Aguanaval 20 2 4  0.0006+/-0.0006 0.363+/-0.130
Verde 10 1 2 0.0002+/-0.0004 0.200+/-0.154
Cuitzeo 18 4 5 0.001+/-0.0009 0.405+/-0.142
RAG1
Middle Lerma 48 14 10 0.0006+/-0.0005 0.438+/-0.090
Panuco 8 1 0.000+/-0.000 0.000+/-0.000
Zacapu 28 7  0.0008+/-0.0006 0.648+/-0.089
Chapala 12 1 0.000+/-0.000 0.000+/-0.000
Aguanaval 18 13 7 0.001+/-0.001 0.784+/-0.084
Verde 14 6 0.001+/-0.0009 0.604+/-0.149
Cuitzeo 22 4 4  0.0005+/-0.0004 0.333+/-0.124
RHO
Middle Lerma 46 4 5 0.001+/-0.0009 0.612+/-0.052
Panuco 8 4 4 0.001+/-0.001 0.785+/-0.112
Zacapu 28 3 4 0.001+/-0.0008 0.521+/-0.079
Chapala 12 3 3 0.0009+/-0.0008 0.439+/-0.158
Aguanaval 18 0 1 0.000+/-0.000 0.00+/-0.000
Verde 12 0 1 0.000+/-0.000 0.00+/-0.000
Cuitzeo 24 3 2 0.001+/-0.0008 0.289+/-0.102
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The BSP analyses for cytb for clades within clade | showed the same
pattern of a slightly demographic decline followed of a population expansion in
the last 0.04 Mya for sub-clade 1 (Middle Lerma, Duero River of Zacapu
biogeographic region and Panuco), sub-clade 2 (Chapala Lake) and sub-clade
4 (Zacapu Lake). For sub-clade 3 (Aguanaval and Verde Rivers) a demographic
decline was detected, and, although a recent population expansion is showed
(<0.04 Mya) at the same time that the others sub-clades, this is out of the
confidence intervals. For lineage Il (Cuitzeo biogeographic region) a stable
population size was detected until the last 0.200 Mya, in which a population

expansion was detected (Fig. 5).
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Figure 5 Demographic history of populations of each recovered clade within
lineage | and the lineage Il using Bayesian Skyline Plot (BSP) from cytb
sequences. Dotted lines represent the location of the upper bound (Max), the

mean (X) and lower bound (Min) of the HPD = 95%.
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Discussion

Freshwater fishes are usually restricted to water bodies, which are
surrounded by biogeographic barriers. As a result, it is possible to invoke an
island-like biogeographic model to explain the possible exchange of biotic
components among “islands” (water bodies). This exchange is only possible
when a physical connection occurred between them (e. g. river capture, water
bodies connection). In this way, it has been argued that these connection
events, mainly induced by geologic forces or climatic changes, influenced in the
same way the exchange of fish fauna along the new dispersion route
(Bermingham and Martin, 1998).

The evolutionary history of the freshwater ecosystems of central Mexico
has been addressed by studying different taxa, such as goodeids (Beltran-
Lopez et al., 2017; Doadrio and Dominguez, 2004; Dominguez-Dominguez et
al., 2006; 2008; 2010; 2016; Piller et al., 2015), cyprinids (Pérez-Rodriguez et
al.,, 2009) poecilids (Beltran-Lopez et al., 2018; Mateos et al.,, 2002)
catostomids (Pérez-Rodriguez et al., 2016), snakes (Bryson et al., 2011),
crayfish (Pedraza-Lara et al., 2012), ambystomatid salamanders (Parra-Olea et
al., 2012), helminth parasites (Mejia-Madrid et al., 2007) and even by
considering a combination of different taxa (Huidobro et al., 2006; Pérez-
Rodriguez et al., 2015).

These studies have revealed several vicariant events that have produced
congruent biogeographic histories shared by different co-distributed taxa, in
which the main explanation for phylogeographic patterns lies in geological or
climatic hypotheses, also, the results showed in the present work within clade |
of Xenotoca variata support previous vicariance-dispersal hypothesis results,
that lies in the geologic and climatic explanation. But in contrast to previous
results, the analyses including all the genes surveyed and all the molecular
analyses conducted, show the Cuitzeo populations as a well differentiated
genetic clade with the highest genetic divergence found for the comparation of
population of fish distributed in the Cuitzeo and surrounding drainage (p-
uncorrected distances = or > to 5.0%; Table 2) (Beltran-Lopez et al., 2018; en
preparacion; Dominguez-Dominguez et al., 2008; Ornelas-Garcia et al., 2012;
Pérez-Rodriguez et al., 2009).
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In this scenario, although Cuitzeo and Zacapu-Lerma are now
independent drainages, several geological and fish biogeographic studies have
been argued that this drainages suffer several events of connection and
disconnection historically (lsrade-Alcantara, 1999; Moncayo-Estrada et al.,
2001), this pattern has been corroborated in studies that involve fish species
distributed in Zacapu, Cuitzeo and Lerma basin, frequently showing shared or
closely related haplotypes between them (Beltran-Lopez et al., 2018;
Dominguez-Dominguez et al., 2008; 2010; Pérez-Rodriguez et al., 2009; 2016),
explained as a recent connection and interchange of individuals with genetic
homogenization (Dominguez-Dominguez et al., 2009; 2010), connection that is
highly probable to use by species with high dispersed capabilities, as is
expected in widely distributed species, as X. variata, that is found in seven

drainages along central Mexico.

Early divergences in two main clades

Xenotoca variata is a genetically structured species. In this case, clade |
comprised specimens widely distributed in six biogeographic areas; Aguanaval,
Verde, Chapala, Middle Lerma, Zacapu and Panuco (sensu Dominguez-
Dominguez et al., 2006), most of them actually separated drainages and with
distances ~ 470 km between width localities. Clade Il is composed by
specimens collected in three locations in the Cuitzeo biogeographic region,
which represents a contiguous basin with respect to Zacapu and Middle Lerma
populations (~ 30 km of distance) that belong within clade | (Figs. 1, 2 and 3).

The high genetic distances in mtDNA (4.7 to 5.3%) between both
recovered clades, the segregation of samples from Cuitzeo in an independent
haplogroup for nDNA, the high and significant ®st values for all the genes when
compared the two clades, the high genetic structure was according with sub-
clades and clades, and the divergence time between both clades (ca. 2.87 Mya)
support the two clades as two independent evolutionary entities (see Figs. 2, 3
and 4; Tables 2, 3 and 4).

Moreover, the genetic distances in the cytb gene is higher than the lower
genetic distances observed in other goodeido species pairs, which have

interspecific genetic distances within the same genera of 0.5 to 11% (Beltran-
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Lopez et al., 2017; Doadrio & Dominguez, 2004; Piller et al., 2015), the
minimum value proposed as the limit for sibling species of fishes with the cytb
marker (Avise, 2000; Bradley & Baker, 2001) and even largely exceeds the 2%
sequence divergence generally accepted as a cut-off value between sister
species of vertebrates (Avise, 1998).

The isolation of the two clades is in agreement with previous results
showing the Cuitzeo lake as an important area for the early radiation of fish
species, in which volcanic, tectonic and occasional paleoclimatic factors could
be involved (Dominguez-Dominguez et al., 2010).

Ancient connection of the Cuitzeo paleolake and regions of the Lerma-
Zacapu River basin have been documented to occur during the early Miocene
and Pliocene (Dominguez-Dominguez et al., 2010). The divergence time
between the two clades seems to be related with the geological activity during
Pliocene-Quaternary that have placed in this part of the country due to faults
around Cuitzeo lake, as Morelia fault zone and the Penjamillo graben, which
were active as extensional systems in Plio-Quaternary times, and which locally
reactivate older faults (Ferrari et al., 1994). Also, this divergent event coincides
with the formation of monogenetic volcanic fields. The most prominent is the
Michoacan-Guanajuato volcanic field (MGVF) with ca. 1000 volcanic centers
distributed over 40,000 Km? in the central Trans Mexican Volcanic Belt (TMVB)
sector (Hasenaka, 1994; Hasenaka & Carmichael, 1985). Vulcanism in the
MGVF started in the late Pliocene (2.78 Mya; Hasenaka & Carmichael, 1985),
this date coincides with the divergence of the two lineages of X. variata, that
could interrupted the connection between Cuitzeo lake and Middle Lerma and
Zacapu biogeographic regions, added to this, faults in the northwestern part of
the system (Cuitzeo lake) affect Miocene to Pliocene volcanic sequences
(Garduio-Monroy et al., 2001), which could be related with the divergence of
the two lineages found herein (Figs. 2 , 3 and 6).

Additionally, it has been demonstrated that during the late Miocene and
early Pliocene, Cuitzeo Lake had a much larger extension. It was a deeper lake,
and it experienced a strong level decrease during the Pliocene as a result of the
geological faults in the region (Israde-Alcantara & Gardufio-Monroy, 1999). This
is in agreement with the faunal exchange and dispersal and subsequent

isolation of the two lineages of X. variata during Pliocene (Fig. 2).
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Onces the X. variata was isolated in Cuitzeo, its differentiation starts, but
the maintainence of this differentiation through time is no in agreement with
other studies using molecular data for phylogenetic reconstructions in goodeids
(Doadrio and Dominguez, 2004; Dominguez-Dominguez et al., 2008) cyprinids
(Dominguez-Dominguez et al., 2007b; Pérez-Rodriguez et al., 2009; Schonhuth
et al.,, 2008), and poeciliids (Beltran-Lopez et al., 2018), in which a close
relationship was found among the populations of different co-distributed species
in the Cuitzeo and Zacapu-Lerma River basins, which supports the hypothesis
of recent faunal exchange among these areas that are currently isolated. The
recent connection between Cuitzeo and contiguous basins are also in
agreement with geological and paleoenvironmental data (diatomits distribution)
that support the existence of a connection between Zacapu and Cuitzeo lakes
that is promoted by the activity of the northeast-southwest fault system of the
area, disrupted by the activity of the Ventanas Volcano ca. 0.7 to 0.5 Mya
(Israde-Alcantara, 1999; Israde-Alcantara & Garduno-Monroy, 1999; Israde-
Alcantara et al., 2008).

The historical connection among these areas has also been suggested
by other authors who based their conclusions on the description of distribution
patterns of the freshwater fish fauna (Dominguez-Dominguez et al., 2010;
Ornelas-Garcia et al., 2012). Moreover, populations of Zoogoneticus
quitzeoensis (Dominguez-Dominguez et al., 2008), Alloophorus robustus
(Dominguez-Dominguez et al., 2008), Poeciliopsis infans and Goodea atripinnis
(Beltran-Lopez et al., 2018; en preparacion) share haplotypes with the Cuitzeo
and Zacapu-Lerma areas. Considering all this information together, there is no
doubt that a recent connection occurred between these areas with a
concomitant fish exchange that according with our data must to have included
X. variata, which is the second most widespread species of goodeine, which is
indicative of high dispersal capability.

In contrast, the populations of X. variata did not share haplotypes among
these areas (Cuitzeo and Zacapu-Lerma), moreover show a high and significant
genetic differentiation (Tables 2, 3 and 4) results for all the genes and high
genetic distances with cytb when Cuitzeo population is compared with Zacapu
(4.7%) demonstrates that the two clades of X. variata have a long history of

reproductive isolation (Table 2). Furthermore, this divergence value is high in
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comparison to general results reported for cytb genetic differentiation between
species of vertebrates and even for species within the Goodeinae (Beltran-
Lopez et al., 2017; Doadrio and Dominguez, 2004; Dominguez-Dominguez et
al., 2010).

Nevertheless, following Ritchie et al., (2005), the information we provide
herein allows us to propose that a vicariant event was more important than
sexual selection in the early radiation of X. variata, resulting in the splitting of
the ancestral population of the two divergent lineages of X. variata. Additionally,
because faunal exchange has been commonly observed between the Cuitzeo
and Zacapu areas in recent geological times (less than 1 Ma), we suggest that
contact between the two clades after the isolation event is likely to have
occurred, but the occurrence of the two divergent clades in sympatry could have
been prevented by competition (ecological equivalence) and sexual selection. A
plausible explanation for this ancient divergence between populations of
Cuitzeo vs. Zacapu - Middle Lerma, that have been in continuous cycles of
connection and isolations until recently, could be due to the sexual dimorphism.
In previous works it has been shown, that the most sexually dimorphic species
have greater genetic differentiation between populations, as is the case of
Xenotoca melanosoma, and suggested that males are moving between
populations of the dimorphic species, but reproducing less successfully. This
supports the mechanism by which sexual isolation can influence speciation. If
male traits have diverged more, and females are more choosy, the effective
gene flow would be reduced (Ritchie et al., 2007), which could be why Cuitzeo
maintains its divergence; although Cuitzeo has been connected to Zacapu and
Middle Lerma recently, due to X. variata represents a dimorphic species, the
same manner that X. melanosoma.

Although this is just one possible explanation and it needs further
corroboration, recent studies have been demonstrate that under controlled
conditions with males and females adults of two populations of X. variata
(Cuitzeo and Zacapu), showed that the selection of males by females
responses to different factors for each one of the worked populations as could
be the body and fin size of males, also, the courtship in the two populations is
different in terms of the number of patterns that they performed for each event,

the frequency with which they performed these patterns and the time it takes to

141



performed them, also, in this work, they considering that the sexual selection is
the mechanism that have been separated the two genetic groups of X. variata
(Villa-Villasefior, 2013). Moreover, it has been found that other species of
freshwater fishes, including goodeines, exhibit equivalent species or lineages
that do not overlap in their distributional ranges even though they inhabit the
same hydrological system after secondary contact. Such a phenomenon is seen
in Zoogoneticus quitzeoensis (Dominguez-Dominguez et al., 2008), Notropis
calientis-N. marhabatiensis-N. grandis (Dominguez-Dominguez et al., 2009),
and the species pairs Skiffia multipunctata-S. lermae and X. variata-

Chapalichthys encaustus (Dominguez-Dominguez et al., 2010).

Sub-clades within Clade |

In the case of clade |, the phylogenetic trees, haplotype networks results,
high and significative @®st values for all pairwise comparisons (>0.9 and
p<0.001) and the high genetic distances with cytb (0.7% to 1.4%) support the
existence of four highly supported and well-structured sub-clades for cytb
database. The nuclear genes show contradictory results, showing somewhat
structure and significative ®st values depending on the gene tested (Fig. 4;
Tables 2 and 3), differences that can be attributed to the low mutation rate for
the nuclear genes, and that the time since isolation is not enough to segregate,
giving an incomplete lineage sorting for some population in a certain nDNA
genes.

Sub-clades within clade | diversified during the Pleistocene, between
1.42 and 0.4 Mya (ca. 0.91 Mya), which indicates that all clades originated at
almost the same period, probable as a response to the same event around 1
Mya. This period is in accordance with the estimated time when goodeids
experienced their highest diversification during a dry period that caused
isolation by basin fragmentation in central Mexico (Dominguez-Dominguez et
al., 2008) and that also corresponds to diversification patterns in other clades of
freshwater fishes such as Cyprinids (Dominguez-Dominguez et al., 2007b;
Pérez-Rodriguez et al., 2009), Characids (Ornelas-Garcia et al., 2008; Strecker
et al., 2004), and Poecilids (Beltran-Lépez et al., 2018; Mateos et al., 2002).
The AMOVA results also support this interpretation (Table 4); the test for
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phylogenetic arrangements maximizes the percentage of the variance
explained between groups, which indicate that the actual configuration of the
drainages (biogeographic arrangement) does not explain the divergence levels
in this clade (Table 4).

The results for the cytb network indicates that the Zacapu Lake
population (HgV) is the most close related group with respect to Clade |. The
genetic distinctiveness of Zacapu with respect to the rest of the populations is
not surprising, although Zacapu lake is connected with Lerma River trough
Angulo river, the aquatic fauna from Zacapu is highly characteristic, with several
endemic species, as Notropis grandis (Dominguez-Dominguez et al., 2009),
Allotoca zacapuensis (Meyer et al., 2001), Ambystoma andersoni (Krebs &
Brandon, 1984) and also highly divergent population as in Cambarellus
(Pedraza-Lara et al., 2012) and several species of goodeines which show
closer relationship with respect to Cuitzeo populations than Lerma-Chapala
populations (Dominguez-Dominguez et al., 2010). Apparently, during this
period, the activity of the so-called Tarascan Corridor was also intense (Israde-
Alcantara, 1999), which could have promoted the isolation of Zacapu population
through the formation of a biogeographical barrier between the Zacapu and
Lerma River basins.

Some authors argued the possibility that the Zacapu paleolake was
endhorreic or at least with a very limited superficial outflow during unusually
rainy years (Arnauld et al., 2014; Correa-Metrio et al., 2012), that could be the
reason of the particular aquatic fauna in the area, since not all the species could
follow the same dispersion route do to differences in ecological or biological
traits (Beltran-Lopez et al., 2018; en preparacion; Betancourt-Resendes et al.,
2018).

Moreover, other barrier that could isolate the Zacapu population is
represented by the waterfall of approximately 6 m in height that is documented
to have been formed in Angulo River, at the mid-way point between Zacapu
Lake and Lerma River, although there are no data on the time when this
waterfall was formed.

The haplogroup | comprise samples from three different biogeographic
regions (Middle Lerma, Panuco and Angulo River in the Zacapu region). The

close relationship between Panuco and Lerma river faunal populations have
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been largely discussed for goodeines Dominguez-Dominguez et al., 2010),
poecilids (Mateos et al., 2002), cyprinids (Dominguez-Dominguez et al., 2007b;
Pérez-Rodriguez et al., 2009) and crayfish (Pedraza-Lara et al., 2012), and is
explained by river piracy events during recent geological times (less than 1
Mya). West (1964) suggested that the San Juan del Rio River was part of the
Lerma system before its capture by the Panuco River during the Pleistocene,
which could explained the recurrent pattern in several freshwater organism in
which Panuco and Lerma shared haplotypes, as is the case of X. variata (Figs.
2,3 and 4).

The population from Melchor Ocampo Dam (Zacapu biogeographic
region) that belong with the Lerma-Panuco samples is explained because this
dam is located in the lower part of the Duero River, and more influenced by
Lerma fauna than the isolated Zacapu lake, so the aquatic fauna from this
location is more closely related with Lerma river than with Zacapu lake (Fig 1),
in this case the limits of the Zacapu biogeographic region proposed by
Dominguez-Dominguez et al. (2006) must to be considered.

Chapala population (sub-clade 2/Hgll) is the group with the low genetic
diversity (Tables 6 and 7). La Alberca population belong in to the Chapala
biogeographic region, but inhabit an isolated lake of 35 hectares that was part
of the Chapala lake until 1900, when the Chapala lake water surface was
reduce drastically (Sandoval, 1981). This reduction of water surface and the
isolation of the population in a reduced isolate lake could be the cause of the
ancient demographic decline and the low genetic diversity found within this
haplogroup, although a recent population expansion was detected (Fig. 5).

