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Resumen

Se llevo a cabo un estudio en las especies de Chirostoma adaptadas
exclusivamente a habitats lacustres, conformado por dos clados hermanos. Un
clado incluye al charal prieto Chirostoma attenuatum endémico de los lagos de
Patzcuaro y Zirahuén y el otro clado al “grupo Chirostoma humboldtianum”
conformado por nueve especies. La evolucion de los pescados blancos y charales
del género Chirostoma en el centro de México ha sido poco estudiada y sus

relaciones filogenéticas e historia evolutiva son inciertas

Esta tesis aborda dos aspectos redactados en dos capitulos: El primero trata
de un estudio filogeografico en las poblaciones de C. attenuatum usando un
marcador mitocondrial (citocromo b) y un nuclear (primer intron de la proteina
ribosomal S7) para: 1) dilucidar la evolucion de C. attenuatum attenuatum del Lago
de Patzcuaro y C. attenuatum zirahuen del lago de Zirahuen si pueden ser
identificadas como linajes evolutivos independientes y especies validas; 2) Revelar
los procesos biogeograficos implicados en la historia evolutiva de C. attenuatum; y

3) dilucidar la historia demografica y su asociacion con eventos climaticos.

Los resultados obtenidos en este estudio muestran un escenario evolutivo en
dos etapas: primero, un aislamiento alopatrico temprano en la historia evolutiva
(fechado hace 601,000 afios) donde las poblaciones aisladas acumularon
divergencias genéticas detectadas con ambos marcadores (cytb=1.1%; S7=0.4%).
La segunda, con un contacto secundario al existir una conexion entre ambas
cuencas (hace 8,000 a 30,000 afios) con bajas tasas de migracién y cada una
mantuvo su propia trayectoria evolutiva. Los resultados a través de andlisis
filogeogréficos y la historia demogréfica de C. attenuatum indican un proceso de
especiacion con dos linajes bien diferenciados con historias evolutivas
independientes. C. zirahuen del lago de Zirahuén y C. attenuatum del lago de
Péatzcuaro representan una diversidad genética Unica e irremplazable que debe ser

conservada.



El segundo capitulo aborda un estudio con metodologias de filogenia y
filogeografia en el grupo de especies Chirostoma humboldtianum usando dos
marcador mitocondrial (citocromo b y el D-loop) y un nuclear (primer intron de la
proteina ribosomal S7) para: 1) dilucidar las relaciones filogenéticas entre las
especies reconocidas; 2) entender su historia evolutiva y su asociacion con los
eventos climaticos y geoldgicos ocurridos en el centro de México; y 3) describir
como la vicarianza y fragmentacion de habitats han sido un factor importante en su

configuracion genética.

Los resultados obtenidos muestran inconsistencias taxonémicas y los datos
genéticos no soportan la monofilia de las especies, evidenciando una mezcla
genética entre las especies. Sin embargo, existe una segregacion genética acorde
con la geografia, reconociéndose cinco linajes genéticos cercanamente
relacionados. El escenario cladogenético entre los cinco linajes encontrados,
muestra una diversificacion en el pleistoceno fechado en menos de un millon de
afos. La evolucion del grupo en etapas tempranas esta asociada a la vicarianza
debido al aislamiento de cuencas hidrograficas. El segundo escenario evolutivo
tiene que ver con una diferenciacion intralacustre, que pueden estar asociada con
la especiacién simpatrica. Aunque, los marcadores utilizados presentan poca
resolucién para explicar una especiacion simpatrica en los lagos de Chapala y
Patzcuaro, no se descarta que esté ocurriendo. Pero, es necesario abordarla con
marcadores de mayor resolucion como son los SNPs. En el grupo Chirostoma
humboldtianum los andlisis genéticos contrastan con la hipotesis de la actual
clasificacion, y han surgido nuevas implicaciones biogeograficas y evolutivas
derivas de la presente investigacion. Las discrepancias encontradas entre los datos
genéticos y morfolégicos pueden ser atribuidas a la alta plasticidad fenotipica dentro
del grupo, relacionada con las presiones del habitat y a las rapidas divergencias
adaptativas.

En general los resultados de los procesos que rigen la evolucion de las
especies de Chirostoma adaptadas exclusivamente a habitats lacustres, estan

asociados a eventos de vicarianza como resultado de la fragmentacion del habitat,



influidos por eventos geoldgicos y climaticos asi como mecanismos Unicos de

especiacion intra lacustre en los lagos del centro de México.

Palabras clave: Especiacion, diversificacion, delimitacion de especies, plasticidad

fenotipica, polimorfismos.



Abstract

We carried one study of the silversides of Chirostoma genus inhabiting in
lacustrine ecosystem. This group is composed by two sister clades. One clade
include to slender silverside Chirostoma attenuatum endemic to Patzcuaro and
Zirahuen Lakes and the second clade is comprised by nine currently recognize
species called “Chirostoma humboldtianum species group”. The evolution of de
“pescados blancos and charales” of Chirostoma in Central Mexico have been poorly

understood and their phylogenetic relationships and evolutionary history are unclear.

This thesis approach two works that are included in two chapter: First, is a
Phylogeographic studies in population of Chirostoma attenuatum using one
mitochondrial gene (cytochrome b) and one nuclear intron (first intron of S7
ribosomal protein gene) to 1) test the independence of lineage evolution of the
population and determine whether C. a. attenuatum from Patzcuaro and C. a.
zirahuen from Zirahuen could be identified as independent evolutionary significant
units and valid species; 2) reveal the biogeographic processes implicated in the
evolutionary history of C. attenuatum; and 3) elucidate the demographic history and

its link with climate events.

The results showed two speciation stage: First, an early cladogenetic events
occurred in evolutionary history (dated ca. 601 000 years ago). When the isolated
population accumulated unique adaptation detected with both molecular markers as
genetic divergences (cytb=1.1%; S7=0.4%). The second, with low migration rate and
the maintenance of the evolutionary trajectory. The Phylogeographic findings and
the demography history of C. attenuatum indicated that the well-differentiated
lineages underwent independent evolutionary histories in respective lakes.
Chirostoma zirahuen from Zirahuen and C. attenuatum from Patzcuaro represent

unique and irreplaceable genetic diversity that must be conserved

The second chapter approach to study using combined methodologies of
phylogeny and phylogeography in Chirostoma humboldtianum species group using
two mitochondrial markers (cytochrome b and D-loop) and one intron nuclear (first
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intron of S7 ribosomal protein gene) to: 1) elucidate the phylogenetic relationship
between the recognized species, 2) understand their evolutionary history, and the
link with the geological and climate history in Central México, and 3) described how
the vicariants events and habitats fragmentation occurred on Central Mexico has

been important factor in their genetic configuration.

The results showed several taxonomic inaccuracies and our genetic data did
not support the species monophyly, proving a genetic mixture between recognized
species. Therefore, there are a genetic segregation according to geography
recognizing five major genetic lineages closely relationships. The cladogenetic
scenario between five lineages, showed that diversification occurred in Pleistocene
less to 1 M.a. The evolution of Chirostoma humboldtianum species group in early
stages was associated with ancient hydrological history. The second evolutionary
stage showed a recent intra lacustrine genetic differentiation that could be
associated to sympatric or ecological speciation. Although, these molecular marker
have to low resolution for explicate sympatric speciation that have been occurred in
Chapala and Patzcuaro lakes. However, is needs use molecular marker more
powerful as SNPs. The genetic data did not support the current classification in
Chirostoma humboldtianum species group and new biogeography and evolutionary
insight have arisen. The discrepancies found between genetic and morphological
data can be attributed to the high phenotypic plasticity within the group, related to

the pressures of the habitat and to fast adaptive divergences.

In general the results of the process that govern the evolution of the
phylogenetically most derivate Chirostoma species inhabiting in lacustrine
ecosystem, have been associated with vicariant events as resulted of habitat
fragmentation influenced by geological and climate events occurred in Central

Mexico as well as the unique mechanism of sympatric speciation.

Keywords: Speciation, diversification, species boundaries, phenotypic plasticity,

polymorphisms.



1. Introduccion

La cladogénesis y radiacién adaptativa de las especies de peces del centro
de México han sido ampliamente estudiados (Dominguez-Dominguez et al., 2006 y
2008; Perez-Rodriguez et al., 2009; Garcia-Martinez et al., 2015; Corona-Santiago
et al., 2015; Beltran-Lopéz en prensa), y en la mayoria de ellos mencionan a los
eventos climaticos y geoldgicos como el motor de dicha radiacidén. Estos procesos
han modelado la alta diversidad especifica en familias como Atherinopsidae,
Cyprinidae y Goodeidae (Miller et al., 2005). Los eventos climéticos ocurridos
durante el Pleistoceno, se caracterizaron por presentar ciclos glaciares e
interglaciares, (Clark et al., 2009). Estos ciclos afectaron de manera importante los
procesos limnolégicos de los lagos del centro de México (Bradbury, 2000; Israde-
Alcantara y Gardufio-Monroy, 1999; Ferrari et al.2011), teniendo evidencia de sus
efectos en la historia paleo climatica del centro de México reflejando cambios
demograficos en las especies de peces dulceacuicolas (Bradbury, 2000; Miller et
al., 2005; Dominguez et al., 2008; Caballero et al., 2010; Metcalfe et al., 2010;
Ortega et al., 2010; Vasquez et al., 2010; Torres-Rodriguez et al., 2012; Bloom et
al., 2013; Corona-Santiago et al., 2015; Garcia-Martinez et al., 2015).

En el Centro de México destaca la presencia de la familia de peces
Atherinopsidae. Esta familia esta representada por los géneros Poblana Bonaparte
y Chirostoma swaison (Barbour, 1973b; Miller et al., 2005) y constituyen parte
fundamental de la ictiofauna dulceacuicola mexicana, ademas presentan una
importancia tanto biolégica como cultural y econémica en los lagos del centro de
México (Barbour, 1973b; Miller et al., 2005; Moncayo-Estrada et al., 2011). Estas
especies han sido parte de los recursos pesqueros desde épocas prehispanicas
para diversas Etnias y se consideran una de las pesquerias mas antiguas y de

mayor tradicion (Paulo-Maya et al., 2000; Soria -Barreto y Paulo-Maya 2005).

Las especies de Chirostoma adaptadas exclusivamente a habitats lacustres
incluye dos grupos monofiléticos (Bloom et al., 2009, 2013), en un clado el charal
prieto Chirostoma attenuatum Meek 1902, y sus dos subespecies reconocidas:
Chirostoma attenuatum attenuatum Meek 1902 y Chirostoma attenuatum zirahuén
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Meek 1902, endémicas a los lagos de Patzcuaro y Zirahuén respectivamente. El
segundo clado denominado “grupo Chirostoma humboldtianum”, originalmente fue
propuesto por Barbour, (1973b), con evidencia en morfologia, osteologia (Barbour
y Chernoff, 1984), enzimética (Echelle y Echelle, 1984), morfométrica y genética
(Barriga-Sosa et al., 2002; 2004; 2005; Bloom et al., 2009; 2012; 2013). El “grupo
Chirostoma humboldtianum” comprende nueve especies distribuidas en los lagos
del centro de México, las cuales han sido referidas como “especies flock”,
proponiendo a eventos de especiacion simpatrica como el motor de la radiacion
adaptativa ocurrida en este grupo (Barbour, 1973b; Barbour y Chernoff, 1984;
Echelle y Echelle). Sin embargo, a pesar de los numerosos estudios realizados
dentro del grupo, sus relaciones filogenéticas e historia evolutiva no han sido
resueltas (Bloom et al., 2009, 2012, 2013; Campanella et al., 2015).

Esta tesis contiene dos capitulos, cada uno representa un manuscrito que
serda sometido a una revista cientifica internacional para su publicacion. Esta
investigacioén utiliza aspectos combinados de filogenia y filogeografia con el objetivo
de determinar los procesos evolutivos ocurridos en las especies de Chirostoma
adaptados exclusivamente a los lagos del centro de México. El trabajo del capitulo
uno ha sido publicado en la revista Journal of Zoological Systematic and
Evolutionary Research. Explica la historia evolutiva en el charal prieto Chirostoma
attenuatum, donde ocurre un proceso de especiacién temprano mediado por
aislamiento alopatrico, esto como resultado de eventos vicariantes asociados a
eventos geologicos. Posteriormente, las poblaciones aisladas acumularon
adaptaciones Unicas que durante un contacto secundario ambas entidades
mantuvieron su propia trayectoria evolutiva. El capitulo 2 pretende contrastar la
hipétesis morfolégica dentro del grupo de especies “Chirostoma humboltianum”, la
cual asume la existencia de nueve especies, consideradas como especies flock.
Ademas, con datos genéticos se pretende dilucidar si los altos polimorfismos
morfolégicos en las especies son una respuesta a factores ambientales, y si la
variacion morfoldgica es el resultado de la plasticidad fenotipica. Esta investigacion
también encuentra que el grupo de especies Chirostoma humboldtianum es un buen

modelo para el estudio de los mecanismos que rigen la diferenciacion genética a
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nivel poblacional intra-lacustre, para dilucidar los procesos evolutivos en las

especies adaptadas exclusivamente a habitats lacustres con divergencias recientes.
1.1. El centro de México

El centro de México (sensu Dominguez-Dominguez y Pérez Ponce de Leén, 2009)
es una region que se localiza en el extremo sur del Altiplano mexicano y se
caracteriza por tener una historia geoldgica compleja (Miller y Smith, 1986). Debido
a esos procesos ha sufrido una serie de fragmentaciones hidrogréaficas, permitiendo
el surgimiento de grandes lagos y rios de bajos gradientes, siendo el sistema Lerma-
Santiago la mayor cuenca hidrologica (Miller et al., 2005). El rio Lerma drena desde
el lago de Chapala, mientras que su salida al Océano Pacifico da origen al Rio
Grande de Santiago, el cual nace al Este del lago. El centro de México también
alberga un gran numero de cuencas interiores, en estas se incluyen al valle de
México, los llanos de Puebla que se orientan al Este, mientras que al Oeste estan
representados los lagos de Santa Maria y Juanacatlan, el valle de Tocumbo cercano
de la cuenca de Chapala, ademas de los lagos de Cuitzeo, Patzcuaro y Zirahuén
que son una serie de lagos ubicados en la porcidon occidental de Michoacan (De
Buen, 1943; Alvarez-Del Villar, 1972; Echelle y Echelle, 1984). Debido a la actual
distribucion e historia evolutiva de diversos grupos de peces en el centro de México,
se han evidenciado conexiones antiguas de estos sistemas endorreicos con el
sistema Lerma-Santiago, probablemente en el Pleistoceno tardio, ademas estas
conexiones y desconexiones ocurrieron de manera asincronica en diferentes
tiempos y entre las diferentes cuencas que componen el centro de México,
generando una compleja historia evolutiva para el componente ictico de la regiéon
(Meek, 1904; Barbour 1973a; Schénhuth y Doadrio, 2003; Dominguez et al., 2006,
2008; Pérez-Rodriguez et al., 2009; Corona-Santiago et al., 2015; Beltran-Lopéz et
al., en prensa). Esta regién es de gran importancia biogeogréfica, ya que algunos
autores mencionan que el centro de México representa una zona limitrofe entre las
regiones biogeograficas Neartica y Neotropical, las cuales convergen en esta region
(Marshall y Liebherr, 2000; Dominguez-Dominguez y Pérez-Ponce de Ledn, 2009).

El centro de México ha sido campo de estudio de los componentes bioticos



dulceacuicolas y su relacién con las cuencas hidroldgicas. Diversas contribuciones
han referenciado al centro de México, principalmente, en estudios de biogeografia
de peces dulceacuicolas (Barbour, 1973b; Barbour y Miller, 1978; Echelle y Echelle,
1984; Miller y Smith, 1986, Barbour y Miller, 1994; Dominguez-Dominguez et al.,
2006, 2008, 2010, Pérez-Rodriguez et al., 2009, Bloom et al., 2009).

1.2 Diversidad de peces del centro de México

México es considerado de los paises con mayor biodiversidad del mundo. Con
relacion al medio acuatico, el territorio mexicano cuenta con una gran variedad de
ecosistemas marinos, estuarinos y dulceacuicolas, destacando estos ultimos por la
presencia de 70 cuencas fluviales y aproximadamente 70 lagos de gran tamano
(Miller et al. 2005). El centro de México es considerado por el World Conservation
Monitoring Center como una de las regiones de mayor importancia para la
conservacion de los peces de agua dulce en el mundo. Tan sélo para el grupo de
los peces, en México se tienen registradas mas de 500 especies, representando el
65% de todas las especies descritas en los Estados Unidos y Canada juntos,
teniendo solo la quinta parte de la extension territorial de estos paises (Miller et al.,
2005). La composicion ictiofaunistica de México esta marcada por su alto nivel de
endemismo, distribuida en las diferentes regiones. Entre estas regiones destaca el
centro de México, con ca. 78 especies de peces representado nueve familias
(Atherinopsidae, Catostomidae, Characidae, Cichlidae, Cyprinidae, Goodeidae,
Ictaluridae, Petromyzontidae, y Poeciliidae) (Miller et al., 2005), de las cuales ca.

70% son endémicas (Dominguez-Dominguez et al., 2007).
1.3 Origen y evolucion de los Aterinopsidos del centro de México

Parte de la ictiofauna dulceacuicola mexicana tiene un origen marino, atribuido a la
invasion de diversos grupos provenientes del océano, que por la inestabilidad
geoldgica del centro de México quedaron aislados, dando origen a un gran nimero
de elementos endémicos (Miller, 1966) como es el caso de la familia Atherinopsidae.
La hipotesis mas aceptada (Barbour, 1973a; Bloom et al., 2009, 2012, 2013; Echelle

y Echelle, 1984; Miller et al., 2005) acerca del origen de los aterinopsidos en el
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centro de México es la propuesta por Miller, (1966), en base a evidencias
geoldgicas, biogeograficas y paleontoldgicas, argumenta que entre el plioceno y
pleistoceno una especie semejante a Menidia penetré al centro de Meéxico
proveniente del Atlantico por una conexion que existio entre el rio bravo y el centro
de México, posteriormente, debido a la inestabilidad tanto geoldgica como climatica,
las poblaciones quedaron aisladas en cuerpos de agua del centro de México y
posteriormente diversificO en los géneros Poblana Bonaparte y Chirostoma

Swaison.

El género Chirostoma es el mas diverso y con una amplia distribucién, ha
sido ampliamente estudiado, siendo el trabajo de Barbour, (1973b) uno de los
trabajos pioneros acerca de la sistematica del grupo, quien definié que el género
esta conformado por 18 especies y seis subespecies, ademas en su trabajo propuso
dos morfo-tipos, a los cuales llamé “grupo Arge” y “grupo jordani”, caracterizados
por poseer diferencias en tamafio y en caracteres meristicos, sobre todo en las
escamas predorsales y de la linea lateral, y también en relacién a su ancestro, por

lo que propuso que el género tiene dos centros de origen (Barbour, 1973b).

Por otro lado Echelle y Echelle, (1984), en base a un analisis fenético y
cladistico de caracteres electroforéticos, proponen que el género Poblana y
Chirostoma compartian ancestro con Menidia, por lo tanto las especies de
Chirostoma y Poblana deberian ser renombrados dentro del género Menidia. El
trabajo de Chernoff, (1996), no apoya la supuesta relacion del grupo “Arge” con
Melaniris crystallina, debido a que coloca a Melaniris en sinonimia con Atherinella.
Estudios moleculares recientes con genes mitocondriales y nucleares, no soporta la
hipétesis de la separacion del género en los grupos “Arge y Jordani” propuestos
inicialmente por Barbour, (1973b), y en base a la evidencia molecular multi-locus se
ha propuesto incluir a los géneros Chirostoma y Poblana dentro del género Menidia
(Bloom et al., 2009, 2012 y 2013; Campanella et al., 2015).
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1.4 Secuencias de ADN en estudios de Filogenia y Filogeografia

Las tecnologias de secuenciacion del ADN, la cual inicié en la década de los 70°S
(Sanger et al., 1977), fue una ventana importante para el desarrollo de marcadores
moleculares basados en secuencias de genes, revolucionando diversas disciplinas
en el campo de la biologia. Las secuencias de ADN permitieron la obtencion de
caracteres homélogos que podian ser comparados y con alto poder de resolucion,
con lo cual se pudieron poner a prueba diversas hipotesis filogenéticas (Blair y
Murphy, 2011; Yang y Rannala, 2012).