Verde River samples (HglV) were collected in a tributary of the Santiago
river which ichthyofaunal have been largely argued to be more close related
with Chapala-Lerma river than Santiago river (Dominguez-Dominguez et al.,
2010). Surprisingly, the samples from this location belong to two differentiated
clades, five specimens conform its own haplogroup (HglV) whereas the rest of
samples conform one haplotype that is shared by the most common haplotype
from Aguanaval drainage (Hglll). Xenotoca variata and Goodea atripinnis are
the only species of fish inhabiting the Aguanaval drainage which origin is linked
with central Mexico drainage, the other approximately ten fish species, except

Astyanax mexicanus, in the Aguanaval river are related with north basin
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species, so the divergences present in population of X. variata in this norther
basin is expected, but unexpected is the presence of haplotypes distributed in

the Santiago basin.

Demographic history

All sub-clades within clade |, except Santiago group (Hglll) exhibit short
external branches in the phylogeny and a star-like network (Figs. 2 and 3) with
the most frequent haplotype in a central position and surrounded for a low
frequency haplotypes. But the low genetic diversity in all the groups (Tables 5, 6
and 7), except Zacapu (clade 4/HgV) may indicate of significant bottlenecks
before expansion, which partially corresponded with the BSP analyses that
showed for the four clades, a recent population expansion, after of demographic
decline (Fig. 5).

Conservation Implications

The freshwater ecosystems in central Mexico have been significantly
affected by habitat degradation, the introduction of alien species, desiccation of
water bodies, drainage deforestation, overharvesting and water diversion (De la
Vega-Salazar, 2006; Dominguez-Dominguez et al., 2005). Thus, some species
have drastically reduced populations, and in some cases, they have been now
extirpated from certain areas (De la Vega-Salazar, 2006).

In general, the genetic diversity in X. variata is lower than Zoogoneticus
quitzeoensis (Dominguez-Dominguez et al.,, 2007a; 2008) and Neotoca
bilineata (Ornelas-Garcia et al., 2012), this is unexpected since X. variata is
more abundant than Z. quitzeoensis and N. bilineata in all the sites were are co-
distributed, as is expected for a more generalist species (De la Vega-Salazar,
2006; Dominguez-Dominguez et al., 2005; Ornelas-Garcia et al., 2012).

The data provided herein support conservation management decisions
by providing an analysis of the pattern of geographical distribution of genetic
variability within populations and the differentiation among populations. The
mtDNA data presented herein suggest significant geographical structure of

genetic variation across the range of X. variata, and our phylogenetic and
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phylogeographic analyses point to a long-term historical isolation among the
seven geographical areas where this species occurs. In this case, five main
operational conservation units (OCUs) (Doadrio et al., 1996) should be
considered for X. variata: Zacapu, Lerma-Panuco, Chapala, Aguanaval and
Cuitzeo. Therefore, the management of central Mexico freshwater ecosystems
requires a great amount of information on the organisms occurring there before
decisions are made. For instance, data provided in this study show that X.
variata exhibits strong differentiation between basins and that conservation

efforts should carried out that consider populations in each drainage.

Conclusions

This study demonstrates that the dynamics of the genesis and
destruction of central Mexico river drainages induced by the high tectonic and
volcanic activity since the Miocene, the climatic change events, and also, the
ecological segregation joined to sexual selection present in X. variata because
it is a high dimorphic species have been determining factors of the complex
phylogeographic and biogeographic history of the two highly divergent clades
recovered in the present work, especially these ecological and biological
characteristics are decisive for genetic isolation of clade Il (Cuitzeo) respect to
the rest of biogeographic regions, despite to the recent connection and

exchange of organism in several species distributed there.
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Figure legends

Figure 1. Sampling locations and discrete biogeographical regions where
Xenotoca variata is distributed. The numbers of the locations has
correspondence with the locations showed in table 1.

Figure 2. Bayesian inference tree of Xenotoca variata from concatenated
sequences of the four genes (4,034 bp). Bayesian posterior probabilities
(>90%) and maximum likelihood bootstrap values (>80%) (BBP/MLB) are
indicated. The divergence time estimations are shown with 95% HPD. Also, the

morphological differences between clades and lineages are shown.

Figure 3. Haplotypes network of cytb. Size of the circles indicates the frequency
of the haplotype and colors correspond to the discrete biogeographic regions
described by Dominguez-Dominguez et al., (2006) were the samples belong as
show. Numbers inside circles correspond to mutation steps. The smallest

circles correspond to mutation steps.

Figure 4. Haplotypes network, A) with S7 gene, B) with RAG7 gene, C) with
RHO gene. Size of the circles indicates the frequency of the haplotype and
colors correspond to the discrete biogeographic regions described by
Dominguez-Dominguez et al., (2006) were the samples belong as show. The

smallest and black circles correspond to mutation steps.
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Figure 5. Demographic history of populations of e

ach recovered clade within

lineage | and the lineage Il using Bayesian Skyline Plot (BSP) from cytb

sequences. Dotted lines represent the location of t
mean (X) and lower bound (Min) of the HPD = 95%.
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Table S1. Primers, PCR conditions, and References.

cytb S7 RHO RAG1
Primers Glu-F S7RPEX1F RH193F RAGF
Thr-R S7RPEX3R RH1073R RAG9R
Size (bp) 1000 722 847 1465
Reference Doadrio and Chow y Chen, Bonillo Quenouille,
Dominguez Hazama, & Lecointre Bermingham &
(2004) (1998) (2003) Planes (2004)
Denaturing 94°C, 3 min. 94°C, 3 min. 94°C, 3 min.
(step 1)
Cycles 35 35 35
(step 2)
Denaturing 94°C, 45 s. 94°C, 45 s. 94°C, 45 s.
Annealing 56.5°C, 46 s. 50.5°C, 45 s. 59.5°C 45 s.
Extension 72°C, 60 s. 72°C, 60 s. 72°C, 60 s.
Final 72°C, 7 min. 72°C, 7 min. 72°C, 7 min.
Extension
(step 3)

150



Table S2. Tissue voucher number, and access number of GenBank

Site Locality Biogeographic region ~ Voucher number Access number of GenBank
cytb S7 RAGT1 RHO

1 Tierra Quemada, Santa Maria River Panuco 461 YES NO NO NO
1 462 YES YES YES YES
1 463 YES NO NO NO
1 464 YES YES YES YES
1 465 YES NO NO NO
1 469 YES NO NO NO
1 470 YES NO NO NO
2 Jesus Maria, Santa Maria River Panuco River 709 YES NO NO NO
2 711 YES NO NO NO
2 712 YES NO NO NO
2 713 YES NO NO NO
2 714 YES YES YES YES
2 715 YES NO NO NO
2 716 YES NO NO NO
2 717 YES NO NO NO
2 4021 YES NO NO NO
2 4024 YES NO YES YES
2 4025 YES NO NO NO
2 4026 YES NO NO NO
3 La Alberca Chapala Lake 1254 YES NO NO NO
3 1255 YES NO NO NO
3 1256 YES NO NO NO
3 1257 YES YES YES YES
3 1258 YES NO NO NO
3 1259 YES NO NO NO
3 1260 YES NO NO NO
3 1261 YES NO NO NO
3 1262 YES NO NO NO
3 2586 YES NO NO NO
3 2587 YES NO NO NO
3 2588 YES NO NO NO
3 2589 YES NO NO NO
3 2590 YES NO NO NO
3 2591 YES NO NO NO
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San Francisco del Rincon, Turbio River

Gallinero Dam, Laja River

Yuriria Dam

Ignacio Allende Dam, Laja River

Middle Lerma River

Middle Lerma River

Middle Lerma River

Middle Lerma River

2592
2593
2594
2595
28278
28279
28280
28281
28282
28283
28284
832
833
838
4693
4695
4696
307
308
309
310
311
2071
2072
2075
2077
2078
2079
4703
301
302
303
304
305
4950
4951
4952
12806
12807
12808

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

YES
YES
YES

YES
YES

YES

YES
YES
YES

YES

YES

YES

YES

YES
YES
YES

YES
YES

YES

152



WO O O W W WO WWWWOWOomOo oo

Urideo Sprig, Lerma River Middle Lerma River

Joya Grande, Yuriria Dam Midle Lerma River

San José del Rodeo, Turbio River

Afluente Neutla, Laja River Middle Lerma River

Belisario, Cuitzeo Lake Cuitzeo Lake

12845
4909
4910
4911
4912
4895
4896
4897
4898
4899
4900
4901
4902
4903
4904
4905
12781
12782
12783
12784
12785
12786
12787
12788
12789
12790
4955
4956
4957
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1283
1284
1285
1287
1289
1291
1293
1294
1299
1301

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

YES
YES
YES

YES

YES

YES

YES

YES

YES

YES

YES

YES
YES

YES
YES
YES

YES

YES

YES

YES

YES

YES

YES

YES

YES
YES

YES
YES
YES

YES

YES

YES

YES

YES

YES

YES

YES

YES
YES
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San Cristobal, Cuitzeo Lake

La Mintzita, Morelia River

Mariano Escobedo, Cuitzeo Lake

Zacapu, Zacapu Lake

Cuitzeo Lake

Cuitzeo Lake

Cuitzeo Lake

Zacapu Lake

2496
2499
2501
2502
2503
2504
2506
2510
2512
2513
2514
2515
4003
4005
4006
4007
10357
10358
1331
1332
1333
1334
1336
1337
1338
1339
1340
1341
4839
4843
4845
4846
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4848
4849
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1104
1105

YES
YES
YES

YES

YES
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YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

YES
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YES

YES

YES

YES

YES

YES
YES
YES
YES

YES

YES

YES

YES
YES
YES
YES

YES

YES

YES

YES
YES
YES
YES

YES
YES

YES
YES

YES

YES

YES

YES

YES

YES

YES

YES
YES
YES
YES
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Melchor Ocampo, Duero River

La Estancia Stream, Verde River

Atotonilco, Aguanaval River

Zacapu region

Verde River

Aguanaval River

1106
1108
1128
3436
3440
28346
28347
28348
28349
28350
28351
6183
6184
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6187
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Valenciana, Aguanaval River

Aguanaval River

4086
4087
4088
28455
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28462
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CAPITULO IV

Evolving in the highlands: the case of the Neotropical Lerma live-bearing
Poeciliopsis infans (Woolman, 1894) (Cyprinodontiformes: Poeciliidae) in
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ABSTRACT

Background Volcanic and tectonic activities in conjunction with Quaternary climate are
the main events that shaped the geographical distribution of genetic variation of many
lineages. Poeciliopsis infans is the only poeciliid species that was able to colonize the
temperate highlands of central Mexico. We inferred the phylogenetic relationships,
biogeographic history, and historical demography in the widespread Neotropical
species P. infans and correlated this with geological events and the Quaternary glacial-
interglacial climate in the highlands of central Mexico, using the mitochondrial genes
Cytochrome b and Cytochrome oxidase | and two nuclear loci, Rhodopsin and
ribosomal protein S7.

Results Populations of P. infans were recovered in two well-differentiated clades. The
maximum genetic distances between the two clades were 3.3% for cytb, and 1.9% for
coxl. The divergence of the two clades occurred ca. 2.83 Myr. Ancestral area
reconstruction revealed a complex biogeographical history for P. infans. The Bayesian
Skyline Plot showed a demographic decline, although more visible for clade A, and
more recently showed a population expansion in the last 0.025 Myr. Finally, the habitat
suitability modelling showed that during the LIG, clade B had more areas with high
probabilities of presence in comparison to clade A, whereas for the LGM, clade A

showed more areas with high probabilities of presence in comparisons to clade B.

Conclusions Poeciliopsis infans has had a complex evolutionary and biogeographic
history, which, as in other co-distributed freshwater fishes, seems to be linked to the
volcanic and tectonic activities during the Pliocene or early Pleistocene. Populations of
P. infans distributed in lowlands showed a higher level of genetic diversity than
populations distributed in highlands, which could be linked to more stable and higher
temperatures in lowland areas. The fluctuations in population size through time are in

agreement with the continuous fluctuations of the climate of central Mexico.

Keywords: Endemic fishes, Tecto-volcanism, Quaternary climate, Pliocene,

Biogeographical history
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BACKGROUND

Volcanic and tectonic activities since the Miocene have had a substantial
influence on the diversification of many New World taxa [1, 2]. Paleoclimatic events
since the Pliocene, mainly from the Quaternary to the present; also have influenced the
distribution of many organisms by changing the climates in boreal, temperate and
tropical zones. Geologic and quaternary climatic events together are the main factors
that have shaped the geographical distribution of genetic variation at the species,
population, and community levels in several taxa, including fishes [3-11].

The beta diversity of freshwater fishes worldwide, including 80% of all
freshwater species described, demonstrates that geographical isolation of drainage
basins, combined with Quaternary climate changes, provides a parsimonious
explanation for present-day patterns of spatial turnover in the global freshwater fish
fauna [12]. Under this context, the geographical location, complex topography,
geological dynamism including extensive volcanism since the Miocene and the climatic
history of central Mexico, changed during the Quaternary [8, 13], have shaped a
biogeographically complex area, characterized by ecological components that have
allowed for the coexistence of taxa of Neotropical and Nearctic origins, as well as
endemic groups [14, 15].

The biogeographic limits of this area have been largely discussed, and even
differ depending on the taxa analyzed [14, 16-18]. In general terms, central Mexico is a
high plateau bounded by the Sierra Madre Oriental to the east and by the Sierra Madre
Occidental to the west and crossed by the Trans Mexican Volcanic Belt (TMVB) from
west to east, with elevations up to 1400-1800 MASL [18], a region also called the Mesa
Central by some authors [19]. The region is characterized by a temperate climate, thus
allowing for the establishment of fish species, mainly of Neartic origin. The climatic
changes during the quaternary have influenced the geographical distribution of genetic
lineages of terrestrial organisms in space and time, as is the case of snakes [7], lizards
[8, 20, 21], birds [9], small mammals [22-24], and plants [2].

The dynamic geological processes that have occurred since the Miocene have
promoted the genesis and destruction of aquatic ecosystems [25] and have been
considered as the primary forces that have influenced the biogeography and the
complex evolution of several taxa of freshwater organisms [26-32]. However, most of
the research has focused on understanding the complex evolutionary history of
freshwater fishes of Nearctic origin such as Goodeids [28, 29, 33, 34], Cyprinids [30],
Catostomids [35], and a combination of taxa [36]. Only one group of species in the

168



TMVB that are of Neotropical origin, genus Poeciliopsis, has been previously
investigated in this manner [26].

The small live-bearing topminnow Poeciliopsis infans (Woolman, 1894) is a
member of the family Poecilidae, which has more than 220 species of tropical
preferences [37]. Poeciliopsis infans is the only Neotropical fish species that has
colonized the temperate highlands of the TMVB, including the Lerma-Santiago Basin,
headwaters of the Ameca, Armeria, Coahuayana, Balsas and Panuco Basins, as well
as endorheic lakes in the region (Fig. 1) [38]. Poeciliopsis infans is co-distributed with
fishes of Nearctic origin of the families Goodeidae, Catostomidae, Ictaluridae and
Cyprinidae [38].

Accordingly, since the members of the Poeciliidae are a group of Neotropical
origin, most of them are adapted to tropical habitats. Furthermore, since P. infans is the
only poeciliid species living in the temperate highlands of central Mexico, an area
dominated by fish species of Neartic origin, we expect that the evolutionary history of
P. infans could be explained by recent volcanic and tectonic activities. However, since
P. infans is a species evolving in the marginal and temperate areas adjacent to the
distribution of all of the other species Poeciliopsis, it may not follow the same patterns
as other co-distributed species in the region.

We extensively sampled throughout the distribution of P. infans (Teleostomi:
Poecilidae), and gathered mtDNA and nDNA sequences to infer phylogeographic
variation, historical biogeography, and historical demography of the widespread P.
infans. These data will allow us to examine the influence of geological history and
Quaternary glacial-interglacial climatic events, in space and time, in the evolutionary

history of Neotropical species evolving in a predominant Nearctic area.

MATERIALS AND METHODS

Sample Collection

Two hundred fifty-six specimens of P. infans from throughout the range were
collected (Fig. 1 and Table 1) using electrofishing equipment and trawl nets. Tissue
samples (fin clips) were preserved in 95% ethanol for DNA extraction, and a maximum
of five specimens per site were preserved in 5% formalin. Despite intensive collection
efforts, samples were not obtained from some biogeographic regions. 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;

for voucher numbers see Additional file 1).
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Figure 1 Sampling regions where
Poeciliopsis infans is distributed. The colors of the biogeographical regions
corresponded with the colors used in the phylogenetic analyses. The codes of
the biogeographical regions are as follows: (Mag) Magdalena Lake; (Etz)
Etzatlan-San Marcos region; (Ver) Verde River; (Ame) Ameca River; (Ato)
Atotonilco Lake as the number 1; (Sma) San Marcos Lake as the number 2;
(Say) Sayula Lake as the number 3; (Zap) Zapotlan Lake as the number 4,
these four lakes belong to Sayula region; (San) Grande de Santiago River;
(Tam) Tamazula River; (Pat) Patzcuaro Lake; (Cha) Chapala Lake; (Bal) Balsas
River; (Cot) Cotija Lake; (Lle) Lower Lerma Basin; (Mle) Middle Lerma Basin;
(Zac) Zacapu region; and, (Cui) Cuitzeo Lake. The meters above see level

(MASL) are indicated with level curves.
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Table 1 Samples localities and sequence information.