El ADN mitocondrial (ADNmt) ha sido ampliamente utilizado en estudios
filogenéticos en animales y particularmente en peces para reconstruir las relaciones
filogenéticas a distintos niveles taxondmicos (Simon et al., 1994; Avise, 2000).
Debido al amplio conocimiento del ADNmt en peces, se han desarrollado cebadores
universales para amplificar las regiones codificantes, los genes ribosomales y la
region control (Kocher et al., 1989; Meyer et al., 1990; Palumbi, 1996; Simon et al.,
1994).

Las secuencias de ADN nuclear (ADNn) también han sido utilizadas para
contrastarlas con hipétesis basadas en el ADNmt (Stepien y Kocher, 1997). Las
regiones del ADNn como las secuencias que codifican proteinas, las regiones
intergénicas e intrones, han sido utilizadas en estudios de sistematica y filogenia
(Stepien y Kocher, 1997), debido a que la tasa de sustitucion en el ADNn es mas
lenta respecto al ADNmt. Las discrepancias observadas entre ambos tipos de
marcadores, se atribuye a que el ADNmt es haploide y tiene una herencia matrilineal
en la mayoria de los animales (Hoech et al., 1991). Por lo tanto en el ADNmt el
tamafo efectivo de la poblacion es menor (Hudson y Turnelli, 2003), y la deriva
genética actua mas fuerte y los polimorfismos se purga o fijan mas rapido porque
las tasas de evoluciébn son mayores. (Funk y Omland, 2003), resultando en
divergencias mas recientes observadas en el ADNmt (Zink y Barrowclough, 2008).
Por lo tanto, estas discrepancias entre el ADNmt y ADNn deben ser tomadas en

cuenta en la interpretacion y discusion de resultados.
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La Filogeografia originalmente se definio como la rama de la biogeografia
gue estudia los procesos que gobiernan la distribucion espacial de los linajes
genealdgicos dentro de las especies 0 especies cercanamente relacionadas (Avise,
2000), y se considerada como un puente entre los procesos microevolutivos que
ocurren dentro de las poblaciones y los patrones macroevolutivos que ocurren en
las especies. La filogeografia pretende describir los patrones espaciales de
diversidad genética e inferir los mecanismos subyacentes de esa variacion (Buckley,
2009). Ademas, el estudio de la variacion espacial de los linajes genéticos ha
permitido entender la variacion fenotipica entre las poblaciones o entre especies
cercanamente relacionadas (Edwards et al., 2016); pudiendo identificar regimenes
selectivos de la variacién entre y dentro de las especies, ademas de determinar
zonas hibridas en poblaciones que tuvieron un contacto secundario posterior al
aislamiento por alopatria. Es necesario que los estudios filogeograficos aborden la
variacion fenotipica y ambiental dentro de las especies, contextualice la historia
demografica y los rasgos funcionales, para proponer escenarios de evolucion de la

diversidad organica.
1.5 Delimitacion de especies

Ante la necesidad de identificar la diversidad organica se han propuesto diversas
metodologias para la delimitacion de especies. El uso exclusivo de caracteres
morfologicos para delimitar especies puede conllevar a subestimar o sobreestimar
la diversidad bioldgica, ya que los caracteres morfolégicos pueden estar sujetos a
evolucion convergente o siendo afectados por distintas presiones selectivas (Yang
y Rannala, 2010). Sin embargo, la inclusion de datos genéticos puede proveer
informacion adicional para la identificacion de las especies, como son las
identidades poblacionales (Pritchard et al., 2000), niveles de flujo genético reciente
o antiguo (Edwards y Beerli, 2000; Rannala y Mountain, 1997; Wilson y Rennala,
2003), hibridacion (Anderson y Thompson, 2002), y las relaciones filogenéticas
entre las especies (Liu et al., 2002). Las secuencias de ADN pueden ser Utiles para
probar hipotesis de delimitacion de especies usando metodologias recientemente

desarrolladas a partir de modelos tedricos, las cuales combinan filogenias de

12



especies y genealogia de genes a través de procesos coalescentes. Sin embargo,
para las especies cercanamente relacionadas y con divergencia reciente, la
delimitacién de especies puede presentar una limitante al no estar resueltos los
arboles de genes, este conflicto puede representar errores en la inferencia
filogenética debido a la introgresion o sorteo incompleto de linajes (Yang, 2002). Sin
embargo, los modelos asumen que cada arbol de genes representa una relacién
basada en genes ortdlogos, suponiendo que no hay transferencia horizontal de
genes 0 mezcla genética entre las diferentes especies, por lo tanto asumen que la
principal discrepancia entre arboles de genes y arbol de especies es el sorteo
incompleto de linajes. Los conflictos de los arboles de genes no resueltos pueden
superarse facilmente en un marco bayesiano, al integrar la incertidumbre en los
arboles genéticos e incorporar un modelo explicito de clasificacion de linajes a

través de un modelo coalescente (Yang y Rannala, 2010).

13



Capitulo |

Manuscrito publicado en la Journal of Zoological Systematic and Evolutionary

Research

https://doi.org/10.1111/jzs.12216

2. Especiacion del charal Chirostoma attenuatum (Pisces:

Atheriniformes) en el centro de México.

14


https://doi.org/10.1111/jzs.12216

Accepted: 21 January 2018

DOl 10.1111/jz5.12216

ORIGINAL ARTICLE

WILEY QEOCIA SYSTEVATES
INARY RESEARCH

200L0G|
o EVOLUTION

Speciation of silverside Chirostoma attenuatum (Pisces:
Atheriniformes) in Central Mexico

Isal Betancourt-Resendes’

YPrograma Institucional de Doctorado en
Ciencias Biologicas, Facultad de Biologia,
Universidad Michoacana de San Nicolas de
Hidalgo, Morelia Michoacan, México

2Laboratorio de Biologia Acuética, Facultad
de Biologia, Universidad Michoacana de San
Nicolas de Hidalgo, Morelia Michoacén,
México

Correspondence
Rodolfo Pérez-Rodriguez
Email: rperezr38@gmail.com

Funding information

Ministerio de Economia y Competitividad,
Grant/Award Number: CGL-2013 41375-P;
Coordinacion de la Investigacion Cientifica-
UMSNH

Contributing authors: Isai Betancourt-
Resendes (bq_isai7 @yahoo.com.mx); Omar
Dominguez-Dominguez

(goodeido @yahoo.com.mx)

1 | INTRODUCTION

| Rodolfo Pérez-Rodriguez® | Omar Dominguez-Dominguez?

Abstract

The high speciation rate of Chirostoma in Central Mexico has been associated with
allopatric speciation events promoted by the emergence of vicariant barriers in
freshwater habitats, as well as by sympatric ecological segregation, common in those
species inhabiting lacustrine ecosystems. Through nuclear and mitochondrial mark-
ers, this study revealed a speciation process within Chirostoma attenuatum resulting
in two evolutionary independent units that coincide with their morphological differ-
entiation, indicating that Chirostoma attenuatum and Chirostoma zirahuen may be
considered separate species. This process was the result of vicariance associated
with geological dynamics of the region. Phylogeographic findings indicated two spe-
ciation stages: early allopatric isolation, during which the isolated populations accu-
mulated unique adaptations, and secondary contact with low migration rate and the
maintenance of the evolutionary trajectory. Historical demographic analysis indi-
cated that the two well-differentiated lineages underwent independent evolutionary
histories in their respective lakes. Chirestoma zirahuen from Zirahuen and C. attenua-
tum from Patzcuaro represent unique and irreplaceable genetic diversity that must

to be conserved.

KEYWORDS
allopatry, Atherinopsidae, ecological speciation, evolutionary units, reproductive isolation

together with the climate history, are regarded as the main source of

diversification (Beltran-Lopez et al, 2017; Dominguez-Dominguez,

Atherinopsidae include marine and freshwater lineages. Studies have
revealed that the transition from marine to freshwater habitats
resulted in their accelerated speciation and extinction rates, yielding
a remarkable disparity in species richness between continental and
marine lineages (Bloom, Weir, Piller, & Lovejoy, 2013). In Atherinop-
sidae that inhabit continental habitats, high species richness has
been attributed to the frequency of allopatric speciation ewvents
resulting from emergence of vicariant barriers, limiting gene flow and
promoting genetic divergence (Barbour, 1973; Bloom et al., 2013;
Echelle & Echelle, 1984; Garcia-Martinez, Mejia, Garcia -De Leén, &
Barriga-Sosa, 2015; Miller, Minckley & Norris, 2005). For fish species
distributed throughout Central Mexico, allopatric events related to
geological activity in the Trans-Mexican Volcanic Belt (TMVB),

Doadrio, & Pérez-Ponce de Ledn, 2006; Pérez-Rodriguez, Domin-
guez-Dominguez, Doadrio, Cuevas-Gacia, & Pérez-Ponce de Ledn,
2015). Diversification of the genus Chirostoma Swainson 1839 from
Central Mexico has been associated with such allopatric speciation
events as well as with sympatric ecological segregation, particularly
in the species inhabiting lacustrine ecosystems (Barbour, 1973; Bar-
bour & Chernoff, 1984; Echelle & Echelle, 1984).

The continuous activity of the TMVB from the Miocene to the
present has been responsible for changes in the physiographic con-
figuration of the region, including the formation and destruction of
lake basins in the most important lacustrine region in Central Mexico
(Ferrari, Orozco-Esquivel, Maena, & Maena, 2011; Gomez-Tuena,

Orozco-Esquivel, & Ferrari, 2005), including the basins of Patzcuaro
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and Zirahuen lakes. Earlier hypotheses, based on faunistic studies, of
connectivity between these lakes proposed the existence of a
stream flowing from Zirahuen to Patzcuaro Lake that disappeared
approximately 700,000 to 1 million years ago (Alvarez Del Villar,
1972; De Buen, 1943). Geological findings suggest a more recent
stream connection between Zirahuen and Patzcuaro lakes ca.
30,000 years ago (Israde-Alcantara, Garduno-Monroy, Fisher, Pollard,
& Rodriguez-Pascua, 2005). Evidence of a secondary paleoconnec-
tion, about 8,000 years ago (Garduno-Monroy et al., 2009; Israde-
Alcantara et al., 2005), is supported by phylogeographic findings of
the closely related goodeine species Allotoca meeki Alvarez, 1959
from Zirahuen and Allotoca diazi Meek, 1202 from Patzcuaro that
suggest a recent isolation process ca. 7,000 years ago (Corona-San-
tiago, Doadrio, & Dominguez-Dominguez, 2015).

An important aspect in the process of speciation is the potential
of migrants to adapt to new habitats and to move through new dis-
persion routes. Successful colonization of freshwater habitats is
often associated with the emergence of key evolutionary innova-
tions, providing the colonizing lineage with the ability to adapt to
the new habitat (Seehausen & Wagner, 2014). Among the fish spe-
cies inhabiting both Patzcuaro and Zirahuen lakes, only the silver-
sides of the genus Chirostoma are restricted to lacustrine habitats
(Barbour, 1973; Bloom et al., 2013), indicating a lake-adapted natural
history of the species. Sympatric ecological radiation has been pro-
posed as the major factor in the radiation of the silversides inhabit-
ing large lacustrine ecosystems in Central Mexico, such as Chapala
and Patzcuaro lakes (Barbour & Chernoff, 1984; Echelle & Echelle,
1974).

In the case of slender silverside Chirostoma attenuatum, two sub-
species have been recognized, Chirostoma attenuatum attenuatum
Meek 1902 and Chirostoma attenuatum zirahuen Meek 1902, ende-
mics from Patzcuaro Lake and Zirahuen Lake, respectively. These
subspecies are supported based on biochemical markers, as well as
considerable differences in morphological and meristic characteristics
(Barbour, 1973; Barriga-Sosa, 2001). Based on it, we present a phy-
logeographic study of populations of C. attenuatum using mitochon-
drial and nuclear markers to (i) test the independence of lineage
evolution of the population and determine whether C. a. attenuatum
from Patzcuaro and C. a. zirahuen from Zirahuen could be identified
as independent evolutionary significant units and valid species; (ii)
reveal the biogeographic processes implicated in the evolutionary
history of C. attenuatum; and [iii) elucidate the demographic history
and its link with climate events.

2 | MATERIALS AND METHODS

2.1 | Fish sampling

Twenty-five specimens of C. attenuatum attenuatum from Patzcuaro
and 26 C. attenuatum zirahuen from Zirahuen were obtained with
the help of local fishermen (Table 1). A fragment of pectoral fin was
removed from each specimen and stored in a microtube in 100%

ethanol. The fish were fixed in 5% formalin, preserved in 70%

16

ethanol, identified following Miller et al. (2005) and Barbour (1973),
and deposited in the ichthyological collection of the Universidad
Michoacana de San Nicolas de Hidalgo (CPUM) (Table 1).

2.2 | DNA sequences

DNA extraction was carried out using the proteinase K and phenol-
chloroform protocol (Sambrook, Fritsch, & Maniatis, 1989). The mito-
chondrial eytochrome b gene (cytb) and the first intron of S7 ribosomal
protein gene (S7) were amplified. The PCR consisted of a 25 yl vol-
ume reaction with a final concentration of 50-100 ng DNA, 1x buf-
fer, 1.5 mM MgCl;, 2.5 mM dNTP mix (mM 10), 0.25 uM of each
primer, and 1 unit of Tag DNA polymerase (Invitrogen).

For the cytb gene (length 1140 bp), the primers were Glud-G (5'-
TGACTTGAARAACCAYCGTTG-3'; Palumbi et al., 1991) and H16460
(5'-CGAYCTTCGGATTAACAAGACCG-3;
Montilla, & Doadrio, 2002). Amplification was performed with the
following conditions: denaturation at 94°C for 45 s, annealing at

Perdices, Bermingham,

48°C for 1 min, extension at 72°C for 90 s, and a final extension at
72°C for 5 min. For the S7, the primers were S7TRPEX1F (5'-TGG-
CCTCTTCCTTGGCCGTC-3) S7RPEX2R  (5-AACTCGTCT-
GGCTTTTCGCC-3') described for Chow and Hazama (1998). The

amplification was performed using denaturation at 94°C for 30 s,

and

annealing at 56°C for 45 s, extension at 72°C for 2 min, and a final
extension at 72°C for 7 min. PCR products were submitted to the
sequencing service at the High-throughput Genomics Center, Wash-
ington University, Seattle, WA, USA.

2.3 | Sequence analyses

Sequences obtained in both directions were edited using MEGA v5
(Tamura et al., 2011), and the alignment of cytb was conducted man-
ually; additionally, two sequences of C. attenuatum from Patzcuaro
Lake and one sequence of Zirahuen Lake were included (for Gen-
Bank accession numbers, see Table 1). For the §7 sequences, the
phase of heterozygous single nucleotide polymorphisms (SNPs) was
resolved using DnaSP v. 5.10 (Librado & Rozas, 2009) and performed
with the algorithm provided by PHASE 2.0 (Stephens, Smith, & Don-
nelly, 2001) with default parameters. Posterior sequence alignment
was carried out using Clustal_X 1.83 (Thompson, Gibson, Plewniak,
Jeanmougin, & Higgins, 1997) and revised manually. To test the
monophyly of C. attenuatum samples, the following closely related
species (sensu Bloom, Piller, Lyons, Mercado-Silva, & Medina-Nava,
2009) were included as ingroup (Table 1): Chirostoma estor Jordan
1897, Chirostoma grandocule, Steindeachner 1894, and Chirostoma
patzcuaro Meek 1902 from Patzcuaro Lake; Chirostoma humbold-
tianum Valenciennes 1835 from Zacapu Lake; and Chirostoma sphyr-
aena Boulenger 1900 from Chapala Lake. Chirostoma jordani
Woolman 1984 from Chapala were used as outgroup in phylogenetic
assays (Bloom et al., 2009, 2013). Alignment for each locus was used
to estimate and select the substitution model that best fit the data-
sets using jModelTest v. 1.7 (Posada, 2008) considering the Akaike

information criterion (AIC).
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TABLE 1 Voucher, localities, and GenBank accession numbers for analyzed specimens of the genus Chirostoma

Species

C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum
C. attenuatum

C. attenuatum

Tissue collection
10623
9720
34245
34244
10618
10621
35209
35212
35214
35217
35260
35254
35257
35269
35270
45322
45323
45324
45325
45326
45328
45329
45330
45333
45334
35519
35512
35514
35515
35516
35517
35518
35520
35523
35524
35525
35527
35529
35531
35532
35533
35534
35535
35536
35537
35538

Locality
Uranden
Ukasanatacua
Uranden
Uranden
Uranden
Uranden
Uranden
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
La Pacanda
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen

Zirahuen

Basin
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Patzcuaro
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen
Zirahuen

Zirahuen

17

GB cytb

MG592205
MG592206
MG592207
MG592208
MG592209
MG592210

MG592211
MG592212
MG592213
MG592214
MG592215
MG592216
MG592217
MG592218
MG592219
MG592220
MG592221
MG592222
MG592223
MG592224
MG592225
MG592226
MG592227
MG592228
MG592229
MG592230
MG592231
MG592232
MG592233
MG592234

MG592235
MG592236
MG592237
MG592238
MG592239
MG592240
MG592241
MG592242
MG592243
MG592244
MG592245
MG592246
MG592247

GB §7

MG?8478
MG98476
MG98480
MG98479

MG98477
MG98481
MG98482
MG?8483

MG98484
MG98485
MG98486

MG598465

MG598463

MG598464
MG598462
MG598466

MG598467
MG598468

MG598469

MG598470

MG598471

3
JOURNAL™

Fish collection
No voucher
No voucher
No voucher
No voucher
No voucher
No voucher
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14104
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103
14103

(Continues)
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TABLE 1 (Continued)

Species Tissue collection Locality

C. attenuatum 35539 Zirahuen
C. attenuatum 35540 Zirahuen
C. attenuatum 35541 Zirahuen
C. attenuatum 35543 Zirahuen
C. attenuatum 35546 Zirahuen
C. attenuatum nd Patzcuaro
C. attenuatum nd Patzcuaro
C. attenuatum nd Zirahuen
C. estor 3320 Patzcuaro
C. estor nd Patzcuaro
C. grandocule nd Patzcuaro
C. patzcuaro nd Patzcuaro
C. humboldtianum nd Zacapu

C. sphyraena nd Chapala

C. jordani 5090 Cajititlan
C. jordani nd Chapala

nd, no data (sequence obtained of GenBank database); GB, GenBank accession number;

from GenBank (see Bloom et al., 2013).

Basin GB cyth GB 57 Fish collection
Zirahuen MG592248 MG598472 14103
Zirahuen MG592249 MG598473 14103
Zirahuen MG592250 14103
Zirahuen MG592251 MG598474 14103
Zirahuen MG598475 14103
Patzcuaro KM400699 SLU nd
Patzcuaro KC736405 SLU 5036°
Zirahuen KC736404 SLU 50367
Patzcuaro MG747647 No voucher
Patzcuaro KC736403 SLU 5114°
Patzcuaro KC736369 SLU 5118°
Patzcuaro 1Q282029 SLU 5117°
Zacapu 1]Q282026 SLU 5117*
Chapala KC736400 SLU 5025%
Chapala MG747648 No voucher
Chapala KC736407 SLU 5033*

, no sequence; SLU, code voucher of each sequence retrieved

Collection numbers of tissues and specimens deposited in Tissue bank and/or Fish Collection of the Universidad Michoacana de San Nicolas de Hidalgo

(CPUM) are indicated in columns 2 and 7, respectively.
“Data were obtained of GenBank database.

24 | Phylogenetic, species trees and haplotype
network

Phylogenetic trees were constructed for the cytb and 57 genes
based on maximum likelihood (ML) and Bayesian inference (Bl). The
ML was run in RAxML (Silvestro & Michalak, 2012; Stamatakis,
Hoover, & Rougemont, 2008). Bayesian analyses were run in
MrBayes 3.2.2 (Ronquist et al., 2012). Two independent runs were
implemented with four-chain MCMC and 10,000,000 generations,
sampling every 100 generations. Chain convergence was verified by
suitable effective sample size for all parameters in Tracer 1.5 (Ram-
baut & Drummond, 2007), discarding 10% of generations as burn-in.