Site  Locality Basin Biogeographic Sequences GPS Coordinates
region number

CytblcoxlIS

7/IRHO
1 Los Venados Magdalena Magdalena 5/5/3/4 20°54" 5.5 N,104°4° 448" W
2 Laguna Magdalena Magdalena 11/8/10/6 20°54"14.2"" N, 104° 1" 116" W
3 Presa San Ignacio Ameca Ameca 7/6/3/6 20°30°40.6""' N, 104° 2" 124" W
4 Chapulimita Ameca Ameca 2/2/2/2 20°40°48.9"" N, 103° 54" 29.3" W
5 Salida presa Tecuan Ameca Ameca 7/6/5/5 20°20°5.2"N, 103°45° 202" W
6 Manantial Los Veneros Ameca Ameca 2/2/2/2 20°40°9.7"" N, 103° 52" 25.3" W
7 Tala, Rio Salado Ameca Ameca 3/3/2/3 20°41°12.17" N, 103° 41" 36.3" W
8 Amatlan de cafias Ameca Ameca 6/5/6/5 20°42°13.7"" N, 104° 18" 34.4" W
9 Teuchitlan Cocula-La Vega Ameca 10/6/6/4 20°40°46.8"" N, 103° 50" 59.2"" W
10 San Juanito de Escobedo Laguna Colorada Ameca 5/3/5/1 20°45°37.3" N, 103° 59 39.6" W
11 S. M. San Julian Verde Verde 3/3/2/2 21°0°31.7"7" N, 102° 17" 479" W
12 San Nicolas Verde Verde 11/13/5/9 21°17° 454" N, 102° 32" 59.7" W
13 Arroyo La Estancia Verde Verde 2/2/1/2 21°24°36.3"" N, 102° 44" 15" W
14 Rio Colorado Verde Verde 4/4/0/4 21°576.1"" N, 102° 52" 10.8" W
15 Rio Xoconostle-San Juan Laja Middle Lerma 3/3/3/3 20°56°31.5"" N, 100° 58" 38" W
16 Manantial Andrés-Figueroa San Marcos Sayula 8/9/7/4 21°17° 454" N, 102° 32" 59.7"" W
17 Manantial San Marcos San Marcos Sayula 5/5/5/5 20°20°0.4°"N, 103° 34" 576" W
18 Canal Presa Buena Vista Atotonilco-Sayula Sayula 6/7/6/3 20° 24728 N, 103° 39" 59.7" W
19 Villa corona Atotonilco-Sayula Sayula 3/3/3/3 20°24°28.4" N, 103° 39" 59.5" W
20 Manantial Cuyacapan Sayula Sayula 15/17/9/11 19°57°16.6"" N, 103° 30" 51.7" W
21 Laguna de Zapotlan Zapotlan Sayula 2/2/1/0 19°44° 449" N, 103° 28" 224" W
22 Rio Las Puentes Chapala Chapala 6/7/7/4 20°3°22.4°"N,102° 46" 21" W
23 Cojumatlan Chapala Chapala 3/2/0/1 20°9745.7°"N,102°52° 4.6 W
24 Los Negritos Chapala Chapala 5/3/5/2 20°3736.3" N, 102° 36" 46.1" W
25 Presa Nueva Chapala Chapala 5/5/5/4 19°57746.2°" N, 102° 34" 424" W
26 Manantial La Mintzita Cuitzeo Cuitzeo 6/6/5/3 19°34"40°" N, 101° 16" 28.7"" W
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Ojo de Agua San Cristdbal
Embarcadero Principal
Urandén

Presa Melchor Ocampo
La Zarcita

Laguna de Zacapu
Atenquique

Puente en Jacona
Presa La Luz

Quitupan

Presa San Juanico

San Sebastian

Presa Palo Verde
Cuescomatitlan

Jalpa

San Antonio

Presa de Garabato

Rio Tinajeros

Cuitzeo

Patzcuaro
Patzcuaro
Angulo-Lerma
Angulo-Lerma
Angulo-Lerma
Tuxpan

Rio Duero

Rio Duero
Tepalcatepec

Cotija

Etzatlan-San Marcos
Etzatlan-San Marcos
Lago de Cajititlan
Juchipila
Santiago-Chapala
Santiago-Chapala
Santiago-Chapala

Cuitzeo

Patzcuaro

Patzcuaro

Zacapu

Zacapu

Zacapu

Tamazula

Lower Lerma

Lower Lerma

Balsas

Cotija

Etzatlan-San Marcos
Etzatlan-San Marcos
Grande de Santiago
Juchipila

Grande de Santiago
Grande de Santiago
Grande de Santiago

9/10/7/6
6/7/5/1
8/7/6/4
7/7/6/2
9/10/9/4
5/5/5/1
1/1/0/1
5/5/5/4
8/8/7/5
5/5/5/3

11/9/11/6

2/2/2/1

13/12/10/12

5/5/5/2
2/2/2/1
2/2/2/2
6/6/4/5
7/8/1/1

19° 63’
19° 32°
19° 32°

374 N,101°19°0.5" W
426" N,101° 37" 25" W
474N, 101°38°28.2" W

20°5°36.5" N, 101°43° 574" W

19° 49’
19° 49’
19° 317
19° 58’
19° 66°
19° 65’
19° 49°
20° 49’
20° 46°
20° 25
21° 39’
20° 40°
20° 37’
20° 40°

19N, 101° 47" 51" W
20.9 N, 101° 47" 156.8" W
46.3"" N, 103° 25 56.3" W
14"N, 102° 17 46.2"" W
13N, 102° 17" 56.9” W
348" N, 102° 52" 54.7" W
57.4"" N, 102° 38" 25.8"" W
25" N, 104°7° 108" W
9.6""N,104°6°48.2" W
48.4° N, 103° 21" 37" W
6.5 N, 102° 57" 57.8" W
27.2""N,102° 33" 194" W
284N, 102° 41" 156" W
20.7"N,103°4° 419" W
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DNA Extraction, PCR Amplification and Sequencing

Total genomic DNA was isolated with the Qiagen BioSprint Dneasy Tissue and
Blood Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s protocol. Two
hundred fifty-six individuals were amplified for Cytochrome b (cytb: 1,083 bp) and 249
individuals for Cytochrome Oxidase Subunit | (cox/: 631 bp), for 1,771 bp of
mitochondrial sequence data. The first intron, a fragment of second intron, and the
second exon of the gene coding for the S7 ribosomal protein (S7: 859 bp), and the
gene coding for the Rhodopsin protein (RHO: 845 bp) were amplified for 1,704 bp of
nuclear sequence data from 201 individuals. For this subset, individuals were chosen
in order to represent all biogeographic regions and all the variation shown in
mitochondrial dataset. In addition, five sequences of cytb were obtained from GenBank
with the following accession numbers: AF412134 of Lerma River, AF412135 of Ameca
River, AF412136 of Chapala Lake, AF412137 of Santiago River and AF412138 of
Panuco River.

Each fragment was individually amplified using the Polymerase Chain Reaction
(PCR) in volumes of 12.5 ul, containing 4.25 pl ultrapure water, 0.5 ul of each 0.2 yM
primer, 6.25 pyl Dream Taq Green PCR Master Mix 2x (Thermo Scientific), and 1 pl (ca.
10-100 ng) of DNA template. The specific PCR protocols of each gene are provided in
Additional file 2. The recovered PCR products were purified using ExoSAP-IT (USB
Corp.) and submitted to Macrogen Inc. (The Netherlands) for sequencing. Nucleotide
sequences were edited and aligned in Mega v.6.06 [39], and the chromatographs were
examined by eye. For the nuclear gene (RHO), the heterozygous genotypes were
phased using DNAsp v.5.10 [40] with the algorithm provided by PHASE v.2.0 [41].
Whenever sequences of S7 showed heterozygous positions defined by indels, a
manual reconstruction of the two-allele phases was performed following the procedure
described by [42]. The obtained sequences were deposited in GenBank under the
follow access number: for cytb (MG028009 to MG028278), for coxl (MG028279 to
MGO028543), for RHO (MG100617 to MG100824) and for S7 (MG366191 to
MG366482), (see Additional file 1).

Phylogenetic Analyses and Haplotype Networks

Recombination of the nuclear genes (RHO, P = 1.0; S7, P = 0.23) was tested
using the PHI test in Splitstree v.4.13 [43]. DNA sequences of each of the four genes
(cytb, coxl, S7 and RHO) were collapsed to haplotypes using the web-based program
ALTER [44].

The phylogenetic analyses were conducted with each gene separately, with

concatenated datasets for mitochondrial genes, for concatenated nuclear genes, and
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for the four genes combined. The phylogenetic analyses with concatenated genes
were performed with the available sequences of the nuclear genes (201 specimens),
the sequences of mitochondrial genes were adjusted to these number, which were
representative of all biogeographic regions and account the variability found in
mitochondrial genes.

The performance of the phylogenies with the four concatenated genes vs.
mitochondrial genes concatenated and vs. nuclear genes concatenated were assessed
using Bayes Factors (BF). Bayes Factors were calculated from the estimated harmonic
means of likelihood using the sump command in MrBayes. Decisions were made
based on the 2In BF criterion, with BF > or = 10 considered as strong evidence for
rejecting the null hypothesis [45].

Model selection based on Akaike information criterion (AIC) and optimal
partition settings were performed using PartitionFinder v.1.1.0 [46], and recovered the
best partition by assigning substitution models for each gene. The parameters of each
model are provided in Additional file 3.

Gene trees were constructed with Maximum Likelihood implemented in
RAXMLGUI v.1.3.1 [47, 48], using the substitution model implemented for each gene.
The GTR+G+I [48] substitution model was used for the concatenated genes matrix and
10,000 bootstrap replicates with the algorithm ML + rapid bootstrap. The relative
stability of clades was evaluated by 1,000 non-parametric bootstrap replicates [49].

Bayesian Inference was implemented in MrBayes v.3.2.1 [50], with the
substitution models for each gene obtained in PartitionFinder. 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 for convergence with the log-likelihood (-InL) values of the two independent
runs using Tracer v.1.5 [51], and discarded 10% as burn-in to construct the consensus
tree. Poeciliopsis prolifica was used as outgroup, based on the results of a previous
study [26].

In order to determine the geographic distribution of haplotypes for all
populations of P. infans for nuclear genes, we reconstructed two independent TCS
haplotype networks (a phylogenetic network estimation using statistical parsimony) for

RHO and S7 sequences using PopArt v.1.7 (http://popart.otago.ac.nz).

Divergence Time Estimation and Genetic Distances
The program BEAST v.1.8.1 [52] was used to estimate the most recent

common ancestor for clades within P. infans. This analysis was carried out with
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a subset of 145 sequences that include all different haplotypes for all genes.
Because the lack of fossil data for Poeciliopsis, the molecular clock was
calibrated using the mutation rate of cytb in teleosts of 0.76-2.2%/million years
[53, 54, 55]. Since the mutation rate is not available for the other genes, they
were included in the analysis without calibration information.

The model parameters were unlinked across cytb, coxl, S7 and RHO
genes and substitution models were set according to the selected model for
each gene by PartitionFinder v. 1.1.0 [46]. We applied a lognormal relaxed
clock (Uncorrelated) model on branch length [56]. We selected the tree prior
Coalescent: Extended Bayesian Skyline Plot [57], and estimated a starting tree
using the random method. A MCMC analysis with 50 million of generations was
conducted, and sampled every 1,000 generations. We assessed whether
parameter values had reached effective sample size and convergence in Tracer
v.1.5. [61]. Finally, the maximum clade credibility tree was built, discarding the
first 10% of the trees as burn-in, using Tree Annotator v.1.8.1. [52].

Uncorrected genetic distances were calculated among the recovered
groups in the phylogenetic trees for each mitochondrial gene (cytb, cox/), and
between all individuals for S7 and RHO in Mega v.6.06 [39]. A bootstrapping

process was performed with 1,000 repetitions.

Genetic Diversity and Population Structure

For each gene (cytb, coxl, S7 and RHO), the number of haplotypes (H),
polymorphic sites (S), nucleotide (1r) and haplotype (h) diversities were
obtained to estimate genetic diversity levels in all populations of P. infans. To
examine genetic differentiation at different hierarchical levels, as well as
geographical patterns of population subdivision, an analysis of molecular
variance (AMOVA) was conducted. The AMOVAs were implemented for the
four separate genes and groupings according to: 1) inferred clades in
phylogenetic analyses, 2) according to the biogeographic regions sensu [28]
and, a third analysis was performed without a priori groupings. The analyses
were conducted using 10,000 permutations to assess significance values. All
genetic diversity analyses and AMOVAs were performed in Arlequin v.3.5.1
[58].
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Ancestral Area Reconstruction

The ancestral area reconstruction for P. infans was estimated using the
statistical Dispersal-Vicariance (S-DIVA) method [59], and the Dispersal-
Extinction-Cladogenesis (DEC) model [60, 61] as implemented in RASP v.3.2
software [62]. These methods use statistical approaches to reconstruct
biogeographic history, and allowed us to compare both results. The ultrametric
and dichotomous tree obtained for cytb in BEAST was used as the tree
topology on which ancestral areas were mapped. For both analyses, the
maximum number of areas was limited to two. For these analyses, the
distributional area of P. infans was divided into 15 biogeographic regions: (Mag)
Magdalena Lake; (Etz) Etzatlan-San Marcos region; (Ver) Verde River; (Ame)
Ameca River; (San) Grande de Santiago River; (Tam) Tamazula River; (Pat)
Patzcuaro Lake; (Cha) Chapala Lake; (Bal) Balsas River; (Cot) Cotija Lake;
(Lle) Lower Lerma River; (Mle) Middle Lerma River; (Zac) Zacapu Lake and
(Cui) Cuitzeo Lake, and, within Sayula region are considered the follow Lakes:
(Ato) Atotonilco, (Sma) San Marcos, (Say) Sayula and (Zap) Zapotlan [28, 29].

Historical Demography

The population size fluctuations through time were tested with a
Coalescent Bayesian Skyline Plot (BSP) analysis [63] as implemented in
BEAST v.1.8.1 [52]. This analysis only was implemented with sequences of cytb
due the higher number of available sequences. The substitution rate was the
same as the divergence time analysis and the substitution model was set
according to the select model by PartitionFinder v. 1.1.0 [46].

An uncorrelated relaxed clock model was set a priori, and 70 million
generations were run, sampled every 1,000 generations. Convergence was
assessed with Tracer v.1.5 [51]. The first 10% of the states were discarded as

burn-in.

Poeciliopsis infans Distribution Modelling
To evaluate the concordance between the historical demography
obtained in BSP analyses and the potential distribution of P. infans in the past,

we carried out a species distribution modelling analyses at different temporal
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scales [64]. The estimations of the current and past population distribution were
inferred with MaxEnt v.3.3.1 [65]. Geographical coordinates of 162 sites
registered in the database of the Coleccién de Peces de la Universidad
Michoacana de San Nicolas de Hidalgo were used as presence data (see
Additional file 4). For the environmental data, we used 19 bioclimatic variables
downloaded from WORLDCLIM database [66], http://www.worldclim.org, at a
resolution of 30 arc-seconds for Last Inter Glacial (LIG) and 2.5 minutes for Last
Glacial Maximum (LGM). The WORLDCLIM variables represent biologically
meaningful summaries of precipitation and temperature in the present (1950—
2000), and for the past, the Community Climate System Model (CCSM) for the
LGM: 0.025 Myr, and the LIG: 0.15-0.10 Myr periods. To construct the models,
we employed a logistic output [65], and the default settings. The value of the
regularization multiplier was tested for 0.5, 1.0, 1.5 and 2.0, but the highest
AUC value was for a regularization multiplier of one, and this value was used in
all analyses. The model was run with 100 subsample replicates estimating
mean habitat suitability values (S).

To evaluate if the performance of all distribution models was better than
one, a random model was assessed using 75% of the presence data to run the
model and the remaining 25% for statistical testing. In addition, the area under
the receiver operating characteristic curve (AUC) was estimated to assess the
accuracy of the models. A jackknife test of variables of importance was
conducted to evaluate the relative importance of each climate variable [67].
Variables contributing the least to the model or those highly correlated [68] were
removed for each model. The correlation of variables was evaluated through
the response curves, which reflect the dependencies induced by correlations

between the selected variable and other variables.

RESULTS

Phylogenetic Relationships and Haplotype Networks

The ambiguously aligned positions that showed the sequences of the S7
gene are see in Additional file 5. The BF comparison indicated that the analyses
using the four concatenated genes provided a better explanation of the data

than the mitochondrial genes concatenated or nuclear genes concatenated (BF
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of four genes concatenated vs mitochondrial genes concatenated = 1.87 and
BF of four concatenated genes vs nuclear genes concatenated = 2.2)

The phylogenetic results for both analyses (Maximum likelihood and
Bayesian Inference) recovered two well differentiated and well supported clades
for each mitochondrial gene (cytb: 1,083 bp and cox/: 631 bp) (Additional files 6
and 7), for the concatenated mitochondrial genes (cytb, coxl: 1,771 bp)

(Additional file 8), and for all concatenated genes (cytb, coxl, S7 and RHO:
3@75 bp; Fig. 2).

Figure 2 The Bayesian inference tree of Poeciliopsis infans from concatenated

sequences of two mitochondrial (cytb, cox/) and two nuclear genes (S7 and
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RHO). Bayesian posterior probability (>0.9; above the branches) and maximum
likelihood bootstrap values (>80%; below the branches) are indicated. The

divergence time estimations are shown with 95% HPD.

In general terms, clade A clustered populations of the biogeographic
regions of lowlands of TMVB, while; clade B clustered populations of the
biogeographic regions of the highlands of the TMVB. However, one sample
from Ameca, Magdalena and Sayula regions respectively were grouped in
clade B. (Figs. 1 and 2).

Clade A clustered individuals of seven biogeographic regions and three
sub-clades: sub-clade A1 included individuals from the Etzatlan-San Marcos
region, Magdalena Lake and few individuals of Verde River; sub-clade A2
clustered individuals of the Ameca, Verde, and Grande de Santiago Rivers and
the Atotonilco Lake of the Sayula region; while the sub-clade A3 clustered
individuals of the Sayula, San Marcos and Zapotlan Lakes within the Sayula
region, as well as samples from the Ameca River basin and Tuxpan River of the
Tamazula biogeographic region. These three sub-clades were well supported in
the Bayesian inference analysis, but the bootstrap support for sub-clade A1 was
low (87%) (Fig. 2).

The second clade, clade B, clustered individuals of the Middle and Lower
Lerma, Grande de Santiago and Balsas Rivers, as well as Cuitzeo, Patzcuaro,
Chapala, Cotija and Zacapu Lakes. Also, three samples corresponding to
regions that were clustered in clade A were recovered in clade B and
corresponded to Magdalena and Atotonilco Lakes, and the Ameca River (Fig.
2). The phylogeny based on each nuclear gene and with both concatenated
nuclear genes failed to recover resolved relationships (Additional files 9, 10 and
11).

For the haplotype networks based on the nuclear genes, two
haplogroups (A and B) were recovered and these are highly congruent with the
concatenated gene phylogeny. There are, however, shared haplotypes between
them, with RHO network sharing the most haplotypes between groups. The first
haplogroup (A), grouped individuals of Ameca, Grande de Santiago, Sayula,
Magdalena, Verde and Etzatlan-San Marcos regions, for S7, one individual of

the Chapala region was found in this haplogroup. The second haplogroup (B)
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for both nuclear genes, grouped individuals of the Lower and Middle Lerma,
Grande de Santiago, Balsas, Zacapu, Cuitzeo, Patzcuaro, Cotija and Chapala
regions. Some individuals of the Sayula region were grouped in the haplogroup
B for both genes (see Additional file 12).
Divergence Time Estimation and Genetic Distances

The first isolation event in P. infans, separating clades A and B, was
estimated to have occurred near the middle Pliocene and middle Pleistocene
ca. 2.83 Myr (95% HPD: 1.25-4.41 Myr). The first separation event of the three
sub-clades within clade A was estimated to have occurred during the
Pleistocene period ca. 0.95 Myr (95% HPD: 0.39-1.5 Myr), whereas the rest of

the isolation events were calculated in less of a million of years (Figs. 2 and 3).

180



Chapareion

Siream caplure promaoted
a ) by voleanism in the Tepic-Zacoalco graben

Dispersion followed

of Vicariance
fusvial-i period, and

of Plan de Barrancas fault. and Amatian de

cafias half graben

0.14 Myr

72 Myr

0
[CSavula "] [
Dispersion followed
of Vicariance
Pleistocens volcanism
formation of the current watersheds

0.95 Myr

Dispersion

—

[Middle

vilddie Lefma
| Dispersion

0.26 Myr J

Dispersson followed
of Vicariance

Dispersion followed
of Vicariance
Wolcantsm of corridor Tarasco

Northeast-Southeast fault system

[Zagapu]
[Cclade B]

2.83 Myr

Vicariance
Wolcanic and lectonic
actwvity in the Iriple junction area, the
Ameca and San Marcos faults

F infans
clade A + clade B @
g
.9
b) -
103'?0'\0\' ‘Dﬁ'?’u’w IM'?W 103'?'0'\” ‘m'?’w |n|'?w ‘m‘?’m' 5!'0;01\'
Zrmm-] \ l-zroon
-
200N xl%ﬁ 2200w
. ;
M
S, 3
a | L ] »
Tz2g.
21700 J 2G ‘% a . 2100
4 .- .
- w
it - “ " gt .
e e
< ] ver
.
200N \ z4 P i L-oooom
> .
.
- e
S
19°00°N \‘1\\ | e oo
e
1800 h\_\'““'-m_\_\/\\ 1&g 00on
LRSS TE A 0 X 8 120 180 240 \ 1700
st 5 TIW e T - w2 TrW oW o0t wroow
LEGEND

o

of sub-clade A1

ACHG: Amallan de Canas Half-Graben
AF: Ameca Fault

CG: Colima Graben

SMF: San Marcos Fault

TZG: Tepic-Zacoalco Graben

WCT: Voleanic Corridor Tarasco

Geographic distribution of sub-clade A2

G i distribition of sub-glads A3

Gecgraphic distnbution of clade B
= = = Waterfalls (Salto de Juanacatlan)
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geographic distribution of inferred clades and sub-clades across of TMVB of P.

infans, and tectonic, volcanic and hydrographical features of the TMVB.
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The uncorrected mean genetic distances (p-distance) calculated
between clade B and sub-clades A1, A2 and A3 for the mitochondrial genes
ranged from 0.8-3.3% for cytb; and 0.7-1.9% for cox/ (Table 2). The minimum
genetic distances found for cytb were between sub-clade A1 and sub-clade A2
(0.8%), and the maximum distances were between sub-clade A3 and clade B
(3.3%). Based on cox/ the minimum genetic distances were observed between
sub-clade A2 and sub-clade A3 (0.7%), and the maximum were between sub-
clade A1 and clade B (1.9%). Between the three sub-clades of clade A the
genetic distances were 0.8-1.1% for cytb and 0.7-1.3% for cox/ (Table 2). For
nuclear genes the genetic distances between all individuals included both
alleles for each sequence, ranged between 0.0-0.5% for RHO and between 0.0-
0.6% for S7.

Table 2 Uncorrected genetic distances presented in proportion.

cytblcoxl Clade A Clade B
Sub-clade Sub-clade Sub-clade
A1 A2 A3
Sub-clade A1 0.001/0.000 0.008 0.010 0.031
Sub-clade A2  0.013 0.001/0.001 0.011 0.031
Sub-clade A3 0.009 0.007 0.001/0.000 0.033
Clade B 0.019 0.016 0.016 0.002/0.002

Genetic distances within recovered clades and sub-clades of Poeciliopsis infans based
on cytb (to the rigth of the diagonal) and cox/ (to the left of the diagonal) and between
recovered groups in phylogenetic analyses based on cytb (above the diagonal) and

coxl (below the diagonal) genes.

Genetic Diversity and Population Structure

The highest haplotype diversity was found in Cuitzeo (h= 0.81) for cytb
and in the Verde River (h=0.62) for coxl, followed by the Ameca River Basin for
both genes (h=0.75 for cytb and 0.42 for cox/), while, null haplotype diversity
were found in the Patzcuaro, Cotija and Balsas regions. Atotonilco Lake, within
the Sayula region and the Verde River exhibited the highest nucleotide diversity
for cytb and cox/ (7= 0.006, = 0.004) respectively (Table 3).
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Table 3 Genetic diversity for each biogeographic region of Poeciliopsis infans
based on mitochondrial DNA data (cytb and coxl).

cytb — coxl

Biogeographic region N S H m h

Magdalena 15-12 1-0 2-1 0.000-0.000 0.133-0.000
Ameca 37-30 18-5 9-3 0.001-0.001 0.752-0.427
Middle Lerma 3-3 3-0 3-1 0.001-0.000 1.000 - 0.000
San Marcos (Sayula) 13-14 3-1  4-2 0.000-0.000 0.525-0.362
Atotonilco (Sayula) 9-9 34-0 2-1 0.006-0.000 0.220 -0.000
Sayula (Sayula) 15-17 4-2  5-3 0.001-0.000 0.695 - 0.227
Cuitzeo 15-16 8-2 6-3 0.001-0.000 0.819-0.241
Patzcuaro 14-14 0-0 1-1 0.000-0.000 0.000 - 0.000
Zacapu 21-22 82 6-2 0.001-0.000 0.557-0.173
Etzatlan-San Marcos 19-16 7-0 7-1 0.000-0.000 0.608 -0.000
Chapala 19-17 2-0 3-1 0.000-0.000 0.292-0.000
Balsas 5-5 0-0 1-1 0.000-0.000 0.000 - 0.000
Cotija 119 0-0 1-1 0.000-0.000 0.000-0.000
Verde 19-21 9-9 2-3 0.002-0.004 0.280-0.620
Grande de Santiago (before SJ) 12-11 31 3-2 0.000-0.000 0.547-0.388
Grande de Santiago (after SJ) 10-11  2-1 3-2 0.000-0.000 0.375-0.250
Lower Lerma 13-13 3-4  2-3 0.000-0.001 0.282-0.410

N, sample size, S, polymorphic sites, H, number of haplotypes, 1, nucleotide diversity

h, haplotype diversity. SJ = Salto de Juanacatlan.

For the nuclear genes, the highest haplotype diversity was found in the
Atotonilco (h=0.97), Ameca (h=0.9) for S7, and the Middle Lerma (h=0.73) for
RHO. Absence of haplotype diversity was found for the Middle Lerma for S7
and Cuitzeo for RHO. The populations of Atotonilco (7= 0.01) and the Middle
Lerma (7= 0.001) exhibited the highest nucleotide diversity for S7 and RHO
respectively (Table 4). When the AMOVA was performed without groups a
priori, the highest variation for all genes were among populations (cytb: 91.17%,
coxl: 96.07%, S7: 69.5% and RHO: 60.64%) and not within populations. The
AMOVA for all genes showed a high percentage of variation when populations
were grouped according to the recovered clades and sub-clades from the
phylogenetic analyses (cytb: 92.24%, coxl: 91.03%, S7: 45.48% and RHO:
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53.21%), but

not when populations were grouped according

biogeographic regions [18] (cytb: 31.31%, coxl: 27.09%, S7: -143% and RHO:

53.21) (Tables 5 and 6).

Table 4 Genetic diversity for each biogeographic region of Poeciliopsis infans
based on nuclear DNA data (S7 and RHO).

S7 - RHO

Biogeographic region N S H m h

Magdalena 24-18 106 6-5 0.002-0.000 0.713-0.405
Ameca 50-54 29-2 22-3 0.004-0.000 0.956 - 0.265
Middle Lerma 6-6 0-2 1-3  0.000-0.001 0.000-0.733
San Marcos (Sayula) 24-20 1-1 2-2  0.000-0.000 0.159-0.505
Atotonilco-Sayula (Sayula) 18-10 39-2 14-2 0.010-0.000 0.973-0.200
Sayula (Sayula) 20-22 7-2 6-3 0.002-0.000 0.790-0.177
Cuitzeo 24-18 2-0 341 0.000-0.000 0.358 - 0.000
Patzcuaro 22-10  1-1 2-2  0.000-0.000 0.173-0.466
Zacapu 40-14 4-2 52 0.000-0.000 0.315-0.142
Etzatlan-San Marcos 32-30 10-3 14-3 0.001-0.000 0.774-0.131
Chapala 34-26 82 83 0.001-0.000 0.711-0.280
Balsas 10-6 4-1 4-2 0.001-0.000 0.644-0.333
Cotija 22-18  2-1 3-2  0.000-0.000 0.450 - 0.529
Verde 14-32 11-1 6-2  0.004-0.000 0.822-0.000
Grande de Santiago 32-26 15-3 16-4 0.002-0.001 0.834 -0.600
Lower Lerma 26-18 15-2 5-3  0.001-0.000 0.461 - 0.307

N, sample size (included the two alleles of each sequence), S, polymorphic sites, H,

number of haplotypes, 1, nucleotide diversity h, haplotype diversity.
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Table 5 Analyses of molecular variance (AMOVA) of the mitochondrial data for

select groups of Poeciliopsis infans at different hierarchical arrangements.

Cytb
Testing assumptions Source of variation % of Fixation P- value
variance index
Grouped according to Among groups 92.24 &cr: 0.92 <0.0001
recovered clades and sub- Among populations within groups 3.82 Psc: 0.49  <0.0001
clades Within populations 3.94 ®sT:0.96 <0.0001
Total 100
Biogeographic regions Among groups 31.31 ®cr: 0.31 ns
Among populations within groups 63.5 Psc: 0.94  <0.0001
Within populations 5.19 ®st: 0.94  <0.0001
Total 100
Without grouping a priori Among populations 91.17 ®st:0.91 <0.0001
Within populations 8.83
Total 100
Coxl
Testing assumptions Source of variation % of Fixation index  P- value
variance
Grouped according to Among groups 91.03 &cr: 0.91 <0.0001
recovered clades and Among populations within groups  6.01 ®sc: 0.66 <0.0001
sub-clades Within populations 2.96 ®sT:0.97 <0.0001
Total 100
Biogeographic regions Among groups 27.09 &cr: 0.27 ns
Among populations within groups 69.01 Psc: 0.94 <0.0001
Within populations 3.9 ®s1:0.96 <0.0001
Total 100
Without grouping a priori ~ Among populations 96.07 ®st:0.96 <0.0001
Within populations 3.93
Total 100

ns = not significant.
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Table 6 Analyses of molecular variance (AMOVA) of the nuclear data for select

groups of Poeciliopsis infans at different hierarchical arrangements.

S7
Testing assumptions Source of variation % of Fixation P- value
variance  index
Grouped according to Among groups 45.48 @cT: 045  <0.0001
recovered clades and sub-  Among populations within groups 28.26 ®sc: 0.51 <0.0001
clades Within populations 26.26 Ps1:0.73 <0.0001
Total 100
Biogeographic regions Among groups &cr: ns
Among populations within groups Psc: <0.0001
Within populations Psr: <0.0001
Total 100
Without grouping a priori Among populations 69.5 ®st: 0.69  <0.0001
Within populations 30.5
Total 100
RHO
Testing assumptions Source of variation % of Fixation index  P- value
variance
Grouped according to Among groups 53.21 ®cr: 0.53 <0.0001
recovered clades and Among populations within groups  12.42 ®sc: 0.26 <0.0001
sub-clades Within populations 34.37 ®st: 0.65 <0.0001
Total 100
Biogeographic regions Among groups 15.86 &cr: 0.15 ns
Among populations within groups  44.92 ®sc: 0.53 <0.0001
Within populations 39.22 ®st: 0.60 <0.0001
Total 100
Without grouping a priori  Among populations 60.64 ®sT:0.60 <0.0001
Within populations 39.36
Total 100

Ancestral Area Reconstruction
Ancestral area reconstruction using DEC and S-DIVA revealed a
complex biogeographical history for P. infans, with several events of dispersal

and vicariance (Figs. 3 and 4). Vicariance was most common in ancient events
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in comparison to dispersal events. For both analyses, the ancestral areas
estimated for P. infans were Zacapu Lake and Ameca River, but with low
probabilities (6.5% for DEC; 16.7% for S-DIVA). The same explanation for both
analyses was found for the biogeographic history of the northwest populations
of P. infans clustered in phylogenetic clade A. The biogeographical route for this
clade included a dispersal event from the Ameca River toward the Sayula and
Etzatlan-San Marcos regions, followed by a vicariant event that separated the
populations of Ameca River with respect to Etzatlan-San Marcos and Sayula
regions. A more recent dispersal event from the Ameca to the Verde River was
recovered (S-DIVA >50%, DEC >27% of probabilities).

The biogeographical history of the southeastern clade B differs slightly in
both biogeographical methods. For both methods, one dispersal event occurred
from Zacapu toward Cuitzeo, followed by a vicariant event that separated these
two regions. For DEC, dispersal events occurred from Zacapu toward the Lower
Lerma and from here to Chapala, while there was also a recent dispersal event
from Cuitzeo to the Middle Lerma. The S-DIVA differed with the DEC in that
dispersal events from Zacapu were toward Chapala and once both regions
were separated, a second dispersal event occurred from Chapala to the Lower
Lerma (S-DIVA 100% and DEC >60%) (Figs. 3 and 4).

187



ANCESTRAL AREAS

— gg _CDE -EFJ Jl4 \, Dispersal
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HENE EENC El GH Bk « Vicariance
\’.’ Vicariance after dispersal
A = Cuitzeo E = Ameca | = Etzatlan
B = Zacapu F = Middle Lerma J = Verde
C= Sayula G = Lower Lerma K= Santiago

D = Magdalena H = Chapala

Figure 4 Ancestral area reconstruction with a) DEC and b) S-DIVA base in
BEAST tree using the biogeographical regions proposed by Dominguez-
Dominguez et al., (2006).
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Historical Demography

The BSP analyses for cytb for populations of clade A showed a
demographic decline for Magdalena Lake, San Marcos, Sayula and Atotonilco
Lakes (belonging to Sayula region), Ameca, Grande de Santiago and Etzatlan-
San Marcos regions between 0.15 and 0.1 Myrs. More recently, after a
demographic decline, a population expansion was detected in the last 0.025
Myr. For the Verde River, a population reduction was detected following a more
recent population expansion. For this clade, the regions Zapotlan and Tamazula

were not included due to the low number of individuals (Fig. 5).

Ne !

Figure 5 Demographic history of populations of each biogeographical region
grouped in clade A using Bayesian Skyline Plots (BSP) from cytb sequences.
Dotted lines represent the location of the upper bound (Max), the mean (X) and
lower bound (Min) of the HPD = 95%.
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For clade B, all analyzed groups revealed a demographic decline in the

last 0.15-0.1 Myr, followed by population expansion around <0.18 Myr, as found

for clade A. For this clade the Balsas, Cotija and Middle Lerma basins were not

included due the low number of samples (Fig. 6).
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Figure 6 Demographic history of populations of each biogeographical region

grouped in clade B using Bayesian Skyline Plots (BSP) from cytb sequences.

Dotted lines represent the location of the upper bound (Max), the mean (X) and

lower bound (Min) of the HPD = 95%.
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Poeciliopsis infans Distribution Modelling

The habitat suitability modelling for populations of P. infans estimated for
current (1965-1978) and past (LIG: 0.15-0.10 Myr, and LGM: 0.025-0.020 Myr)
time periods, showed high precision and acceptable predictive power with all
models (AUC >0.96) [69]. For the current conditions, the two variables with the
highest gain were BIO3 Isothermality (BIO2/BIO7)*100 and BIO6 Min
temperature of coldest month. In the LIG model, the two variables with the
highest gain were BIO1 Annual Mean Temperature and BIO16 Precipitation of
Wettest Quarter. For the LGM model, the two variables with the highest gain
were BIO4 Temperature seasonality (standard deviation*100), and BIO6 Min
Temperature of coldest month. The modelling of habitat suitability showed that
in the LGM, the habitat suitability for P. infans was better in the lowlands,

whereas for the LIG, the habitat suitability increased in the highlands (Fig. 7).
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Present-day

Figure 7 Species distribution modelling for: Current period, Last Inter Glacial
(LIG: 0.15-0.10 Myr) and Last Glacial Maximum (LGM: 0.025-0.020 Myr), the

probability of presence of the species is in scale of colors.
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DISCUSSION

Biogeographic and Evolutionary History of P. infans

The recovery of two well-differentiated clades within P. infans (Fig 2 and
Additional file 8) indicates a long history of isolation, with subsequent genetic
differentiation, which seems to be linked to the intense volcanic and tectonic
activity in central Mexico during the Pliocene (Figs. 2 and 3). This pattern
previously has been reported, in which the genetic differentiation has been
linked with the past configuration of the rivers more than the current hydrology
of this region of central Mexico, as is the case for the goodeid, Zoogoneticus
quitzeoensis (Bean, 1898), and for species of the cyprinid genus Algansea [30,
33].

Populations of P. infans are largely differentiated by the isolation of
watersheds as have occurred in other freshwater fishes with low dispersal
ability; however, some geographical features within a river or basin have been
shown to be sufficient to differentiate populations of P. infans [26].

We recovered the samples from the Rio Grande de Santiago Basin
grouped in the two main clades for phylogenetic analyses and in the two
haplogroups for haplotype networks (A, B). This pattern, in which the samples
from the Santiago River were grouped in two clades, previously was found in
another study [26]. Specimens from the Rio Grande de Santiago Basin sampled
upstream of the falls, el Salto de Juanacatlan, belong to clade B, whereas
populations sampled downstream of the falls were grouped within clade A,
suggesting that the Salto de Juanacatlan formation, a waterfall 20m high, has
been an important and ancient barrier promoting differentiation between
populations. This geologic feature previously has been shown to represent a
barrier for fish faunal interchange between the Santiago and Chapala Lake [26,
38].

Ancestral area reconstructions recovered very low marginal probabilities
for biogeographical routes from the ancestral areas of all populations of P.
infans (DEC = 0.01; S-DIVA = 0.08; Figs. 3 and 4). Therefore, both ancestral
area reconstructions were unable to resolve the state of the node separating
clade A from clade B, but were able to reconstruct the ancestral areas and

biogeographical routes within each clade.
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Despite these low marginal probabilities, the most plausible event that
separated the Ameca River and Lake Zacapu of its ancestral area of distribution
was a vicariant event. Our date estimation for the diversification of the two main
clades (A and B) was ca. 2.83 Myr (1.25-4.41 Myr), between the middle
Pliocene and the early Pleistocene periods (Figs. 3 and 4).

The geological activity during the middle Pliocene and early Pleistocene
in central Mexico promoted the cladogenesis of clade A from clade B. This deep
divergence of the two clades is coincident with the interruption of the ancient
connection of the upper Ameca River with drainages in central Mexico by
tectonic and volcanic activity at ca. 3-1 Myr [70], (Fig. 3). As a result, this
dispersal route could have been blocked at the end of the Pliocene and during
the Pleistocene. This occurred when the hydrological systems that shaped the
complex Chapala-Lerma Paleosystem (Ameca River, Magdalena, Chapala,
Lerma River and the lakes distributed along the Colima graben) became
isolated due to volcanic and tectonic activity in the triple junction area, the
Ameca and San Marcos faults at ca. 3.5-1.5 Myr (Fig. 3) [71].

The isolation of the region where clade A is distributed during the
Pliocene, has also been reported in other freshwater species including the
cyprinids Yuriria amatlana Dominguez-Dominguez et al., 2007 and Algansea
amecae Pérez-Rodriguez et al., 2009, as well as the goodeid Allotoca goslinei
Smith & Miller, 1987 [29, 30, 72, 73]. In addition, other freshwater organisms
shown a similar pattern, as Cambarellus chapalanus (Faxon, 1898), which has
two divergent genetic groups, one distributed in Chapala Lake and the other in
the Ameca River Basin separated at ca. 2.6 Myr [32]. A similar pattern was
mentioned before for Poeciliopsis [26], who suggested that the ancestors of the
strictly northern clade of Poeciliopsis must have been distributed across the
region presently occupied by our clade B, which includes Zacapu.

The discrepancies between the mitochondrial and nuclear genes are
related to the mixture of some individuals of haplogroup A with haplogroup B. In
this case, considering the high genetic distances with mitochondrial genes, the
divergence times, and the results from the AMOVAs, we suggested that it could
be the result of retention of ancestral polymorphisms, as has been shown for

other freshwater fishes of central Mexico [74].
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Biogeography within Clade A

The biogeographic analyses showed a dispersal event between Sayula
and the Ameca basin, suggesting an early connection more than a million years
ago. This connection was previously found for P. infans between the Ameca
River and Atotonilco Lake of the Sayula region [26].