To deal with incomplete lineage sorting, the common source of
discrepancy between mtDNA and nDNA (Tows & Brelsford, 2012),
especially in recently radiated lineages (Niemiller, Near, & Fitzpatrick,
2012), a species tree under a multispecies coalescent model was cre-
ated using *BEAST v. 2.0 (Bouckeart et al., 2014; Heled & Drum-
mond, 2010) through the CIPRES Science Gateway v. 3.3 (Miller
et al., 2015). Patzcuaro and Zirahuen populations were designated as
distinct groups. The best fit models of nucleotide evolution for cyth
(TN93+G) and the S7 intron (GTR+G) were used with four gamma
categories. Due to the lack of fossil data for Chirostoma, a lognormal
relaxed clock model was chosen for cyth, using the mutation rate of
1% estimated for Atheriniformes (Campanella et al., 2015). For the
57, the mutation rate was estimated relative to the mitochondrial
mutation rate, choosing a lognormal relaxed clock using a normal

prior (0.005 + 0.01). For species tree and population size models, a

Yule model species tree prior and a constant species tree population
size were chosen. Two independent MCMC runs were performed
for 30,000,000 generations sampling every 1,000 generations. Chain
convergence was assessed by visualizing the sampled parameter val-
ues in Tracer. Runs were pooled using LogCombiner in the BEAST 2
package, with 10% of the generations discarded as burn-in. The
maximum clade credibility species tree was created by TreeAnnota-
tor in the BEAST 2 package.

We constructed a haplotype network to describe the intraspeci-
fic relationships of C. attenuatum in HaploView v. 4.2 (Barrett, Fry,
Maller, & Daly, 2005).

2.5 | Divergence times

To estimate the time of the cladogenetic event separating the Patz-
cuaro and Zirahuen populations, divergence times of C. a. attenua-
tum and C. a. zirahuen based on the cyth and S7 were obtained. The
mutation rate of 1% estimated for Atheriniformes (Campanella et al.,
2015) was used for cytb; for $7, the mutation rate was estimated
relative to the mitochondrial mutation rate, using the normal prior
(0.05 £ 0.01). The best fit models of nucleotide evolution for cyth
(TN23+G) and the 57 (GTR+G) were used with four gamma cate-
gories. We used a prior coalescent model of Bayesian skyline plot.
The assay was performed with BEAST 2 implemented on the web-
server CIPRES Science Gateway v. 3.3 (Miller et al., 2015). Two
independent runs of 50,000,000 generations, sampling every 500

generations, were implemented with 10% discarded as bumn-in.
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2.6 | Genetic diversity and structure

A conventional diversity index was obtained for both genes. Haplo-
type diversity (h), nucleotide diversity (n), and segregating sites (S)
were calculated using DnaSP v5. Differences between C. a. attenua-
tum and C. a. zirahuen were calculated by the uncorrected genetic
distances (D,) with 1,000 bootstrap replicates, using MEGA v5. To
analyze the structure of populations, an analysis of molecular vari-
ance (AMOVA,; Excoffier, Smouse, & Quattro, 1992) was performed,
with significance levels set at o = .05 and 10,000 random permuta-
tions, implemented in ARLEQUIN 3.5.1.2 (Excoffier & Lischer, 2010).
The degree of genetic variation between C. a. attenuatum and
C. a. zirahuen was calculated using the fixation index &, The assay
was run in ARLEQUIN with a significance level of « =.05 and

10,000 random permutations.

2.7 | Historical demography and gene flow

To detect signatures of demographic changes in the two populations,
Tajima’s D (Tajima, 1989) and Fu's Fs (Fu, 1997; Fu & Li, 1993) were
implemented in ARLEQUIN 3.5.1.2 (Excoffier & Lischer, 2010) with
significance levels set at o = .05 and 10,000 random permutations.
To infer population size through time, we created Bayesian skyline
plots (Drummond, Rambaut, Shapiro, & Pybus, 2005) in BEAST 2 for
the subspecies based on the cytb gene. This coalescent-based
method provided a robust framework to infer population dynamics
through time and to deduce historical change in populations from
DNA sequences. The molecular clock was calibrated with a mutation
rate of 1% estimated for atherinopsids (Campanella et al., 2015). The
assay was conducted in BEAST, implemented on the webserver
CIPRES Science Gateway v. 3.3 (Miller et al., 2015) for 30,000,000
generations, sampling every 1,000 generations. The Bayesian recon-
struction of each population was performed in Tracer v. 4.

To estimate the level and direction of historical gene flow
between populations from Patzcuaro and Zirahuen lakes, migration
rates were computed using MIGRATE-N 3.6 (Berreli, 2009). MCMC
simulations were performed as follows: one long chain and 12 short
parallel chains with initial temperatures of 1.0, 1.5, 3.0, and
100,000.0 and a static heating scheme. Final MCMC searches used
100,000 steps in 50-step increments, discarding the first 20,000 as
burn-in. Initial uniform priors were @ (0.0-0.1) and M (0.0-25,000.0).

3 | RESULTS

3.1 | Sequence data

Twenty-five sequences of the mitochondrial cytb gene (length of
alignment 1,121 bp; Dataset S1) of C. a. attenuatum and 25 of
C. a. zirahuen, along with 11 sequences of S7 (length of alignment of
671 bp; Dataset S2) of C. a. attenuatum and 14 of C. a. zirahuen,
were included in the analyses (Table 1). For 57, all heterozygous
sites were successfully resolved for SNP variation (phase threshold

value >85%), resulting in 50 genotypes, 22 for C. a. attenuatum and
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28 for C. a. zirahuen. Obtained sequences were deposited in Gen-
Bank (Table 1). The best fit evolutionary models for the cytb and S7
datasets were TrN+G and GTR+I+G, respectively.

3.2 | Phylogenetic relationships and species trees

The phylogenetic trees based on the cyth gene and 57 recovered
C. attenuatum as a monophyletic assemblage with both Bl and ML
For the tree based on the cyth, Bl and ML produced two highly sup-
ported well-differentiated clades, one corresponding to specimens
collected in Patzcuaro Lake and the other comprising the specimens
from Zirahuen Lake (Figure S1). In contrast, the tree based on the
S§7 intron, although supporting the monophyly of C. attenuatum,
showed unresolved polytomy in within-species relationships with
both Bl and ML (Figure S2). The species tree based on the two loci
showed two well-supported lineages (Figure 1) as the a priori
assignments of specimens. The time of separation of the lineages
was estimated at 600,000 years ago (HPD 95% 319,000-93%,000;
Figure 1).

3.3 | Haplotype network

The cytb haplotype network showed well-differentiated haplogroups
corresponding to C. a. attenuatum and C. a. zirahuen, separated by
10 mutation steps. The Patzcuaro population showed a network with
a central haplotype (frequency = 7) and several peripheral unique
haplotypes. The Zirahuen population showed one haplotype with
high frequency (n = 22) and three unique peripheral haplotypes (Fig-
ure 2A). The S7 haplotype network displayed separation of the
C. a. attenuatum haplotypes from C. a. zirahuen, with only one of the
central haplotype shared between subspecies. Fifteen unique haplo-
types were found for the Patzcuaro population and seven for the
Zirahuen population.

C. estor

C. a. aftenuatum

100/100
0.601 (0.319-0.939)

C. a. zirahuen

8.0E-4

FIGURE 1 Species tree and divergence times in Chirostoma
attenuatum; 9 individuals of Chirostoma a. attenuatum and 11
individuals of Chirostoma a. zirahuen were included. The analysis was
performed with both molecular markers. Numbers on branches
indicate median divergence time, and numbers in parentheses show
confidence limits (HPD >95%) in millions of years ago. The number
above the branch represents the posterior probability in the species
tree and divergence time tree
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3.4 | Genetic diversity

For the mitochondrial cytb gene, the complete C. attenuatum dataset
revealed high haplotype diversity (0.785) and low nucleotide diver-
sity (0.00619), with 35 segregating sites. Chirostoma a. attenuatum
showed high haplotype diversity (0.8933) and low nucleotide diver-
sity (0.00210) with 21 segregating sites, whereas C. a. zirahuen
exhibited low haplotype diversity (0.18), low nucleotide diversity
(0.00025), and three segregating sites (Table 2).

For S§7, a similar diversity pattern was obtained. The complete
dataset of C. attenuatum showed high haplotype diversity (0.9935)
and low nucleotide diversity (0.00882) with 29 segregating sites. Chi-
rostoma a. attenuatum presented high haplotype diversity (0.987) and
low nucleotide diversity (0.00698) with 18 segregating sites, whereas
C. a. zirahuen showed high haplotype diversity (0.989) and low nucleo-
tide diversity (0.00852) with 21 segregating sites (Table 2).

(a)

Chirostoma a. attenuatum

Chirostoma a. zirahuen

3.5 | Genetic differentiation and structure

For cytb, the mean genetic distance between C. a. attenuatum and
C. a. zirahuen was calculated as 1.1%. For 57, it was 0.4%. The
AMOVA showed significant values for both markers. While for the
cyth marker (cytb = 0.88, o =.000), most variation was observed
between populations, for the S7 intron, the primary source of varia-
tion was within-population, with lower, but significant, between-
population variation (S7 intron = 0.01, o = .023; Table S1).

3.6 | Historical demography and gene flow

In the neutrality tests using the cytb marker, Tajima's D and Fu's Fs
showed significant negative values, —2.22923 and -10.06747,
respectively, for C. a. attenuatum. Chirostoma a. zirahuen showed sig-

nificant negative Tajima's D value (-1.82093) and a negative, non-

FIGURE 2 Haplotype networks and Patzcuaro and Zirahuen regions: (a) cytochrome b gene network and (b) first intron of S7 ribosomal
protein gene haplotype network. White number indicates the haplotype frequency (number of individuals with the same haplotype), and circle
without number is unique haplotype. Black number into the box and small black circle indicate the mutational steps. (c) Patzcuaro and Zirahuen
regions. PL, Patzcuaro Lake; ZL, Zirahuen Lake; TV, Las Tazas volcano; EV, Estribo volcano. Red line = hypothetical connection (De Buen,
1943) between Patzcuaro and Zirahuen lakes 700,000 years ago. Green line = paleoconnection between Patzcuaro and Zirahuen ca. 30,000

8,000 years ago (Bradbury, 2000; Israde-Alcantara et al., 2005)
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TABLE 2 Genetic diversity indices and
historical demographic parameters in
Chirostoma attenuatum, based on
mitochondrial and nuclear locus

Mitochondrial (cytb)
C. a. attenuatum
C. a. zirahuen

Nuclear (57)

C. a. attenuatum

C. a. zirahuen

25
25

11
14
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nH n h S DT FS

16 0.00210 0.8933 21 —2.22923* —1006747*
4 0.00025 0.18 3 —1.82093* —0.06249

20 0.00698 0.987 18 —0.19231 -1647126*

24 0.00852 0.989 21 0.22923 —17.59861*

nH, number of haplotypes; =, nucleotide diversity; h, haplotype diversity; S, polymorphic sites; DT,

Tajima's D; FS, Fu's Fs

*Significance value p < .05

significant, Fu's Fs value (-0.06249). For 57 in C. a. attenuatum, Taji-
ma's D was negative but not significant (-0.19231), and a significant
negative Fu's Fs value (-17.59861) was obtained (Table 2).

The Bayesian skyline plot indicated expansion of C. a. attenua-
tum ca. 25,000 years ago (Figure 3A) and of C. a. zirahuen ca.
15,000 years ago (Figure 3B). Migration rates for cytb were lower
(Mzirahuen-Patzcuaro = 0.01 and Mpaauaro zirahuen = 0.012) than those
for 57 (Mzimhuen-Patzcuare = 0-13 and Mpazciaro-zirahuen = 0.06); while
cytb indicates symmetry in magnitude and direction between the
two populations, the rates recorded for S7 show an asymmetrical

rate from Zirahuen to Patzcuaro.

4 | DISCUSSION
4.1 | Chirostoma a. attenuatum and C. a. zirahuen,
incipient or complete speciation?

Results show significant structure in the paired @, and AMOVA
(Table S1), as well as genetic distance between C. a. attenuatum and
C. a. zirahuen (cytb = 1.1% and S7 = 0.4%). The genetic distance is
relatively high for population level compared with the cyprinid Algan-
sea lacustris endemic to Patzcuaro Lake, which presents a divergence
of 1.5% from A. tincella, its sister species inhabiting other areas
(Pérez-Rodriguez, Dominguez-Dominguez, Pérez Ponce de Ledn, &
Doadrio, 2009), and the 0.03% found between the Goodeinae Allo-
toca meeki endemic to Zirahuen and its sister species A. diazi ende-
mic to Patzcuaro Lake (Corona-Santiago et al, 2015), suggesting
isolation of the ancestors of the subspecies in their respective lakes.
In contrast, whereas the cytb showed reciprocal monophyly at the
subspecies level, S7 demonstrated unresolved relationships and a
mixture of haplotypes in the genetic tree and haplotype network
(Figure 2A and B; Figures 51 and S2). Disparities between mitochon-
drial and nuclear trees can be associated with horizontal transfer, lin-
eage sorting, introgression, gene duplication/extinction (Goncalves,
Martinez-Solano, Ferrand, & Garcia-Paris, 2007; Holland, Benthin,
Lockhart, Moulton, & Huber, 2008), and the differing mutation rates
in nuclear and mitochondrial loci (Egge, Nicholson, & Stark, 2015). In
this case, the lack of resolution and mixed haplotypes in the S7
genetic tree reflected the combined effects of low variation and
sorting that is consistent with the low

incomplete lineage

evolutionary rate and high coalescence time for nuclear loci (Egge
et al., 2015). These variation patterns are usually demonstrated by
species complexes that have undergone relatively recent divergence
(Beltran-Lépez et al., 2017; Buj, Sanda, Marci¢, Caleta, & Mrakovéié,
2014; Buj et al., 2015), which is consistent with the most recent
common ancestor of C. a. attenuatum and C. a. zirahuen populations
dated ca. 600,000 years ago (Figure 1), considered a recent isolation
event compared to divergence of the Patzcuaro endemic A. lacustris
dated 1.9 Ma ago.
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FIGURE 3 Demographic history reconstruction using Bayesian
skyline plot based on the cytochrome b gene. Black line is the
median effective population size. Blue lines indicate confidence
intervals. (a) Chirostoma a. attenuatum and (b) Chirostoma a. zirahuen
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Since the *BEAST coalescent-based approach provides the ability
to model incomplete lineage sorting and ancestral polymorphism, the
species tree produced strongly supported two reciprocally mono-
phyletic lineages (Figure 1), implicating defined barriers to gene flow
(Heled & Drummond, 2010). The differentiation pattern of the sub-
species C. a. attenuatum from C. a. zirahuen lineages is consistent
with their considerable reported morphological differentiation,
including the number of lateral predorsal scales, caudal peduncle
length, snout-to-first dorsal fin distance, and mouth shape (Barbour
1973; Barriga-Sosa, 2001; Meek, 1902; Miller et al., 2005). Based on
the forgoing evidence, along with the geographic isolation of the
lakes, we suggest that these subspecies be considered independent
evolutionary units, and argue that a species level of Chirostoma
attenuatum from Patzcuaro Lake and Chirostoma zirahuen from Zira-

huen Lake must be recognized.

4.2 | Persistence of a barrier versus ecological
isolation

The date of the most recent common ancestor of C. attenuatum and
C. zirahuen was estimated from 319,000 to 939,000 years ago. The
most plausible biogeographic hypothesis of the early cladogenetic
event separating the species is the existence of a paleoriver connect-
ing the lakes that disappeared -700,000 years ago (Figure 2C). A
similar biogeographic hypothesis has been proposed based on taxa
of freshwater fishes codistributed in Patzcuaro and Zirahuen lakes,
arguing that a paleotributary connected the Lerma River with Cuit-
zeo, Patzcuaro, and Zirahuen lakes 700,000-1,000,000 years ago
(Alvarez Del Villar, 1972; De Buen, 1943). This is supported by
stratigraphic information (Israde-Alcantara, Wade, Garduno-Monroy,
& Barron, 2008), limnologic data (Bradbury, 2000; Israde-Alcantara,
Garduno-Monroy, & Ortega, 2002), and geological evidence (Israde-
Alcantara & Garduno-Monroy, 1999). The Patzcuaro and Zirahuen
lakes are located in an area of high volcanic activity known as the
“Tarasco Corridor,” where more than 1,000 active volcanic cones
have been recorded since the Pliocene (Corona-Santiago et al.,
2015). The volcanic dynamism was produced by tectonic activity
that increased in the area ~700,000 years ago (Johnson & Harrison,
1990; Luhr & Simkin, 1993), shaping the physiography of the Zira-
huen and Patzcuaro basins, and corresponding to the time of the
early cladogenetic event.

A hypothesis of a more recent connection between Zirahuen and
Patzcuaro lakes, from 30,000 to 8,000 years ago (Garduno-Monroy
et al., 2009; Israde-Alcantara et al, 2005, 2010), proposes a pale-
ostream flowing from Zirahuen to Patzcuaro until tecto-volcanic
events, such as activity in the Tazas volcano, disrupted the connec-
tion (Figure 2C). These dates are supported by the genetic flow
demonstrated in the sister goodeid species A. diazi (Patzcuaro) and
A. meeki (Zirahuen; Corona-Santiago et al., 2015). In this scenario,
the symmetrical migration rates in mtDNA = 0.01 migrants per gen-
eration and the asymmetrical migration rates in NDNAzahuen-
patzcuaro = 0.013 versus nDNAp, ¢ cuaro-zirahuen = 0.06% migrants per

generation between lineages, indicating that the recent connection

of the lakes allowed migration but was sufficiently low to maintain
genetic differentiation, as is supported by the significant values in
@y and AMQOVA, as well as the haplotype network and species trees.
These results support the suggestion that the speciation process is
better explained by ecological speciation than by the existence of a
barrier, as has been proposed in A. meeki with respect to A. diazi, in
which migration was found, but was not significant and was low
enough to maintain the genetic differentiation of the species (Cor-
ona-Santiago et al., 2015).

Evolutionary, biogeographic, and phylogenetic studies of Chiros-
toma demonstrate that C. attenuatum is member of a clade of spe-
cies restricted to lake habitats (Bloom et al, 2009, 2013). The
environmental conditions of lotic and lentic systems exert unique
ecological constraints on aquatic organisms (Letsch, Gottsberger, &
Ware, 2016). Studies of speciation focusing on transition between
streams and lakes are scarce. They include characterization of the
divergence of lake and stream ecotypes in the three-spined stickle-
back Gasterosteus aculeatus, in which differing predation regimes,
dietary resources, light conditions, and parasite communities led to
substantial morphological differences (Seehausen & Wagner, 2014).
For Chirostoma from Patzcuaro, the diversity of food resources,
including zooplankton, fish, insects, and microcrustaceans, can be
associated with interspecific morphological differences (Soria-Barreto
& Paulo-Maya, 2005), suggesting food resources as a potential eco-
logical constraint. The disparate environmental conditions of Zira-
huen and Patzcuaro lakes, the former deep, monomictic, and
oligotrophic (Bernal-Brook & MacCrimmon, 2000) and the latter
shallow, polymictic, and eutrophic (Bernal-Brook, Gomez-Tagle, &
Alcocer, 2002), may have acted to spur rapid differentiation in C. at-
tenuatum and C. zirahuen traits during the first allopatric stage ca.
600,000 years ago, as supported by our genetic and previous mor-
phologic evidence (Barbour 1973; Meek, 1902; Miller et al., 2005).
The natural history of a species adapted to lake ecosystems suggests
that a recent connection via a paleostream (Figure 2C) may have
represented an environmental constraint resulting in a low dispersal
rate between lakes. In this scenario, the unfavorable lotic habitat
represented a barrier sufficient to maintain a low genetic flow and
prevent the establishment of migrants, maintaining the genetic dif-
ferentiation of C. attenuatum and C. zirahuen during a secondary
drainage connection. This corresponds to a classic scenario of eco-
logical speciation (Schluter, 2001; Seehausen & Wagner, 2014), in
which reproductive isolation of two populations has its source in
allopatry, during which a population accumulates adaptations to
unique aspects of its environment, preventing genetic homogeniza-
tion in a secondary contact (Schluter, 2001; Dominguez-Dominguez,
2008).