The isolation of the Ameca, Etzatlan-San Marcos, Magdalena and Lakes
of the Sayula region, could be due to the formation of the current watersheds
during the Pleistocene epoch ca. 0.95 Myr (95% HPD: 0.39-1.5 Myr; Figs. 2 and
3), when the connections of the Ameca River and Atotonilco-Sayula Lakes were
disrupted by Pleistocene volcanism and the intense tectonic activity of the so
called triple junction [71, 75]. This is also congruent with the presence of Ameca
splendens Miller & Fitzsimons, 1971, in the Ameca River and Sayula regions,
with a divergence time between the two populations calculated in less than a
million of years [29].

Other dispersal events from the Ameca to Etzatlan-San Marcos and
Magdalena regions were recovered. The climatic changes during this pluvial-
interpluvial period, beginning ca. 0.90 Myr [4, 76], could have promoted this
dispersal event when Magdalena Lake was considerably larger and extended to
Etzatlan-San Marcos area [77]. After that time, the Ameca was isolated from the
Etzatlan-San Marcos and Magdalena regions by a vicariant event ca. 0.72 Myr
(DEC = 0.209; S-DIVA = 1.0), which could be associated with the reactivation of
the Plan de Barrancas fault during the Quaternary (ca. 1.0 Myr), and with the
Amatlan de Cafias half graben (Fig. 3) that was formed ca. 3.4 Myr [13, 70, 78].

Finally, a dispersal event from the Ameca River to the Verde and
Santiago Rivers also was found (ca. 0.14 Myr), and this is supported by
previous findings suggesting that these populations have been connected until
very recently through stream capture of the Ameca and Verde Rivers, which
was facilitated by the volcanism in the Tepic-Zacoalco graben [26, 79], (Fig. 3).

The biogeographic events that isolated the three recovered sub-clades
are supported by the AMOVA analysis, maximizing the ®@ct when samples were
grouped into four groups, included the three sub-clades within clade A (Tables
5 and 6), but not when they were grouped according to biogeographic regions
as have been proposed for other freshwater fishes, including goodeids and

cyprinids [33, 36].
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Since goodeids, cyprinids, and P. infans have evolved in spatiotemporal
congruence, the differences found in the evolutionary history of P. infans could
be related to the biogeographic origin of each group. Poeciliopsis infans has a
Neotropical origin, whereas goodeids and cyprinids are of Neartic origin [18]. As
a result, we expect that Quaternary climate changes have influenced genetic
variation and the distributional patterns of P. infans. Moreover, the genetic
diversity was higher for regions clustered in the clade A (lowlands) than for
regions grouped in clade B (highlands). This could also be linked to more stable
high temperatures in lowland areas, which could also promote the diversification
of populations found for this lowland clade (clade A). This pattern has been
reported in plants that shown that the habitat and environment changes affect
the genetic diversity [80-83], as is the case of Caragana microphylla, a species
distributed in two different habitats that shown that populations from the high
temperature region had lower genetic diversity than those from medium and low
temperature regions [81]. The only exception of this pattern is the Magdalena
Lake population, which has the lowest genetic diversity within this clade, a
pattern that is explained due to the history of instability of this hydrological
basin, with extreme and intermittent periods of flooding and drying [84],
promoting recurrent events of bottlenecks and loss of genetic diversity.

Also, other factors, in addition to the environment, such as life-history
traits, breeding systems, dispersal mechanism, geographic variation, range and
life span and the histories of populations have affected genetic variation

between populations [81-83].

Biogeography within Clade B

Our results are in accordance with the proposed connections and
isolation between the Cuitzeo and Zacapu regions, which has occurred several
times during the Pleistocene [85]. The connection between both regions has
been postulated to occur through the Chucandiro-Huaniqueo paleo-river, a
connection disrupted less than 1 Myr, due to the volcanism of the Tarasco
corridor and the activity of the Northeast-Southeast fault system ca. 0.7 to 0.5
Myr [86], (Fig. 3). This disruption has been proposed as the cause of the
isolation of different fish species between Cuitzeo and Zacapu including the
goodeids Skiffia lermae (Meek, 1902), Goodea atripinnis (Jordan, 1880),
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Alloophorus robustus (Bean, 1892) and Hubbsina turneri (de Buen, 1940) [29,
85], and the cyprinids Algansea tincella (Valenciennes, 1844) and Yuriria alta
(Jordan, 1880) [30, 72].

After the isolation of Zacapu and Cuitzeo, the DEC and S-DIVA showed
a dispersal event from Cuitzeo towards the middle Lerma River, an event that is
in accordance with recent isolation of this hydrological basin with respect to
Zacapu and Cuitzeo lakes. This event was previously proposed for the
goodeids Hubbsina turneri [85], and Zoogoneticus quitzeoensis (Bean, 1898),
that are distributed in Cuitzeo, Zacapu, and the middle Lerma [33], as well as
Neotoca bilineata (Bean, 1887) for which a low level of genetic differentiation
(mtDNA) was found for populations from Cuitzeo and the middle Lerma [87].

Regarding the second biogeographic route for this clade, which is
different for the DEC and S-DIVA analyses, the most plausible route is a
dispersal event from Zacapu toward the lower Lerma Basin, followed by a
dispersal event toward Chapala Lake and the Santiago River respectively, as is
found in DEC. Zacapu is currently connected with the lower Lerma through the
Angulo River, for which P. infans could have dispersed toward Chapala Lake
and the Santiago River via the lower Lerma. This information is congruent with
the presence of Notropis calientis (Jordan & Snyder, 1899), Yuriria alta,
Algansea tincella, Xenotoca variata (Bean, 1887), Chapalichthys encaustus
(Jordan & Snyder, 1899), Allotoca dugesii (Bean, 1887) and Moxostoma
austrinum Bean, 1880, in the Middle Lerma, Lower Lerma and Grande de

Santiago basins, as well as in Chapala Lake region [35, 36].

Human Mediated Dispersion

In general, we found biogeographic correspondence in the distribution of
clades, but incongruences were also found for some populations and areas, as
is the case of Balsas, Cotija and Patzcuaro, populations that shown a null
genetic and haplotype diversities, with all sampled individuals belong to the
most common haplotype of clade B.
These results have two possible explanations: 1) a secondary dispersal and
colonization event, which is unlikely due to the historical isolation of all of those
drainages with respect to contiguous drainages [29, 88], or 2) a founder effect

due a dispersal event mediated by humans. Human-based introductions
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represent the most probable explanation according to the geographic
distribution of related haplotypes and the null genetic diversity of Balsas, Cotija
and Patzcuaro regions, since for Patzcuaro this species has been reported as a
human-mediate introduction [89, 90] (Tables 3 and 4).

Several species in the family Poecilidae have been introduced for
mosquito control worldwide and have spread successfully to over 40 countries
[91]. Other possible ways of introduction of poeciliids is the release of the
organisms by aquarists, through the use of this fish as food source for
commercial introduced fish, or accidentally transported with commercially
important fishes stocked into water bodies, such a species of tilapia
(Oreochromis and Tilapia), which have been widely introduced throughout
Mexico [89, 92].

Historical Demography and Distribution Modeling

Fluctuations in population size shown by BSP in populations of both
clades of P. infans agree with the continuous fluctuations of the climate and
water levels of hydrological systems in central Mexico due to glacial and
interglacial cycles [93].

For clade A, the analysis of historical demography showed a
demographic decline at ca 0.15-0.1 Myr, followed by a recent population
expansion, estimated to start around 0.025 Myr in most of the populations
analyzed (Fig. 5). These genetic based analyses are congruent with the
distribution modeling results, in which drainages where clade A is distributed,
show restricted areas with high probabilities (0.77) to support populations of P.
infans during the LIG (0.15-0.10 Myr), localized mainly to a small area within the
Ameca region (Fig. 7). Whereas for the LGM (0.025-0.020 Myr), an increase in
the areas with high probabilities (<0.77) to support populations of P. infans is
observed, covering most of the present day distribution of clade A populations.
This recent population expansion for almost all populations of clade A could
explain why the genetic diversity is highest in this clade rather than in the clade
B. It is well known that stable populations that persisted from the LGM to the
present harbor disproportionately large amounts of unique genetic diversity [94].

The decline in the clade B population seems to starts after 0.075 Myr,

followed by a population expansion at ca. <0.018 Myr in all the populations
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analyzed, however, we take with caution the population expansion of some
biogeographic regions for both clades, because the size increase is out of the
HPD limits (Fig. 6).

These results are also congruent with the distribution modeling results,
since the distribution modeling during LIG (0.15-0.10 Myr) also showed a high
proportion of areas where clade B is distributed with high probabilities (< 0.77)
to support populations of P. infans. Whereas for the LGM (0.025-0.020 Myr), a
decrease in the area with high probability of presence (= 0.77) is observed for
areas were clade B is distributed. These results are expected for a species with
tropical preferences inhabiting highlands, where temperatures declines of 8.5°C
during LGM have been postulated [95], followed by a expansion of the
distribution range when the last ice age ended and an increase of the
temperature and water level of hydrological systems have been recorded [93]. It
has been shown that the climatic fluctuations were accompanied by a loss of
genetic diversity and even extinction of populations that were unable to adapt to
these changes and find suitable conditions [96], as could be the case for P.
infans that is restricted to basin drainages. This is congruent with the
distribution modeling of clade B distributed in highlands of central Mexico, and
explains the low genetic diversity found in almost all populations within this
clade.

Finally, in the present day modeling that represents an Inter-glacial
period, it showed an extended distributional area with a probability of presence
= 0.77 in the upper parts of the distributional range for both clades A and B.
These results of population expansion in lower areas during Glacial Maximum
and in upper areas during Inter Glacial periods are also congruent with the
Neotropical origin of P. infans, suggesting that areas that maintain high
temperature are more suitable for P. infans. This is also congruent with reports
suggesting the displacement of plant communities as a response to the climate
cooling, resulting in the migration to low altitudes [97], for which the climate
change in glacial cycles could be caused by modifications in the composition of
the communities favoring more resistant species to the new environmental
condition [93, 97].

Conservation Implications
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The regions occupied by P. infans have been heavily impacted by habitat
loss due to overexploitation, pollution, habitat degradation, and the introduction
of non-native species [98-100]. The negative impacts of these anthropogenic
activities on native freshwater fishes of central Mexico are well known [33, 101-
103]. These activities can exacerbate the loss of genetic diversity, which is
especially harmful for a species with a long history of instability due to the
natural climatic fluctuations, as is the case of P. infans. This is especially true
for those populations distributed in clade B (Tables 3 and 4). For this reason,
the establishment of each recovered clade and sub-clade as Operational
Conservation Unit (OCU) [104] is necessary in order to conserve the unique

genetic pool that each clade represents.

CONCLUSIONS

The results of this study indicate that P. infans has had a long history of
isolation and subsequent genetic differentiation, which appears to be linked to
the intense volcanic and tectonic activity in central Mexico. The separation of
the two recovered clades appears to have been promoted by the geological
activity during the middle Pliocene, and early Pleistocene in central Mexico, ca
2.83 Myr. Poeciliopsis infans is a co-distributed species with other group of
fishes as goodeids and cyprinids, evolving in spatiotemporal congruence. The
differences in the recovered biogeographic patterns of P. infans is likely related
to the biogeographic origin of each group, since P. infans has Neotropical
origin, and goodeids and cyprinids are of Neartic origin. Populations of P. infans
distributed in lowlands showed a higher level of genetic diversity than
populations distributed in highlands, which could be linked to more stable and
higher temperatures in lowland areas. Finally, fluctuations in population size are
supported by the continuous fluctuations of the climate and water levels of

hydrological systems in central Mexico due to glacial and interglacial cycles.
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Additional files

Additional file 1: Tissue voucher number, and access number of GenBank.

Site Locality Biogeographic region ~ Voucher number Access number of GenBank

Cytb cox/ RHO S7
1 Los Venados Magdalena 9429 MG028024 MG028296 MG100624 MG366198
1 9429B - - NO MG366199
1 9431 MG028025 MG028297 MG100625 MG366200
1 9431B - MG100626 MG366201
1 9432 MG028026 MG028298 NO NO
1 9434 MG028027 MG028299 MG100627 NO
1 9434B - MG100628 NO
1 9435 MG028028 MG028300 MG100629 MG366202
2 Laguna Magdalena 4600 MG028023 MG028295 MG100622 MG366196
2 4600B - MG100623 MG366197
2 9959 MG028029 MG028301 MG100630 MG366203
2 11695 MG028030 MG028302 NO MG366204
2 11696 MG028031 NO NO NO
2 11697 MG028032 MG028303 NO MG366205
2 11697B --- - NO MG366206
2 11698 MG028033 MG028304 MG100631 MG366207
2 11699 MG028034 MG028305 MG100632 MG366208
2 11699B - --- NO MG366209
2 11700 MG028035 MG028306 MG100633 MG366210
2 28074 MG028036 NO NO MG366211
2 28074B - - NO MG366212
2 28075 MG028037 MG028307 NO MG366213
2 28076 MG028038 NO MG100634 MG366214
3 Presa San Ignacio Ameca 4632 MG028039 MG028308 MG100635 MG366215
3 4632B - - NO MG366216
3 42907 MG028070 MG028334 MG100663 NO
3 42908 MG028071 MG028335 NO NO
3 42909 MG028072 MG028336 MG100664 NO
3 42910 MG028073 MG028337 MG100665 NO
3 42911 MG028074 NO MG100666 MG366254
3 42927 MG028075 MG028338 MG100667 MG366255
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O OOWOWOWOWOWWOWWOWOMOOMWMOMOWMPOPOMWMOOWONNNOOOOOTOUOIOTOUUOIOO OO DDN

Chapulimita Ameca 4654 MG028040 MG028309 MG100636 MG366217

4654B -—- MG100637 MG366218
4655 MG028041 MG028310 MG100638 MG366219
4655B -—- -—- NO MG366220
Salida presa Tecuan Ameca 5049 MG028042 MG028311 MG100639 MG366221
5049B -—- - NO MG366222
5050 MG028043 NO MG100640 MG366223
5051 MG028044 MG028312 MG100641 MG366224
5051B -—- -—- NO MG366225
5052 MG028045 MG028313 MG100642 MG366226
5052B -—- -—- NO MG366227
5053 MG028046 MG028314 NO NO
5054 MG028047 MG028315 MG100643 MG366228
5054B -—- -—- NO MG366229
5059 MG028048 MG028317 NO NO
Manantial Los Veneros Ameca 9920 MG028049 MG028318 MG100644 MG366230
9920B -—- -—- NO MG366231
9921 MG028050 MG028319 MG100645 MG366232
Tala, Rio Salado Ameca 11841 MG028051 MG028320 MG100646 MG366233
11842 MG028052 MG028321 MG100647 NO
11843 MG028053 MG028322 MG100648 NO
Amatlan de cafas Ameca 11979 MG028054 MG028323 MG100649 MG366234
11979B -—- - NO MG366235
11980 MG028055 MG028324 MG100650 MG366236
11980B -—- MG100651 MG366237
11981 MG028056 NO MG100652 MG366238
11981B -—- MG100653 MG366239
11982 MG028057 MG028325 NO MG366240
11982B -—- -—- NO MG366241
11984 MG028058 MG028326 MG100654 MG366242
11985 MG028059 MG028327 MG100655 MG366243
11985B -—- -—- NO MG366244
Teuchitlan Ameca 28085 MG028060 NO NO NO
28086 MG028061 NO NO NO
28087 MG028062 NO NO MG366245
28088 MG028063 NO NO NO
28089 MG028064 MG028328 MG100656 MG366246
28089B -—- -—- NO MG366247
31540 MG028065 MG028329 MG100657 MG366248
31540B -—- MG100658 NO
31541 MG028066 MG028330 MG100659 MG366249
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S. M. San Julian

San Nicolas

Arroyo La Estancia

Rio Colorado

Rio Xoconostle-San Juan

Manantial Andrés-Figueroa

Verde

Verde

Verde

Verde

Medio Lerma

Sayula

31541B
31542
31543
31543B
31544
4672
4673
4674
4674B
35449
35450
35451
35452
35453
35454
35455
35456
35456B
35457
35457B
35458
35459
36260
36260B
36261
36261B
35460
35461
36256
36257
36258
36259
4948
4948B
4949
12810
5023
5024
5026
5026B
5027

MG028067
MG028068
MG028069
MG028224
MG028225
MG028226
NO

MG028227
MG028228
NO

MG028229
MG028230
MG028231
MG028232

MG028233
MG028234
MG028235
MG028242

MG028243
MG028236
MG028237
MG028238

MG028240
MG028241
MG028076

MG028077
MG028078
MG028079
NO

MG028080

MG028081

MG028331
MG028332

MG028333
MG028487
MG028488
MG028489
MG028490
MG028491
MG028492
MG028493
MG028494
MG028495
MG028496
MG028497

MG028498

MG028499
MG028500
MG028507

MG028508
MG028501
MG028502
MG028503

MG028505
MG028506
MG028339

MG028340
MG028341
MG028342
MG028343
MG028344

MG028345

MG 100660
MG100661
MG100662

MG100780
MG100781
MG100782
NO

MG100783
MG100784
NO

MG100785
MG100786
MG100787
MG100788
NO

MG100789

MG100796
NO

MG100797
NO

MG100790
MG100791
MG100792
MG100793
MG100794
MG100795
MG100668
MG 100669
MG100670
MG100671
NO

NO

MG100672
MG100673
NO

MG366250
MG366251
MG366252
MG366253
NO

MG366429
NO

MG366430

MG366431
NO

NO

MG366432
MG366433
MG366434
MG366435
NO

NO

MG366437
MG366438
MG366439
MG366440
MG366436

YES
MG366256
MG366257
MG366258
MG366259
MG366260
MG366261
NO
MG366262
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Manantial San Marcos

Canal Presa Buena Vista

Villa corona

Manantial Cuyacapan

Sayula

Sayula

Sayula

Sayula

5044
5044B
5047
18962
18963
18964
189648
28115
28116
28116B
28117
28118
28119
8360
8360B
8361
8362
8363
8363B
8364
8364B
8365
8366
8366B
5070
5070B
28109
28109B
28110
28110B
10565
10565B
10566
105668
10567
10567B
10568
10568B
10570
10571
10571B

MG028082

MG028083
MG028104
MG028105
MG028106
MG028109
MG028110

MG028111
MG028112
MG028113
MG028085
NO
MG028086
MG028087

MG028088

MG028089
MG028090

MG028084

MG028107

MG028108

MG028091

MG028092

MG028093

MG028094

MG028095
MG028096

MG028346

MG028347
MG028369
MG028370
MG028371
MG028375
MG028376

MG028377
MG028378
MG028379
MG028349

MG028350
MG028351
MG028352

MG028353

MG028354
MG028355

MG028348

MG028373
;\;I-G028374
;\;I-6028356
I-\;I-6028357
I-\;I-G028358
;\;I-(3028359

MG028360
MG028361

MG100674
MG100675
MG100676
MG100692
NO

MG100693
MG100694
MG100699
MG100700
MG100701
MG100702
MG100703
MG100704
MG100678

MG100679
NO
NO
MG100680
NO
MG100677
NO
MG100695
MG 100696
MG100697
MG100698
MG100681
NO
MG100682

MG100683
NO
MG100684
MG100685
NO

NO

NO

MG366263
MG366292
NO

MG366293
NO

MG366300
MG366301
NO

MG366302
MG366303
MG366304
MG366266
MG366267
NO

MG366268
MG366269
MG366270
MG366271
MG366272
MG366273
MG366274
MG366275
MG366264
MG366265
MG366296
MG366297
MG366298
MG366299
MG366276
MG366277
MG366278
MG366279
MG366280
MG366281
MG366282
MG366283
MG366284
MG366285
MG366286
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10572 MG028097 MG028362 MG100686 NO

10573 MG028098 MG028363 MG100687 MG366287
10573B - MG100688 MG366288
10574 MG028099 MG028364 NO NO
10575 MG028100 MG028365 MG100689 NO
10577 MG028101 MG028366 NO NO
10578 MG028102 MG028367 MG100690 MG366289
10578B NO NO MG100691 MG366290
42833 MG028115 MG028381 NO NO
42834 NO MG028382 NO NO
42835 MG028116 MG028383 MG100705 NO
42836 NO MG028384 NO NO
42932 MG028117 MG028385 MG100706 MG366305
Laguna de Zapotlan Sayula 14095 MG028103 MG028368 NO MG366291
42814 MG028114 MG028380 NO NO
Rio Las Puentes Chapala 17979 NO MG028456 MG100749 MG366382
17979B - MG100750 NO
17980 NO MG028457 NO NO
17981 MG028189 MG028458 NO MG366383
17981B - - NO MG366384
17982 MG028190 MG028459 MG100751 MG366385
17982B - - NO MG366386
17983 MG028191 NO MG100752 MG366387
17984 MG028192 MG028460 MG100753 MG366388
17993 MG028193 MG028461 MG100754 MG366389
17993B - --- NO MG366390
17995 MG028194 MG028462 MG100755 MG366391
17995B - --- NO MG366392
Cojumatlan Chapala 28130 MG028195 NO NO NO
28131 MG028196 MG028463 NO NO
28132 MG028197 MG028464 MG100756 NO
28132B - MG100757
Los Negritos Chapala 28186 MG028198 NO NO MG366393
28189 MG028199 NO NO MG366394
28189B - --- NO MG366395
28191 MG028200 MG028465 NO MG366396
28192 MG028201 MG028466 MG100758 MG366397
28193 MG028202 MG028467 MG100759 MG366398
28193B - - NO MG366399
Presa Nueva Chapala 28264 MG028203 MG028468 MG100760 MG366400
28264B - - NO MG366401
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Manantial La Mintzita

Ojo de Agua San Cristobal

Embarcadero Principal

Urandén

Cuitzeo

Cuitzeo

Patzcuaro

Patzcuaro

28265
282658
28266
28266
28267
28267B
28268
28268B
10153
10154
10154B
10155
10155B
10156
10157
10164
10164B
10359
10359B
10360
10361
10362
10364
10365
10366
10369
103698
10370
10372
10265
10266
10267
10286
10287
10288
10289
10290
23906
23906B
26806
26807

MG028204

MG028205

MG028206

MG028207
MG028118
MG028119

MG028120
MG028121
MG028122
MG028123

MG028124
MG028125
MG028126
MG028127
MG028128
MG028129
NO

MG028130
MG028131
MG028132
MG028133
MG028134
NO

MG028135
MG028136
MG028137
NO

MG028138
MG028139
MG028140
MG028141

MG028469
I-\;I-GO2847O
;\;I-GO28471
I-\;I-G028472

MG028386
MG028387

MG028388

MG028389
MG028390
MG028391

MG028392

MG028393
MG028394
MG028395
MG028396
MG028397
MG028398
MG028399

MG028400
MG028401
MG028402
NO

MG028403
MG028404
MG028405
MG028406
MG028407
MG028408
MG028409

MG028410
MG028411

NO
NO
MG100761
NO
MG100762
NO
MG100763
NO
MG100707
MG100708

MG100710
MG100711
MG100712
MG100713
MG100714

MG100717
MG100718
MG100719
NO

MG366402
MG366403
MG366404
MG366405
MG366406
MG366407
MG366408
MG366409
MG366306
MG366307
MG366308
MG366309
MG366310
NO

MG366311
MG366312
MG366313
MG366314
MG366315

MG366316
MG366317
MG366318
MG366319
MG366320
MG366321
MG366322
MG366323
MG366324
NO

MG366325
MG366326
NO

NO

MG366327
MG366328

MG366329
NO
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Presa Melchor Ocampo Zacapu

La Zarcita Zacapu
Laguna de Zacapu Zacapu
Atenquique Tamazula
Puente en Jacona Bajo Lerma

26808
26809
26810
26811
26812
10431

10431B
10437
10439
10440
10441
10443
10444
10445

25106
25106B
25107
25109
25110
25111
25112
25113
25114
25115
25116
25102
25102B
26801
26802
26803
26803B
26804
26804B
12012
17964
17965
17975
17975B

MG028142
MG028143
MG028144
MG028145
MG028146
MG028147

MG028148
MG028149
MG028150
MG028151
MG028152
MG028153
NO

MG028155

MG028156
MG028157
MG028158
NO

MG028159
MG028160
MG028161
MG028162
MG028163
MG028154
MG028164
MG028165
MG028166

MG028167
MG028188
MG028266
MG028267
MG028268

MG028412
NO

MG028413
MG028414
MG028415
MG028416

MG028417
MG028418
MG028419
MG028420
NO

MG028421
MG028422
MG028424

MG028425
MG028426
MG028427
MG028428
MG028429
MG028430
MG028431
MG028432
MG028433
MG028423
MG028434
MG028435
MG028436

MG028437

MG028455
MG028531
MG028532
MG028533

MG100720

MG100721
MG100722

MG100723
NO
MG100724
NO
NO
NO
NO
NO

MG100725
NO

MG100726
MG100727
MG100728

MG100748
MG100815
MG100816
NO
NO

MG366330
MG366331
MG366332
NO

MG366333
MG366334

NO
NO
MG366335
MG366336
MG366337
MG366338
MG366339
NO

MG366342
MG366343
NO

MG366344
MG366345
MG366346
MG366347
MG366348
MG366349
MG366350
MG366351
MG366340
MG366341
MG366352
MG366353
MG366354
MG366355
MG366356
MG366357
NO

NO

MG366468
MG366469
MG366470
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Presa La Luz

Quitupan

Presa San Juanico

San Sebastian

Bajo Lerma

Balsas

Cotija

Etzatlan-San Marcos

17976
17976B
17977
39556
39557
39558
39559
39560
39561
39562
39563
39563B
39564
39564B
18739
18740
18740B
18745
18746
18747
18747B
28133
28134
28134B
28135
28136
28136B
28137
28137B
28138
28139
28139B
28140
28164
28164B
28165
28166
11920
11920B
11921
11921B

MG028269
MG028270
MG028273
MG028271
MG028272
NO

MG028276
MG028275
MG028274
MG028277

MG028278
MG028208
MG028209
MG028210
MG028211
MG028212
MG028213
MG028214

MG028215
MG028216

MG028217

MG028218
MG028219

MG028220
MG028221

MG028222
MG028223
MG028168

MG028169

MG028534
MG028535
MG028536
MG028537
MG028538
MG028539
MG028540
MG028541
MG028542
MG028543

NO
MG028473
MG028474

MG028475
MG028476
MG028477
MG028478
MG028479

MG028480
NO

NO

MG028481
MG028482

MG028483
MG028484

MG028485
MG028486
MG028438

MG028439

MG100817
NO

MG100818
MG100819
MG100820
MG100821

MG100822
NO

MG100823
MG100824
MG100764

MG100765
MG100766
MG100767
NO

MG100768
MG100769
MG100770
NO

NO

MG100771
NO

MG100772
MG100773
MG100774
MG100775
MG100776
MG100777
MG100778
MG100779
MG100730
MG100731
NO

NO

MG366471
MG366472
MG366473
MG366475
MG366476
MG366477
MG366478
NO

NO

MG366479
MG366480
MG366481
MG366482
NO

MG366410
MG366411
MG366412
MG366413
MG366414
MG366415
NO

MG366416
MG366417
NO

MG366418
MG366419
MG366420
MG366421
MG366422
MG366423
MG366424
NO

MG366425
MG366426
NO

MG366427
MG366428
MG366358
MG366359
MG366360
MG366361
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Presa Palo Verde

San Juanito de Escobedo

Cuescomatitlan

Jalpa

San Antonio

Presa de Garabato

Etzatlan-San Marcos

Etzatlan-San Marcos

Grande de Santiago

Grande de Santiago

Grande de Santiago

Grande de Santiago

32485
32485B
32486
32487
32488
32490
32491
32492
32493
32494
32495
32495B
32577
32579
32580
28171
28171B
28172
28173
28173B
28174
28174B
28175
28175B
5094
5094B
5095
5096
5097
5097B
5098
5098B
5769
20875
208758
36290
36290B
36291
36291B
36314
36314B

MG028175
MG028176
MG028177
MG028178
MG028179
MG028180
MG028181
MG028182
MG028183
MG028184
MG028185
MG028186
MG028187
MG028170
MG028171
MG028172

MG028173

MG028174

MG028244

MG028245
MG028246
MG028247

MG028248

MG028249
MG028250

MG028251
MG028252

MG028253

MG028443

MG028444
MG028445
MG028446
MG028447
MG028448
MG028449
MG028450
NO

MG028451
MG028452
MG028453
MG028454
MG028440
NO

MG028441

NO
MG028442

MG028509

MG028510
MG028511
MG028512

MG028513

MG028514
MG028372

MG028515
MG028516

MG028517

MG100735
NO

MG100736
MG100737
MG100738
MG100739
MG100740
MG100741
MG100742
NO

MG100743
MG100744
MG100745
MG100746
MG100747
NO

NO

MG100732
MG100733

MG100734
NO
MG100798
MG100799
NO
NO
MG100800

MG100801
MG100802
MG100803
MG100804
MG100805
MG100806
MG100807
NO

MG366371
MG366372
MG366373
NO

MG366374
MG366375
MG366376
MG366377
MG366378
NO

MG366379
NO

MG366380
NO

MG366381
MG366362
MG366363
MG366364
MG366365
MG366366
MG366367
MG366368
MG366369
MG366370
MG366441
MG366442
MG366443
MG366444
MG366445
MG366446
MG366447
MG366448
MG366449
MG366450
NO

MG366451
MG366452
MG366453
MG366454
MG366455
MG366456
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Rio Tinajeros

Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica
Poeciliopsis prolifica

Grande de Santiago

36315
36315B
36319
36319B
36320
36320B
36322
36322B
36323
36323B
36324
36324B
36326
36327
36328
36329
36330
36331
36332
42668
42668B
42669
42670
42670B
42671
42812
42815
42816
42817
42818
42820
42821
42822
42822B
42824
42825

MG028254

MG028255

MG028256

MG028257

MG028258

MG028259
MG028260
MG028261
MG028262
MG028263
MG028264
MG028265
NO

MG028009
MG028010
MG028011

MG028012
MG028013
MG028014
MG028015
MG028016
MG028017
MG028018
MG028019
MG028020
MG028021
MG028022

MG028518
I-\;I-602851 9
I-\;I-6028521
;\;I-G028520
I-\;I-G028522

MG028523
MG028524
MG028525
MG028526
MG028527
MG028528
MG028529
MG028530
MG028279
MG028280
MG028281

MG028282
MG028283
MG028284
MG028285
MG028286
MG028287
MG028289
MG028290
MG028291

MG028292
MG028293

NO
NO
MG100808
NO
MG100809
MG100810
MG100811
NO
MG100812
NO
MG100813
MG100814

MG100617
NO

MG100618
MG100619
MG 100620
MG100621

MG366457
MG366458
MG366459
MG366460
MG366461
NO

MG366462
MG366463
MG366464
MG366465
MG366466
MG366467

MG366191
MG366192
MG366193

MG366194
MG366195
NO
NO
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Additional file 2: Primers, PCR conditions, and References.

Cytb coxl! S7 RHO
Primers Glu-F Fish-F1 S7RPEX1F RH193F
Thr-R Fish-R1 S7RPEX3R RH1073R
Size (pb) 533 626 859 845
Reference Doadrio and Ward et al. Chow & Chen, Bonillo
Dominguez, (2004).  (2005). Hazama, & Lecointre
(1998) (2003)
Denaturing 94°C, 2 min. 94°C, 2 min. 94°C, 3 min. 94°C, 3 min.
(step 1)
Cycles 35 35 32 32
(step 2)
Denaturing 94°C, 45 s. 94°C, 30 s. 94°C, 45 s. 94°C, 45 s.
Annealing 47°C, 1 min. 50°C, 30 s. 58.5°C, 30 s. 55°C, 45 s.
Extension 72°C, 90 s. 72°C, 1 min. 72°C, 90 seg. 72°C, 90 s.
Final 72°C, 5 min. 72°C, 10 min. 72°C, 7 min. 72°C, 7 min.
Extension
(step 3)
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Additional file 3: Models selected with Akaike information criterion and the

parameters of each gene.

Cytb coxl/ S7 RHO
Model GTR+I+G  GTR+l TVM+I+G TrN+1+G
Frec. A 0.2457 0.2488 0.2802 0.1890
Frec. C 0.3046 0.2696 0.1863 0.2900
Frec. G 0.1469 0.1718 0.2347 0.2276
Frec. T 0.3029 0.3098 0.2988 0.2935
P-inv 0.0000 0.8300 0.1600 0.0000
Gamma shape 0.1220 N/A 0.0250 0.9983
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Additional file 4: Geographical coordinates of the 162 sites registers in

Coleccion de Peces de la Universidad Michoacana de San Nicolas de Hidalgo

used as presence data for species distribution modelling.

Locality Latitude Longitude
4 mi S San Miguel de Allende 20.850226 -100.793422
below laguna de Naranja 19.7813659 -101.762748
1 km downstream Platanal 19.9346 -102.252
1 mi ESE of Teuchitlan 20.67878 -103.838685
1 mi WNW of Cuyutlan 20.424082 -103.375023
2 km S of Magdalena 20.89278 -104.031065
2.5 mi S of San Marcos 20.3 -103.533333
200 m above main bridge into Compostela 21.231934 -104.900894
25 m offshore of Manantial Ojo de la Liebre 19.8222613 -101.788056
25 mi E of Ameca 20.687398 -103.693749
3.7 mi E Atequiza 20.403876 -103.070958
5 km W of Teuchitlan 20.69267 -103.91669
5 mi N of Yahualica 21.2299 -102.851
5 mi NE Piedad 20.407505 -101.956027
5 mi W of Ameca 20.481476 -103.975073
6 de Enero 21.52464 -104.80384
6 mi N Colimilla 20.691996 -103.228296
7 mi E of Penjamo 20.4532116 -101.607094
Above & below the presa at Copalita 20.838393 -103.419
Achacales 19.70577 -104.14599
Andocutin 19.9384243 -100.854608
Angamacutiro 20.1446232 -101.704673
Apaseo El Grande 20.5396064 -100.696937
Araro,manantiales al E Cuitzeo 19.9071176 -100.831779
Arroyo en carr. A la Estancia Km 1 21.4100833 -102.7375
Arroyo en Quitupan 19.9243333 -102.871972
Arroyo en San Carlos 20.7852222 -102.766306
Arroyo San Andres 20.780819 -104.181026
Arroyo San Gabriel 21.128684 -100.861203
Atotonilco 21.0021667 -100.799472
Balneario at Tocumbo 19.703312 -102.514432
Balneario Atotonilco 20.5613871 -102.510781
Balneario Chorros de Tala 20.69547 -103.67935
Balneario El Rincon 20.689558 -103.841509
below dam for Presa Ignacio Allende 20.840874 -100.828553
between Etzatlan and San Marcos 20.7776 -104.164
between Ocotlan and Chapala 20.387814 -102.824525
Bordo cerca de Chimaliquin 21.3566667 -102.801889
bridge at Estanzuela 20.5243611 -104.336667
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bridge between Zamora and Jacona
Canal at Tarecuato

Canal de Querendaro 2

Canal en Rancho Nuevo

Capacho

Carretera 304 San Julian-San Miguel el Alto

Chiquimitio

Cienega en La Purisima
Cieneguilla

Copandaro

Copandaro de Jimenez
Desembocadura del Rio Querendaro
ditch 2 mi N Guadalajara

ditch 2.5 N Etzatlan

ditch 8 mi by hwy 70 east of Ameca
ditch between Ameca & Hwy 15
Dren la Cinta

E edge of Belen del Refugio

El Borbollon, La Maiza

El Chacalito

El Nacimiento

El Palo Verde reservoir

El Parian

Estacion Querendaro
exhacienda de Guadalupe
Ferrocarrileros

Granja Sanhuarripa

Hacienda San Sebastian

Hwy 54 bridge in Apozol
[ramuco

Irrigation canal 3.7 mi NE Alvaro Obregon
La Canal, on E of Tocumbo

La Mintzita

La Vega

Lago de Atotonilco

Lago de Camecuaro

Lago de Chapala

Lago de Cuitzeo

Lago de Magdalena

Lago de Zapotlan

Laguna Colorada

Laguna Corralejo

Laguna de Cajititlan

Laguna de Sayula

Laguna de Yuriria

Laguna de Zacapu

19.972381
19.8436
19.8682102
20.7008056
19.9613278
21.0088056
19.799
19.5221667
20.9522222
19.899473
19.8898489
19.9009528
20.75
20.797845
20.546389
20.591616
20.0860194
21.530129
19.5026833
19.8129333
20.5403286
20.769055
19.6892194
19.8823167
19.6589726
20.8126389
20.7770249
20.822912
21.476142
19.9577778
19.806554
19.7033
19.644973
20.5833333
20.3603
19.902411
20.279166
19.9628975
20.902806
19.748632
20.756772
20.5127318
20.415926
20.075605
20.241507
19.823495

-102.295393
-102.479261
-100.972431
-102.939583
-101.224772
-102.296639
-101.246083
-103.342472
-100.795194
-101.216961
-101.668758
-100.976
-103.366667
-104.094427
-103.907617
-103.828087
-101.154617
-102.432634
-101.384592
-104.240933
-100.613519
-104.11573
-101.26838
-100.931714
-101.273074
-100.818611
-104.163603
-104.119572
-103.088792
-100.923056
-101.063069
-102.519
-101.274336
-103.85
-103.654
-102.209455
-103.1875
-101.059816
-104.017245
-103.469951
-103.989213
-101.607914
-103.329852
-103.509025
-101.203946
-101.787291
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Laguna San Marcos