4.3 | Demography and its conservation implications

Since the first allopatric stage 600,000 years ago, the studied lin-
eages were exposed to different environmental conditions, as well
as to different evolutionary forces and demographic processes.

With respect to historical demography, the high genetic diversity
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and polymorphism of C. attenuatum suggests the persistence of a
high effective population size (Buj et al., 2015), whereas the Fu'’s Fs,
Tajima's D statistics, and the Bayesian skyline plot imply a population
expansion dated ca. 25,000 years ago (Figure 3A), consistent with
the early glacial stage (Caballero, Lozano-Garcia, Vazquez-Selem, &
Ortega, 2010). Paleoclimatic information from Patzcuaro indicates
that during this period ca. 25,000 to 13,000 years ago, the basin was
dominated by high humidity and precipitation. The lake was turbid
with high productivity and deep with an extended shallow littoral
zone, as evidenced by the abundance of fern lsoetes sp. (Bradbury,
2000; Caballero et al., 2010), facilitating the reproduction of Chiros-
toma and growth of larvae (Rojas-Carrillo, 2006). The deep open
areas would support high populations of mature fish (Garcia-De Leon,
Ramirez-Herrejon, Garcia-Ortega, & Hendrickson, 2014; Soria-Bar-
reto & Paulo-Maya, 2005), promoting the population expansion
shown by the Bayesian skyline plot for that period.

The demographic history of C. zirahuen is more complex, as indi-
cated by the lack of consensus in the two molecular markers, with
cyth showing low genetic diversity (H = 0.18; = = 0.00025) and a
bottleneck effect, while the nuclear gene showed high diversity
(H =0.989; = = 0.00852) and population expansion. This inconsis-
tency could be explained by the formation of Zirahuen Lake via
damming of a stream that flowed to Patzcuaro Lake, producing a
biogeographic scenario of peripheral isolation. Accordingly, the foun-
der population was low, allowing stochastic processes, such as
genetic drift and selection, to occur more slowly in nDNA than in
mtDNA (Funk & Omland, 2003; Zink & Barrowclough, 2008), influ-
encing the C. zirahuen demographic history (Lacy, 1987), as was pro-
posed for the A. diazi complex (Corona-Santiago et al, 2015). The
Bayesian skyline plot showed a population expansion ca.
15,000 years ago (Figure 3B), during the late glacial stage (Caballero
et al., 2010; Clark et al., 2009). Paleoclimatic information demon-
strates that 15,000 years ago, Zirahuen Lake underwent consider-
able increase in surface area, the littoral zone, and productivity
(Caballero et al., 2010; Metcalfe, O’Hara, Caballero, & Davies, 2000;
Ortega et al., 2010; Torres-Rodriguez, Lozano-Garcia, Figueroa-Ran-
gel, Ortega-Guerrero, & Vazquez-Castro, 2012; Vazquez, Ortega,
Davies, & Aston, 2010). As with the C. attenuatum population, this
paleoclimate scenario may have facilitated the population expansion
of the C. zirahuen in Zirahuen Lake 15,000 years ago.

From a conservation perspective, the mitochondrial structure,
the considerable morphological differentiation, and the historical iso-
lation of the lake populations are sufficient evidence to consider the
lineages as separate species, one endemic to Patzcuaro Lake (C. at-
tenuatum) and the other endemic to Zirahuen Lake (C. zirahuen), rep-
resenting a unique and irreplaceable genetic pool (Crandall, Bininda-
Edmonds, Mace, & Wayne, 2000). This is especially important when
considering (i) the restricted geographic range of each species, since
for freshwater organisms in general (Ribera, 2008), and fishes in par-
ticular (Rosenfield, 2002), the likelihood of the extinction increases
as geographic range is reduced; (ii) that Chirostoma have represented
the most important fishery in Patzcuaro and Zirahuen lakes since

pre-Hispanic times (Barbour, 1973; Berlanga-Robles, Luna, Nepita, &
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Vera, 1997; Berlanga-Robles, Madrid-Vera, & Ruiz-Luna, 2002;
Hernandez-Batista, Ramirez-Torrez, Azaola-Espinoza, Mayorga-
Reyes, & Monroy-Dosta, 2015; Miller, 2005) and it is considered
overfished (Chacon-Torres, 1993; Hernandez-Batista et al, 2015;
Rojas-Carrillo, 2006); and 3) that habitat degradation has been
widely documented since the pre-Hispanic time (Guzman, Polaco, &
Pollard, 2001; Nichols & Pool, 2012; Williams & Weigand, 1996)
and continues to the present (Lyons, Gonzalez-Hernandez, Soto-
Galera, & Guzman-Arroyo, 1998; Ramirez-Herrejon et al., 2014;
Zambrano et al., 2001).
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Figure S1. Phylogenetic relationship by maximum likelihood and Bayesian inference
of Chirostoma attenuatum based on the cytochrome b gene. Numbers on branches

represent bootstrap values and posterior probability (ML/BI).
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Chirostoma jordani
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Figure S2. Phylogenetic relationship by maximum likelihood and Bayesian inference
of Chirostoma attenuatum based on first intron of S7 ribosomal protein gene.

Numbers on branches represent bootstrap values and posterior probability (ML/BI)
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Table S1. Analysis of molecular variance (AMOVA) for Chirostoma attenuatum

Source of variation d.f Sum of
squares

Cytochrome b

Among populations 1 126.280
Within population 48 32.440
Total 49 158.720

Firs intron of S7 ribosomal

protein

Among populations 1 0.619
Within population 48 23.721
Total 49 24.340

* Value with statistical significance a < 0.05

29

Variance
components

5.02417 Va
0.67583 Vb

5.70000

0.00507 Va
0.49418 Vb

0.49926

% variation

*88.14

11.86

*1.02

98.98
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Abstract

The atherinopsids is the second largest group of freshwater fish that occurred in
Central Mexico. The genus Chirostoma records the highest species richness and
presents high biological, cultural and economic importance. The Chirostoma
humboldtianum species group is phylogenetically the most derivate group into
Chirostoma genus that inhabit lacustrine ecosystems, and nine morphological
species have been recognized and these species have been consider as “species
flock”. However, the high morphological polymorphism found in Chirostoma
humboldtianum species group may difficult the correct species identification and
limiting the development of research studies mainly in species inhabiting lacustrine
ecosystems. In this study, we used the combined phylogenetic and phylogeography
approach based in two mitochondrial markers and one nuclear for understand: the
phylogenetic relationships between the Chirostoma humboldtianum species group
and, that process govern the genealogic lineage distribution. The results showed
several taxonomic inaccuracy and monophyly of species was not recovered. There
were genetic admixture between recognized species. Therefore, there are a genetic
segregation according to geography recognizing five genetic lineages closely
relationships. Two evolutionary stage was found. First, a cladogenetic scenario
between five lineages, and a recent diversification that occurred in Pleistocene less
to 1 M.a. The second evolutionary stage showed a recent intra lacustrine genetic
differentiation that could be associated to sympatric or ecological speciation. Our
genetic data did not support the current classification in Chirostoma humboldtianum
species group and new biogeography and evolutionary insight have arisen. The
discrepancies found between genetic and morphological data can be attributed to
the high phenotypic plasticity within the group, related to the pressures of the habitat
and to rapid adatative divergences.

Keywords: Species delimitation; phenotypic plasticity; recent divergences;

Taxonomic inaccuracy; polymorphism.
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3.1 Introduction

The freshwater hydrographic systems in Central Mexico have been strongly
influenced by intense tectonic and volcanic activity since the Miocene (Gomez-
Tuena et al., 2007; Ferrari et al., 2012). This intense geologic activity has generated
a complex hydrological system that, together with the climate fluctuation during the
Pleistocene, have promoted dispersal and vicariant events that shaped the richness
and diversity of freshwater fishes in Central Mexico (Miller et al., 2005). For the
freshwater fishes, allopatric speciation is considered as the major factor of
diversification (Dominguez-Dominguez et al., 2004, 2008, 2010; Garcia-Martinez et
al., 2014; Perez-Rodriguez et al., 2015; Beltran-Lopez et al., in press), while the
sympatric ecological segregation has been suggested for those species inhabiting
lacustrine ecosystems, mainly in the family Atherinopsidae (Barbour, 1973;
Betancourt-Resendes et al. 2018).

The atherinopsids is the second largest group of freshwater fishes in Central
Mexico and are represented by the genera, Poblana Bonaparte and Chirostoma
Swaison (Barbour, 1973; Miller et al., 2005). Chirostoma reaches its highest species
richness and is a biologically, culturally and economically important group of fishes
in Central Mexico (Barbour, 1973; Miller et al., 2005; Moncayo-Estrada et al., 2012).
Chirostoma has been part of fisheries resources since pre-hispanic times, being the
main subsistence activity of different ethnic groups in the region (Soria-Barreto et
al., 1988; Paulo-Maya et al., 2000).

The Chirostoma humboldtianum species group consists of nine
morphological species, which have been recognized considered a “species flock”,
originally proposed by Barbour, (1973). This has been supported with morphology
and osteology (Barbour and Chernoff, 1984), enzymatic characters (Echelle and
Echelle, 1984), as well as combined analyses based on morphological, meristic and
genetic data (Barriga-Sosa et al., 2005, 2002). However, the high morphological

polymorphism found within the Chirostoma humboldtianum species group make
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accurate identification of species difficult, thereby limiting the development of
research studies mainly in species inhabiting lacustrine ecosystems (Alaye, 1996;
Barriga-Sosa et al., 2005, Garcia de Leon et al., 2014; Mercado-Silva et al., 2015,
Vital-Rodriguez et al., 2016).