Laguna Zacoalco

Las Adjuntas

Los Cipreses

Los Lavaderos

Los Negritos

Manantial Bellas Fuentes
Manantial en San Jose de Gracia
Manantial in Quinceo

Manantial La Luz

Manantial Orandino

Manantial San Cristobal
Manantial San Francisco del Rincon
Molino viejo cerca de la Cofradia
N Tanhuato

near Balneario El Cortijo

near Cuyacapan

near Estancia de Ayones

Ojo de Agua de Santiaguito
Palo Blanco at bridge crossing
Parque La Angostura

Peninsula de San Agustin del Pulque
Petatan, Lago de Chapala

Pond at end of Lago Union de Tula
Presa Aristeo Mercado

Presa Buenavista

Presa de Cointzio

Presa de Garabato

Presa de Huapango

Presa El Alamo

Presa el Pajonal

Presa Ignacio Allende

Presa Juriquilla

Presa Melchor Ocampo

Presa Palote

Presa San Antonio de Huaracha
Presa San Ignacio

Presa San Juanico

Presa Teclan

Presa Valle de Juarez

Pueblo Rio Laja

Puente Chapulimita

Ribera del Lago de Cuitzeo, 2.5 km al norte del Salitre

Rinconcillo
Rio Ameca at Ameca
Rio Ameca en San Blasito

20.29057
20.243351
20.670525
19.827634

19.8835722
20.061113
19.8215836
20.6742222
19.7339767
19.9370475
19.956206
19.9610861
21.0512833
20.3898611
20.291134
20.992746

19.95954
20.901222
21.046216

19.7417
19.8277229
19.9533389
20.1626944

19.940254
19.929525
20.3349722
19.616234
20.6245556
19.9246389
20.1986413
19.539375
20.8507052
20.7039699
20.0945908
21.18
19.962975
20.6357222
19.847777

20.3205
19.9385556

21.20625

20.68025

19.9167444
20.7889444

20.543587
20.7038139

-103.551612
-103.589273
-101.859447
-101.787137
-100.447078
-102.609368
-101.68013
-102.555389
-101.222332
-102.299697
-102.325994
-101.315353
-101.844344
-103.755028
-102.329762
-100.797794
-103.51704
-104.079639
-101.835825
-104.178
-101.787093
-101.109139
-102.867944
-104.257415
-101.669319
-103.755611
-101.280209
-102.687667
-99.8017778
-99.7867317
-101.417772
-100.823794
-100.462281
-101.738532
-101.68944
-102.578083
-103.931733
-102.685833
-103.734861
-102.949719
-100.922333
-103.908139
-101.299483
-100.806944
-104.043992
-104.309581
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Rio Calvillo

Rio Celio

Rio chiquito de Amatlan de Cafas
Rio de la Laja below bridge

Rio Duero, 9.2 mi W Chilchota

Rio Grande, north of Zacapu

Rio juchipila en el poblado de jalpa
Rio Juchipila N Santa Rosa

Rio la Patera

Rio Salado

Rio Santiago at Poncitlan

Rio Teuchitlan, E edge of Teuchitlan
Rio Tizapan

Rio Turbio

Rio Turbio, 8 mi E Penjamo

Rio Tuxpan, 1 km N of Atenquique
Rio Xoconoxtle San Juan

Rio Zula bajo el puente

Road by La Quemada

S Empalme Escobedo

San Nicolas, Rio Verde

SE corner, in Yahualica

Spring-fed pond N Jaripo

Stream E El Refugio de los Orendain

stream flowing into a presa near La Quemada

Stream near Santa Anna

Stream near Santa Cruz de las Flores

Tarejero Spring

Texcalme

Tierra colorada

Trib to Ameca W of Ameca

21.847038
19.947655
20.8026417
20.670345
19.912489
19.824226
21.6518
21.602895
19.9211278
20.68675
20.38502
20.682196
20.0431667
20.75
20.4532
19.530125
20.9420833
20.4131911
21.3271944
20.597196
21.29595
21.167672
19.942262
20.725792
20.9631056
20.539257
20.469271
19.8215407
20.4580944
19.7998806
20.535054

-102.739145
-102.304475
-104.417678
-100.751515
-102.205813
-101.77389
-102.966
-102.94872
-101.724569
-103.693361
-102.923955
-103.843366
-103.803722
-101.833333
-101.607
-103.430328
-100.977222
-102.724989
-101.095806
-100.746606
-102.549917
-102.881113
-102.591945
-103.64856
-104.052878
-103.434305
-103.506936
-101.717526
-104.070367
-101.247481
-104.057926
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Additional file 5: Ambiguously Aligned Regions for S7.

BP
Clade 244 392 402 403 404 410 411 417 418 419 420 431 456 457 458 471 472 504 505 511
A1 C AT A A A AT A T -IT A A T A T G G C A G C
A2 C -IT A A AT AT -ATIG A A ST -IA AT -G -G -/C A -G -IC
A3 C -IT A /A /A T A -IT -TIG -IA /AT A T G G C A G C
B - -IT - - - - A -IT -IG A AT A T G G Cc A G C
BP
Clade 512 605 606 607 608 609 610 613 614 615 616 617 618 619 620 621 622 623 624 625
A1 A AT -IT -IA /G -C T A G C T T A A G C T A G
A2 AT A T T A G C -IT -/A /G -/C T T A A G Cc T A G
A3 T/A A T T A G C AT A -G -/C AT -IT -/A /A /G -/C T -IA -G
B A A T T A G C T A G C T T A A G C T A G
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BP

Clade 626 627 628 629 644 708 709 710 711 781 782 785 786
A1 A C G A A A C A T C A G C
A2 <A -IC -IG -IA /A A Cc A T C A G C
A3 <A -IC -IG A A A C A T C A G Cc

B A C G A A A -/C A JT -JC A -G -IC
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vgr

42821-P. prolifica

1/100

49669-P. profifica
L 42668-P. prolifica

1/83

0.02

AF412135-Ameca
4654-Ameca
0020-Ameca
11841-Ameca
11843-Ameca Ame
11984-Ameca San
28087-Ameca Ver
31543-Ameca
35451-Verde
35455-Verde
36322-Santiago
1197942?59’:1:\&
— meca
5027-San Marcos | Clade A,
10566-Sayula Sa
1/94 10568-Sayula y
97 10570-Sa§'ua Sma
10575-Sayula Zap
14095-Zapotlan
18963-San Marcos
18964-San Marcos
4600-Magdalena
11698-Magdalena
28174-Etzatlan Mag
28175-Etzatlan Elz
32492-Etzatlan
32494-Etzatlan
32493-Etzatlan
32577-Etzatlan
~ AF412136-Chapala
- 28110-Atotonilco Mie
0.96 28131~Cha[.i>ala Ato
— 28193-Chapala Cha
- 28066-Chapala e
—— 36290-Santiago
~ 4948-Middle Lerma i
— 4949-Middle Lerma g
o
1 -£acapu | Clade B
L 10444-Zacapu Zac
- 25114-Zacapu Le
— 10440-Zacapu
— 17964-Lower Lerma
- AF412138-Panuco
1/100 |~ AF412137-Santiago Pan
— AF412134Lerma San
- 10155-Cuitzeo Mie
0.9 10359-Cuitzeo Cui
10361-Cuitzeo
—— 10365-Cuitzeo

Additional file 6: The Bayesian inference tree of P. infans from cytb
mitochondrial gene (1,083 bp). Bayesian posterior probability (>0.9; above the

branches) and maximum likelihood bootstrap values (>80%; below the

branches) are indicated.
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— 42668-P. prolfica

— 42669-P.prolifica

1/100

Additional file 7: The Bayesian inference tree of P.
mitochondrial gene (631 bp). Bayesian posterior probability (>0.9; above the

branches) and maximum likelihood bootstrap values (>80%; below the

branches) are indicated.

0.02

0.98

93

- 10574-Sayula

- 28115-San Marcos
4654-Ameca
.99/80
5049-Ameca
36326-Santiago
~ 9959-Magdalena
4948-Middle Lerma
10362-Cuitzeo

.88
10431-Zacapu

17964-Lower Lerma

39563-Lower Lerma

— 10265-Patzcuaro

—— 17965-Lower Lerma

4600-Magdalena
1/100 |
28171-Etzatlan
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4600-Magdalena
11698-Magdalena
1 28171-Etzatlan
98 |—28175-Etzatlan
32492-Etzatlan
32493-Etzatlan
32577-Etzatlan
-4654-Ameca
—5049-Ameca
5053-Ameca
35451-Verde

Mag
Etz
Ver

36322-Santiago
1 36326-Santiago Ame
28 11984-Ameca Ato

11985-Ameca
35455-Verde

1 | -9920-Ameca
97 11841-Ameca

11843-Ameca
L.31543-Ameca

11979-Ameca

-4655-Ameca

~5027-San Marcos

— _Li 9566-Sayula

10568-Sayula

10570-Sayula

‘L 10575-Sayula

—10573-Sayula

—10574-Sayula

1_| -14095-Zapotlan

95| |-18963-San Marcos

~18964-San Marcos

San
Ver

Ame
Say
Sma
Zap
Tam

0.87

7/ 700 28115-San Marcos
9959-Magdalena Ma
28110-Atotonilco g
10265-Patzcuaro Ame
1~28131-Chapala
28193-Chapala Ato
28266-Chapala =)
36290-Santiago at
17965-Lower Lerma h
~-4948-Middle Lerma Cha
i - 4949-Middle Lerma Bal
=4 F 10431-Zacapu
10437-Zacapu Cot
A A e San
A1 -Zacapu
0.94 | | L-10440-zacapu Lle
_L1 7964-Lower Lerma
39563-Lower Lerma Mile
- 12810-Middle Lerma
1_| 10154-Cuitzeo Zac
100 L_10155-Cuitzeo Lle
10359-Cuitzeo Cui
42668-P. prolifica {1 0361-Cuitzeo ul
s ¢ 1 F42669-p. prolifica 10362-Cuitzeo

77 100 —42821-F. prolifica — 10365-Cuitzeo

0.006

Additional file 8: The Bayesian inference tree of P. infans from concatenated
sequences of two mitochondrial genes (cytb, coxl; 1,771 bp). Bayesian
posterior probability (>0.9; above the branches) and maximum likelihood

bootstrap values (>80%; below the branches) are indicated.
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42669-P. profifica
A26760-P. profificaZ

4600-Magdalena

4600B-Magdalena

0.98/100 9431B-Magdalena
l_— 11920B-Etzatlan
9434-Magdalena
0.97/100 4|°'97”°°

11981-Ameca
32495-etzatlan

4674-Verde

36314-Santiago

9959-Magdalena

" 4948-Middle Lerma
L 4948-Middle Lerma

5026-San Marcos

10573-Sayula

0.002

10431-Zacapu
12012-Tamazula
17979-Chapala
17964-Lower Lerma

39564-Lower Lerma

9434-Magdalena

Additional file 9: The Bayesian inference tree of P. infans from RHO nuclear

gene (845 bp). Bayesian posterior probability (>0.9; above the branches) and
maximum likelihood bootstrap values (>80%; below the branches)

indicated.
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42668-F. prolifica
j— 42669B-F. prolifica
428228-P. profifica

1/100

— 4600-Magdalena
— 9959-Magdalena

0.95

36290-Santiago

—— 28109-Atotonilco
28118-San Marcos

— 26806-Patzcuaro
25102-Zacapu

28265-Chapala
18747-Balsas
— 36314-Santiago
36322-Santiago
36323-Santiago
17964-Lower Lerma

|— 4632-Ameca

—— 10565-Sayula
10568B-Sayula

5049B-Ameca
}— 5052-Ameca

5052B-Ameca
11985Ameca
28087Ameca
— 28110-Atotonilco
11920B-Etzatlan
11921-Etzatlan
28173-Etzatlan
—— 17979-Chapala
36260-Verde

36261B-Verde

Additional file 10: The Bayesian inference tree of P. infans from S7 nuclear

gene (859 bp). Bayesian posterior probability (>0.9; above the branches) and

maximum likelihood bootstrap values (>80%;

indicated.

below the branches) are
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Additional file 11. The Bayesian inference tree of P. infans from concatenated
sequences of two nuclear genes (S7 and RHO: 1,704 bp). Bayesian posterior
probability (>0.9) and maximum likelihood bootstrap values (>80%) are

indicated.
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Additional file 12. Haplotype networks for nuclear genes, a) S7 gene, b) RHO

gene. The two recovered haplogroups are show with labels A and B.
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V. DISCUSION GENERAL

Los procesos evolutivos que han moldeado la distribucion, la estructura
y la diversidad genética actual de los organismos en el Centro de México, han
sido ampliamente estudiados en los ultimos afios, siendo el foco de interés de
bidlogos evolutivos y biogedgrafos (Bryson et al., 2011a,b,c,d; Dominguez-
Dominguez et al., 2008a; 2010; Huidobro et al., 2006; Ornelas-Garcia et al.,
2012; Pedraza-Lara et al., 2012; Pérez-Rodriguez et al., 2009; 2015).

Los resultados obtenidos en esta investigacion, contribuyen a
incrementar el conocimiento sobre los patrones filogeograficos de cuatro
grupos de especies de peces viviparos, endémicos del Centro de México, tres
pertenecientes a la subfamilia Goodeinae y uno a la Poeciliinae. Vale la pena
notar como resultado de esta investigacién los patrones contrastantes entre las
especies estudiadas, con unas especies presentando fuerte estructura
genética, mientras que otras con una baja o nula diferenciacién genética entre
regiones biogeograficas.

Por su parte, las especies del género llyodon (Goodeinae), representan
de los pocos géneros de este grupo distribuidos en las cuencas hidroldgicas de
la costa del Pacifico, mostrando ser un grupo fuertemente estructurado, incluso
dentro de cuencas hidroldgicas. La alta plasticidad fenotipica reconocida para
el género, ha generado controversias importantes en el numero de especies
que lo componen (Grudzien y Turner, 1984a,b; Turner y Grosse, 1980).

Poeciliopsis infans (Poeciliinae), Goodea spp. y Xenotoca variata
(Goodeinae) representan las especies de estas subfamilias con el mas amplio
rango de distribucién, encontrandolas tanto en cuencas que drenan al Pacifico,
como cuencas que drenan al Atlantico, asi como cuencas endorreicas (Miller et
al., 2005). Los tres grupos de especies comparten su distribucién en cuencas
del Centro de México y presentan diferencias bioldgicas y ecoldgicas
importantes. Mientras que P. infans y X. variata presenta marcado dimorfismo
sexual, G. atripinnis es considerada una especie monomorfica (Ritchie et al.,
2007), G. atripinnis y X. variata son especies de origen neartico, mientras que
P. infans tiene un origen neotropical.

Dentro de los resultados obtenidos en las especies estudiadas, se

demuestra que los procesos evolutivos encontrados en general son complejos,
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como consecuencia de eventos paleogeograficos y paleoclimaticos ocurridos
durante el Plioceno y el Pleistoceno y que persisten aun hasta nuestros dias; lo
que ha dado lugar a los patrones filogenéticos, filogeograficos, biogeograficos,
asi como de estructuracién y diversidad genética en las especies X. variata
(Beltran-Lopez et al., en preparacion), el género llyodon (Beltran-Lopez et al.,
2017) y en P. infans (Beltran-Lopez et al., 2018). Mientras que Goodea spp.,
que representa el grupo de peces mas ampliamente distribuido en el Centro de
México, mostré baja diferenciacién genética y divergencia reciente entre las
poblaciones, la cual no corresponde con la historia geoldgica y climatica del

Centro de México (Beltran-Lopez et al., en preparacion).

V. | Patrones filogenéticos y filogeograficos

En las especies estudiadas, encontramos patrones filogenéticos y
filogeograficos contrastantes. Por una parte para las especies del género
llyodon, se encontré una politomia basal, por lo cual la historia evolutiva del
género es dificil de interpretar (Beltran-Lépez et al., 2017). A pesar de la
politomia, se observan seis grupos genéticos bien diferenciados, de acuerdo a
los clados y sub-clados obtenidos en los analisis filogenéticos, sin embargo,
estos resultados no corresponden con la taxonomia reconocida del género.

De manera similar se observa una historia evolutiva compleja, para
Poeciliopsis infans y Xenotoca variata, se encontraron dos linajes genéticos
divergentes para cada una de las especies. En ambas especies, se reconoce
que los dos clados bien diferenciados, indican una larga historia de aislamiento,
con subsecuente diferenciacion genética, la cual parece estar ligada a la
intensa actividad volcanica y tectonica en el Centro de México, durante el
Plioceno y el Pleistoceno, hace aproximadamente 2.83 millones de afios (1.25-
4.41 millones de afios) para el caso de P. infans y 2.87 millones de afos (1.44-
4.31 millones de afos) para el caso de X. variata. Aunque los tiempos de
divergencia para ambas especies son similares, el evento cladogenético que
separd a los dos linajes de cada una de las especies ocurrid en regiones
biogeograficas diferentes.

Finalmente, un patréon contrastante fue reconocido en las especies del

género Goodea, para el cual se encontraron diferencias genéticas minimas
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dentro y entre regiones biogeograficas a lo largo de su amplio rango de
distribucion, en la red de haplotipos con cytb se encontraron dos haplogrupos
separados por dos pasos mutacionales y tiempo de divergencia entre estos dos
haplogrupos de aproximadamente 0.81 millones de afios (0.33-1.3 millones de
anos).

Para llyodon spp., debido a la politomia basal encontrada, no se llevo a
cabo una filogenia fechada, sin embargo, la zona de distribucién del género
esta localizada en una zona que tuvo alta actividad volcanica durante el
Plioceno y el Pleistoceno, hace 3.5 y 1.5 millones de afios, especificamente, la
actividad de la triple unién (grabens de Tepic-Zacoalco, Chapala y Colima), el
sistema de fallas de Tenochtitlan, y el sistema de fallas de Chapala-Oaxaca
(Garcia-Palomo et al., 2002; Garduio-Monroy et al., 1998; Rosas-Elguera et
al., 1997). Por lo que se reconoce que la diversificacion de este género, parece
estar relacionada con la compleja historia geolégica de los sistemas
hidrolégicos en el area, en el que patrones de conexidn y desconexion se han
establecido de acuerdo a las relaciones filogenéticas de otras especies de
peces (Dominguez-Dominguez et al., 2010; Ornelas-Garcia et al., 2008; Pérez-
Rodriguez et al., 2009; 2015; Piller et al., 2015; Webb, 2002).

Para el caso de P. infans el evento cladogenético que separ6 a los dos
clados, coincide con la interrupcién de la conexion antigua de la parte alta del
rio Ameca con las cuencas del Centro de México, influido por la actividad
volcanica y tectonica ocurrida hace aproximadamente 3-1 millones de afos
(Ferrari et al., 1999), esta barrera pudo haber bloqueado la ruta de dispersion
entre los dos clados (Beltran-Lopez et al., 2018). Este evento vicariante ocurrid
cuando el sistema hidrolégico formado por el complejo Paleosistema de
Chapala-Lerma (Rios Ameca y Lerma, Lagos Magdalena, Chapala y los lagos
distribuidos a lo largo del graben de Colima), comenzaron su aislamiento
debido a la actividad volcanica y tectonica en el area de la triple unién (mismo
evento que pudo haber provocado la diferenciacion genética de llyodon spp.), y
las fallas de Ameca y San Marcos, hace aproximadamente 3.5-1.5 millones de
anos (Rosas-Elguera et al., 1998).

Por otra parte, para X. variata, el evento cladogenético que separo a los
dos linajes coincide con la actividad geoldgica de la region que tuvo lugar

durante el Plioceno y el Cuaternario debido a las fallas geolégicas alrededor del
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lago de Cuitzeo, asi como a la zona de fallas de la ciudad de Morelia y al
graben de Penjamillo (Ferrari et al., 1994), ademas de la formaciéon de campos
volcanicos monogenéticos, el mas prominente, el campo volcanico de
Michoacan-Guanajuato con cerca de 1000 conos volcanicos distribuidos a lo
largo de 40,000 Km? en el sector central de la FVTM (Hasenaka, 1994;
Hasenaka y Carmichael, 1985), el vulcanismo en este sector comenzo en el
Plioceno tardio (hace aproximadamente 2.87 millones de afios (Hasenaka y
Carmichael, 1985).

Para todas las especies, los analisis de varianza molecular
implementados mostraron el mismo patron, maximizando el coeficiente @cr
cuando las muestras se agruparon de acuerdo a los clados y sub-clados
obtenidos en los analisis filogenéticos y no de acuerdo a las regiones
biogeograficas propuestas por Dominguez-Dominguez et al., (2006).

Aunque para X. variata, llyodon spp. y P. infans los eventos vicariantes
por actividad volcanica y tecténica son la primer causa de aislamiento de los
linajes genéticos encontrados, los factores biolégicos y ecoldgicos parecen
haber influido en la historia evolutiva de manera diferente en las especies co-
distribuidas estudiadas.

En el caso de Illyodon spp., se han reconocido grupos con alta
divergencia morfoldgica asociada con la estructura tréfica, con variacion en la
forma y arreglo del craneo, la boca y los dientes, ademas el tamafio de estos
peces esta influenciado por el habitat y por la alimentacion (Grudzien y Turner,
1984a,b; Turner y Grosse, 1980), esta divergencia morfoldégica puede estar
asociada a la diferenciaciéon genética encontrada inclusive en una misma
cuenca, ya que se ha mostrado recientemente que los goodeinos radiaron en
un escenario de oportunidades ecoldgicas a lo largo de los diferentes habitats
disponibles, por lo que se mostré que ha existido una rapida especiacion y
diversificacion morfolégica dentro de la subfamilia Goodeinae (Foster y Piller,
2018).

Para el caso particular de P. infans, considerando que es una especie de
ancestria neotropical (mientras que el resto son nearticas), el patrén
filogeografico encontrado y la alta estructura genética, mostré que los dos
linajes divergentes, tienen correspondencia con la altitud a la que se

distribuyen, es decir, uno de los clados se distribuye en altitudes menores a los
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1300 msnm, mientras que el segundo se encuentra por arriba de los 1300
msnm, por lo que en esta especie, su origen biogeografico y los ciclos glaciales
e interglaciales durante el cuaternario (i. e. temperaturas mas extremas en las
partes mas altas) pueden ser factores determinantes en la distribucion de la
variacion genética, esto considerando que a altitudes menores la temperatura
del agua puede ser mas alta y estable que a altitudes mayores (Beltran-Lopez
et al., 2018).

En el caso de X. variata, aunque un evento vicariante debido a la
actividad volcanica y téctonica, separé a los dos clados divergentes de la
misma manera que en P. infans, la explicacion mas plausible para la
subsecuente diferenciacidon genética de los dos clados de X. variata es debida
a la fuerte seleccién sexual (Beltran-Lépez et al., en preparacién), dado que X.
variata es altamente dimoérfica, con cortejos complejos y diferenciados entre
linajes (Ritchie et al., 2007; Villa-Villasefor, 2013), aunado a esto se ha
reconocido que las regiones biogeograficas Zacapu-Lerma (clado 1) y Cuitzeo
(clado Il) han estado conectadas en tiempos recientes, como lo indican trabajos
previos en los que estas regiones comparten haplotipos o estan estrechamente
relacionados (Beltran-Lopez et al., 2018, en preparacién; Dominguez-
Dominguez et al., 2008; 2010; Ornelas-Garcia et al., 2012; Pérez-Rodriguez et
al., 2009; 2015), sin embargo para X. variata no hay haplotipos compartidos ni
estrechamente relacionados, obteniendo una alta diferenciacion genética entre
ambos (Beltran-Lépez et al., en preparacion).

El alto dimorfismo sexual que presenta Xenotoca variata puede explicar
el patron filogeografico encontrado, ya que en trabajos previos se ha mostrado
que las especies dimorficas presentan una diferenciacién genética mas grande
entre sus poblaciones, sugiriendo que aunque los machos sean capaces de
moverse entre poblaciones de estas especies, la reproduccion para los que
migran es menos exitosa (Ritchie et al., 2007), por lo que la seleccién sexual
puede influir en la especiacion. Si las hembras son mas selectivas y los
machos presentan divergencias morfoldgicas en diferentes poblaciones, el flujo
genético sera menor (Ritchie et al., 2007).

Aunque consideramos que para P. infans el factor mas importante es su
origen biogeografico, también es una especie dimérfica, sin embargo, a

diferencia de los goodeinos, presenta un 6rgano intromitente, con el cual
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pueden fertilizar a la hembra sin necesidad de la total cooperacion de la
hembra, por lo cual pueden se un factor adicional para explicar el patrén
filogeografico encontrado.

Las caracteristicas biolégicas pueden ser determinantes de la historia
evolutiva y los patrones filogeograficos encontrados en cada grupo estudiado;
mientras que X. variata es una especie dimérfica, Goodea spp., representa un
grupo de especies monomorficas. Esta caracteristica de Goodea puede
explicar la falta de estructuracion genética encontrada. Se ha establecido que
las poblaciones de especies monomorficas presentan baja diferenciacion
genética debido a que presentan mayor flujo genético por que las hembras son
menos selectivas para elegir pareja, por lo que los machos migrantes tienen
mayores posibilidades de reproduccion (Ritchie et al., 2007), lo cual es
concordante con el patron encontrado en Goodea (Beltran-Lépez et al., en
preparacion), aunado a que es una especie con alto potencial reproductivo que
es capaz de albergar una gran cantidad de embriones (Uribe et al., 2005).

Con lo anteriormente descrito acerca de las caracteristicas de las
especies dimoérficas y las monomorficas, es evidente que aunque X. variata y
Goodea spp., comparten caracteristicas ecolégicas similares, como adaptacion
a diferentes medios acuaticos, amplia distribucion en el Centro de México,
adecuacién al tipo de alimento disponible y tolerancia a cambios ambientales
(De la Vega-Salazar, 2006; Miller et al., 2005), las caracteristicas biologicas de
ambas representan un factor mas importante en el patrén filogeografico
encontrado para cada una.

Los patrones filogeograficos encontrados en este trabajo, muestran que
a pesar de que todas las especies investigadas son peces dulceacuicolas,
viviparos y endémicos al Centro de México, la actividad geoldgica y tectdnica
ha afectado de manera diferente la historia evolutiva de estas (/lyodon spp.
Poeciliopsis infans, Goodea atripinnis y Xenotoca variata). Ademas, una
contribuciéon importante de este trabajo, es que a pesar de que se ha
establecido generalmente que la historia geoldgica del centro de México ha
moldeado la distribucién y variacion genética a lo largo de la distribucidn de las
poblaciones de las especies (Beltran-Lépez et al., 2017; 2018; Dominguez-
Dominguez et al., 2008; 2010; Pedraza-Lara et al., 2012; Pérez-Rodriguez et

al., 2009; 2015; 2016), aqui mostramos que es evidente que las caracteristicas
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biolégicas y ecoldgicas también tienen un papel muy importante en los

patrones filogeograficos de las especies (Beltran-Lopez et al., en preparacion).

V. Il Historia demografica

La historia demogréfica de las poblaciones para las especies P. infans
mostraron un declive demografico en el ultimo interglacial (150,000-100,000
afnos) seguido de una expansidon poblacional en el ultimo maximo glacial
(25,000-18,000 afos), la expansion poblacional fue mas evidente para el clado
distribuido en las regiones biogeograficas de menor altitud. Para Goodea, se
muestran tamafos efectivos poblacionales estables seguidos de expansion
poblacional hace 30,000 afios para un haplogrupo, mientras que para el
segundo haplogrupo la expansion poblacional fue fechada hace
aproximadamente 125,000 afos, finalmente, para X. variata, el linaje genético
de Cuitzeo mostré una expansion poblacional en los ultimos 200,000 afios,
mientras que para el resto de los grupos la expansion poblacional se dio en los
ultimos 40,000 afnos.

Las diferencias encontradas en los resultados de expansion poblacional,
pueden ser atribuidos a varios factores, como el origen biogeografico, es
evidente que las continuas fluctuaciones climaticas y los niveles de agua en
sistemas hidroldgicos debido a los ciclos glaciales e interglaciares (Caballero et
al., 2010), durante los ultimos 200,000 afos han afectado la historia
demografica de manera diferente a las especies estudiadas y en la especie
neotropical P. infans estas fluctuaciones han provocado declive con
subsecuente expansion poblacional. En el caso contrario, para Goodea y X.
variata, la expansion poblacional para ambas especies se da en diferentes
periodos de tiempo, por lo que las caracteristicas biolégicas y ecoldgicas de
estas dos especies podrian ser un factor determinante para que las
fluctuaciones climaticas en este periodo no tuvieran el mismo efecto que

tuvieron en P. infans (Beltran-Lopez et al., 2018; en preparacion).

244



V. lll Implicaciones taxonémicas

Los resultados obtenidos para todos los grupos de especies analizadas
(Ilyodon spp., Poeciliopsis infans, Goodea spp., y Xenotoca variata), tienen
diferentes y nuevas implicaciones en su taxonomia.

En el caso de llyodon spp., y Goodea spp., en el que se han descrito
cinco y tres diferentes especies respectivamente, se mostré6 que especies
taxonomicamente reconocidas comparten haplotipos o estan cercanamente
relacionadas, con distancias genéticas menores al 1% con cytb (Beltran-Lopez
et al., 2017; en preparacion). En el caso contrario, Poeciliopsis infans y
Xenotoca variata mostraron alta diferenciacién genética entre los dos linajes
recuperados, encontrando distancias genéticas entre estos dos linajes mayores
al 3% con cytb (Beltran-Lépez et al., 2018; en preparacion).

Para el caso de Illyodon spp., se recuperaron seis grupos genéticos, que
aunque tienen correspondencia geografica, no tienen correspondencia
taxonodmica. Pruebas de delimitacion de especies fueron implementadas, sin
embargo, no fue posible resolver la taxonomia del género, debido a diferentes
factores como la politomia basal obtenida y, a que se ha reportado que en
especies incipientes o con sorteo de linajes incompleto, estas pruebas pueden
no ser eficientes debido a la reciente diferenciacién, las cuales son dificiles de
distinguir unicamente con caracteres moleculares o morfolégicos (Eberle et al.,
2016; Heled et al., 2013).

No todas las especies de Illyodon fueron identificadas como
monofiléticas en los resultados filogenéticos, mientras que si consideramos que
todas han sido descritas en base a su morfologia, el presente trabajo, muestra
que la actual taxonomia del género no tiene correspondencia con los
resultados moleculares, encontrando estructura geografica significativa pero
que no es concordante con las cinco especies reconocidas previamente: /.
furcidens, I. xantusi, I. whitei, I. lennoni e |. cortesae mostrando relaciones
polifiléticas. Aunque algunas sugerencias taxonomicas fueron realizadas,
consideramos que un estudio con mayor numero de muestras, asi como la
inclusién de mas caracteres genéticos y morfolégicos, permitiran tener un mejor
panorama de la evolucion de los grupos divergentes de Illyodon (Beltran-Lépez
et al., 2017).
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En el caso de Goodea se han descrito tres especies: G. atripinnis, G.
luitpoldii y G. gracilis. Sin embargo, organismos analizados pertenecientes a las
tres especies descritas no fueron recuperadas como monofiléticas y comparten
haplotipos entre ellas, sugiriendo que reconocer tres especies para el género
no es taxonémicamente adecuado, aunque sugerimos que una revision
morfoldgica detallada es necesaria para robustecer los resultados y por lo tanto
llevar a cabo las adecuaciones nomenclaturales pertinentes, sin embargo en el
presente trabajo con datos moleculares y bajo el principio de prioridad,
sugerimos que el género deberia reconocerse como monotipico, siendo G.
atripinnis la Unica especie valida.

Ambos géneros llyodon y Goodea exhiben alta variacién morfoldgica, lo
que ha llevado a la descripcion de especies nuevas, sin embargo, se ha
reconocido, que las poblaciones muestran respuestas fenotipicas similares de
acuerdo al ambiente donde se distribuyen las poblaciones y al flujo de las
corrientes, mostrando respuestas adaptativas a habitats divergentes,
considerando que la plasticidad fenotipica puede promover respuestas
morfolégicas como resultado de los cambios ambientales (Crispo, 2008; Foster
et al., 2015).

Para el caso de P. infans y X. variata, los dos linajes divergentes
encontrados (distancias genéticas de 3.3% y 5% respectivamente con cytb),
sugieren eventos de especiacion, debido a que incluso presentan valores mas
altos que el promedio mostrado para las especies de goodeinos (Doadrio y
Dominguez, 2004; Dominguez-Dominguez et al., 2010) y son superiores al
valor del 2% que se ha sugerido como el valor minimo propuesto para el limite
entre dos especies hermanas con el cytb para vertebrados (Avise, 1998, 2000;
Bradley y Baker, 2001).

El evento cladogenético que separd los dos linajes de estas especies
tiene correspondencia con la actividad volcanica y tectdénica durante el Plioceno
y Pleistoceno en el Centro de México, sin embargo, la diferenciacion genética
después del aislamiento por barreras geograficas, puede deberse a factores
ecoldgicos y biologicos propios de cada especie. En el caso de P. infans, su
origen biogeografico puede haber influenciado la diferenciacién genética de los

dos linajes, considerando que uno se distribuye en altitudes por debajo de 1300
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msnm Yy el otro por arriba de esta altitud, ademas las condiciones climaticas
pudieron haber permitido esta diferenciacion (Beltran-Lopez et al., 2018).

De manera contraria, para X. variata, la fuerte seleccion sexual que
existe al ser una especie dimérfica, ha ocasionado que los ejemplares de los
dos linajes presenten comportamientos diferentes en el cortejo, como se ha
mostrado en trabajos previos (Fitzsimons, 1976; Villa-Villasefior, 2013), aunado
a esto, se ha mostrado también que las especies dimorficas presentan menos
flujo genético entre las poblaciones, y por lo tanto mayor diferenciacion
genética de las poblaciones con subsecuentes eventos de especiacion (Ritchie
et al., 2007), como es el caso de X. variata.

Sugerimos para llyodon spp. P. infans y X. variata una revision
taxondmica que incluya analisis morfolégicos, en el caso de llyodon para tener
un panorama mas completo del numero y las especies que lo componen,
mientras que para P. infans y X. variata, la revision taxondmica es necesaria,

para que en su caso, las especies nuevas sean descritas.

V. IV Implicaciones para la conservacion de los peces del Centro de México

El Centro de México, ha sido fuertemente impactado por las actividades
antropogénicas provocando pérdida y degradacién del habitat debido a
sobreexplotacion, contaminacién, degradacién del habitat y la introduccion de
especies no nativas (De la Vega-Salazar, 2006; Dominguez-Dominguez et al.,
2005, 2007; Mercado-Silva et al., 2002). Estas actividades podrian provocar la
pérdida de diversidad genética de las poblaciones, reduciendo asi su potencial
evolutivo. Bajo este escenario, la diversidad genética calculada para P. infans,
G. atripinnis y X. variata, mostré que en P. infans la diversidad genética mas
alta se encontré para las regiones biogeograficas de menores altitudes.

A diferencia de P. infans, para G. atripinnis la diversidad genética en
general presentd valores moderados a bajos, con algunas excepciones
(Beltran-Lopez et al., en preparaciéon) y para X. variata, los valores de
diversidad genética tienden a ser bajos, debido a esto, sugerimos que para
Goodea atripinnis que es una especie ampliamente distribuida con baja
diferenciacion genética, no se observan Unidades Operacionales de

Conservacion (OCUs por sus siglas en inglés).
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Para X. variata y P. infans varias regiones biogeograficas pueden
considerarse como unidades operacionales de conservacion (OCUs por sus
siglas en inglés) debido a los valores de diversidad genética y a la
diferenciacion genética encontrada entre las regiones biogeograficas.

En el caso de llyodon, aunque la diversidad genética no fue calculada,
debe considerarse la aplicacion de medidas de conservacion para los grupos
genéticos encontrados, debido a que se han establecido las especies de este
género como especies vulnerables (NOM-059) y considerando la diferenciacion
genética encontrada, el establecimiento de medidas de conservacion permitira

la conservacion del pool genético encontrado (Beltran-Lopez et al., 2017).

VI. CONCLUSIONES GENERALES

1. La actividad volcanica y téctonica en el Centro de México durante el Plioceno
y el Pleistoceno, ha sido el principal factor en la historia evolutiva y
subsecuente diferenciacion genética de tres de los cuatro grupos de especies
que se analizaron (llyodon spp., Poeciliopsis infans y Xenotoca variata),

encontrando patrones filogeograficos complejos y fuerte estructura genética.

2. Las caracteristicas ecolégicas y biolégicas de cada grupo y especie
analizados, representan un factor importante en la diferenciacion genética
encontrada en todos los grupos, mostrando diferencias importantes y por lo

tanto patrones filogeograficos particulares para cada especie analizada.

3. Goodea spp., representa una excepcion a los patrones filogeograficos
encontrados generalmente para los peces dulceacuicolas del centro de México,
encontrando baja diferenciacion y variabilidad genética entre todas las regiones
biogeograficas en donde se distribuye, este patron es atribuible a las
caracteristicas ecoldgicas y biologicas presentes en este grupo, mientras que la
actividad volcanica y tectonica no son factores que han contribuido a la

estructura genética de las poblaciones.

4. Para P. infans, su origen biogeografico, a diferencia de las especies de

origen neartico (goodeinos) ha influido en su estructura genética, su diversidad
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genética y su historia demografica, mostrando que aunque es capaz de
colonizar regiones de altas altitudes, las poblaciones que se distribuyen en
areas con menor altitud, presentan la mayor diversidad genética, por lo tanto
mayor potencial evolutivo, a diferencia de las poblaciones distribuidas en las

partes altas.

5. Para los goodeinos (llyodon spp., Goodea spp., y X. variata), el origen
biogeografico no parece tener una influencia en su patrén filogeografico, pero
las carateristicas ecolégicas como tipo de alimentacidon, capacidad de
colonizacion y dispersion, rango de distribucion y ambientes en donde se
distribuye, asi como las caracteristicas biolégicas como marcado o bajo
dimorfismo sexual, seleccién sexual, cortejo prenupcial, y potencial
reproductivo, parecen ser factores de mayor importancia en la baja o fuerte
estructura genética encontrada, asi como en la diferenciacién y variabilidad

genética de estas especies.

6. Las fluctuaciones climaticas durante el cuaternario, en particular los ciclos
glaciares e interglaciares han moldeado la diversidad genética y la demografia
histérica de P. infans, mientras que para los goodeinos, los cambios climaticos
que han ocurrido en los ultimos 200,000 afios en el Centro de México, han
influenciado de manera positiva a estas especies con expansiones

poblacionales.

7. Una revision taxondmica es necesaria para todos los grupos estudiados, con
el fin de evaluar la variacion genética encontrada desde una perspectiva

taxonémica.
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