This species in the group are distributed along the Lerma system in Central
Mexico. Chirostoma humboldtianum Valenciennes has the widest distribution.
Chirostoma chapalae Jordan & Snyder, Chirostoma consocium Jordan & Hubbs,
Chirostoma lucius Boulenger, Chirostoma promelas Jordan & Snyder, and
Chirostoma sphyraena Boulenger are endemic and sympatric within Lake Chapala,
the largest natural lake in Mexico. Chirostoma estor Jordan, Chirostoma grandocule
Steindachner, and Chirostoma patzcuaro Meek are sympatric and endemic to Lake
Patzcuaro.

To date, molecular markers have been unable to resolve the phylogenetic
relationship of the species within the Chirostoma humboldtianum species group
(Bloom et al., 2009; 2012; 2013). These molecular studies have suggested that this
species group has evolved very recently in Central Mexico (Bloom et al., 2013;
Garcia-Martinez et al., 2015), compared with other freshwater fish, such as goodeids
and cyprinids (Dominguez et al., 2004, 2006, 2010; Perez-Rodriguez et al., 2015).
This recent diversification has been argued to occur through sympatric speciation
due to trophic specialization or to unknown intrinsic mechanism of the species
(Barbour, 1973; Echelle and Echelle, 1984; Bloom et al., 2013). Nevertheless,
several studies of trophic segregation in sympatric species of Chirostoma from
Patzcuaro and Chapala Lake fail to show a pattern of trophic differentiation among
sympatric species (Moncayo-Estrada et al., 2012; Garcia de Leon et al., 2014;
Mercado-Silva et al., 2015). The overlap in trophic ecology among sympatric species
from Chapala and Patzcuaro lakes raises questions about the evolutionary
processes in this morphologically diverse but genetically similar group.

As a result, a combined phylogenetic and Phylogeographic approach could
be useful to understand and resolve the taxonomic and phylogenetic conflict within
the C. humboldtianum species group and provide information on the processes that

govern the distributions of the genealogic lineages give valuable information related
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to the evolutionary history of the C. humboldtianum species group. Therefore, in the
present study, mitochondrial and nuclear markers were used to: 1) elucidate the
phylogenetic relationships among the recognized species, 2) understand their
evolutionary history, and link this to the geologic and climat history of central México
and 3) describe how the vicariant events and habitat fragmentation in central Mexico
have been important factors in their preset genetic configuration of the C.

humboldtianum species group.

3.2 Materials and Methods

3.2.1 Specimen collections

Specimens of all the species in the C. humboldtianum species group were
collected from sixteen localities of central Mexico (Fig. 1 and Table 1) and were
obtained from local fisheries. Geographical units were established as discrete
regions following Dominguez-Dominguez et al., (2006, 2010) and based on
watershed hydrography. Fin clips were obtained for each specimen and preserved
in 96% ethanol. Voucher specimens were identified using the diagnostic
morphological and meristic characters (Barbour 1973; Barriga-Sosa et al., 2002,
2005; Miller et al., 2005) and preserved in the Coleccion de Peces de la Universidad
Michoacana (CPUM) (Table 1). Additionally, sequences were obtained from
GenBank (Table 2).

3.2.2 Sequence data

Total genomic DNA was extracted from fin clips using Phenol-Chloroform
protocol (Sambrook et al., 1989). Two mitochondrial genes, cytochrome b (Cytb),
and a 350 bp fragment of the hypervariable control region (D-loop), and one nuclear
locus, the first intron of S7 ribosomal protein gene (S7) were amplified using the
following primers: Cytb Glud-G (Palumbi 1996) and H16460 (Perdices et al., 2002),
for the D-loop was used RCA and RCE (Lee et al., 1995) and for S7 STRPEX1F and
S7RPEXI1R (Chow and Hazama, 1998). Amplification parameters are described in
Appendix 1. Amplified products were sequenced in both directions by High-
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throughput Genomics Center, of Washington University, United States. Nucleotide
sequences were edited and manually aligned with MEGA, using the complete
mitochondrial genome of Chirostoma humboldtianum (GenBank reference
NC_024883; Barriga-Sosa et al., 2014.) in order to determinate the position of both
mitochondrial region for gene Cytb and the non-coding fragment-D-loop. The S7
intron was aligned by CLUSTAL_W 1.83 (Thompson et al., 1997). The alignment of
Cytb was translated to verify the absence of stop codons along the sequence.
Nucleotide saturation was tested for Cytb using the software DAMBE v5 (Xia, 2013)
and free-recombination of non-coding S7 intron was performed by software DNAsp.
Also, the sister species of the group, C. attenuatum Meek, (Bloom et al., 2013, 2009;
Campanella et al.,, 2015; Betancourt-Resendes et al., 2018) in the phylogenetic
analysis. Chirostoma jordani was including as outgroup. Alignments for each locus
were used to estimate and select the substitution model that best fit the datasets

using jModeltest v. 1.7 (Posada, 2008) using the Akaike information criterion (AIC).

3.2.3 Gene tree and haplotype network

Gene trees were inferred using Maximum Likelihood (ML) and Bayesian
Inference (BI) with separate analyses consisting of each gene and concatenated
mtDNA (Cytb and D-loop) and an analysis based on S7. The ML was run in RaxML
(Stamakis et al., 2008, Silvestro and Michalak 2012). Bayesian analyses were run in
MrBayes 3.2.2 (Ronquist et al. 2012). Two independent runs were implemented with
four MCMC and 10,000,000 generations, sampling every 100 trees. Chain
convergence was verified by suitable effective sample size (ESS) for all parameters
in Tracer 1.5 (Rambaut and Drummond 2007), discarding 10% of generations as
burn-in.

Due the lack of resolution in genes tree in previous phylogenetic analyses
(Bloom et al., 2013, 2012, 2009), haplotype networks were generated in order to
examine the intra-specific relationships of the C. humboldtianum species group.
Haplotypes analyses were conducted in Network 4.6.1.3 using a median-joining
algorithm (Bandelt et al., 1999).
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3.2.4 Species tree calibrated analysis and Bayes Factor species delimitation test

A multi-locus species tree was generated under a coalescent model in
*BEAST v.1.8 (Heled and Drummond, 2010). Four scenarios corresponding to
distinct classificatory assignments were tested including: 1) morphological species
criteria proposed in the Chirostoma humboldtianum species group (Barbour, 1973;
Barriga-Sosa et al., 2005; Bloom et al., 2013), and the groupings based on 2) D-loop
3) Cytb and 4) S7 haplotype networks performed herein. A Yule model specie tree
prior and a constant species tree population size was chosen, using an uncorrelated
relaxed molecular clock. The mutation rate for Cytb gene was of 1% according to
rate estimate for Atheriniformes (Campanella et al., 2015). While for D-loop and S7
the mutation rate was estimated according to Cytb mutation rate. Two independent
runs with 100,000,000 generations sampling each 1000 generations were run. The
convergence was evaluated with —InL values and effective sample size >200 in
Tracer v.5 (Rambaut and Drummond, 2008). The maximum credibility tree was
generated in TreeAnnotator v.1.8. The support value for the branch length was
evaluated by posterior probability value. Analyses were run in Cripres Science
Gateway v 3.3.

In order to calculate and compare the relatives support for the three well
supported genetic group found in species tree analyses via Bayes factor (BF), the
marginal-likelihood values (MLE) were estimated. This method is a helpful tool for
species delimitation by comparing the support for each model relative to the model
with the highest ranking (Caviedes-Solis and Nieto-Montes de Oca, 2018; Grummer
et al., 2014; Leaché et al., 2014). MLE were estimated using the path sampling (PS)
(Lartillot and Philippe, 2006), and stepping-stone (SS) (Xie et al., 2011) methods.
Each assignment was run for a chain length of 100,000,000 generations for 200 path
steps. Though (BF = 2 (modell-model2) using the MLE for two models, the BF were
calculated, and then were compared and assessed using the framework of Kass and
Raftery (1995). A negative BF value indicates support in favor of model 1, while a

positive BF values indicates support in favor of model 2. The BF scale is as follows:
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0 <In (BF) < 1 is not worth more than a bare mention, 1 < In (BF) < 3 is positive

evidence, 3 <In(BF) <5 is strong support, and In(BF) > 5 is decisive.

3.2.5 Genetic distance and structure

The uncorrelated genetic distance (Dp) were calculated between mains groups found
in species tree results in MEGA v5. Bootstrapping was performed with 1,000
repetitions.

Analysis of Molecular Variance (AMOVA) was performed using five a priori
population assignments based on: 1) morphological species; 2) hydrological discrete
regions from Central Mexico according to Dominguez-Dominguez et al. (2006,
2010); 3) D-loop haplotype network; 4) Cytb haplotype network and 5) S7 haplotype
network. Distribution was generate from 10 000 random permutation to estimate the
significances of the variance components. These analyses was performed with
ARLEQUIN 3.5.1.2 (Excoffier and Lischer, 2010). Additionally, pairwise intra-
lacustrine population differentiation (pairwise ®st) was evaluated (Excoffier et al.,
1972) between different segregated groups found in Chapala and Patzcuaro Lake
according with D-loop marker. The assays were carried out in ARLEQUIN 3.5.1.2
(Excoffier and Lischer, 2010). The significance of ®st value was evaluated by
performing a randomization test of 10,000 replications with a significance level of a
= 0.05.

3.3 Results

3.3.1 Sequence data

Two-hundred four sequences of Cytb, 176 for D-loop and 113 for S7 were
generated from 16 localities throughout Central Mexico basins (Fig. 1), including all
morphological species in the C. humboldtianum species group (Table 1). In addition,
10 sequences of Cytb of all members of C. humboldtianum species group (sensu
Bloom et al., 2013), and 48 sequences of C. humboldtianum for D-loop (Garcia-
Martinez et al., 2015) were retrieved from GenBank (Table 2) and included in the

analyses. The alignment length for Cytb were 1087 bp, that records 135 variables
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sites, 70 were parsimoniously informative, D-loop total length 284 bp, including 115
variables sites, of which 95 were parsimoniously informative. Finally, the S7
alignment length was of 671 bp including 21 variable sites of which 12 were
parsimoniously informative. The best-fit substitution models were T1M1+I+G,
GTR+I+G and TPM3 for Cytb, D-loop and S7.

3.3.2 Gene trees

The current morphological species classification of Chirostoma
humboldtianum species group was not recovered by any of the three loci used.
Nevertheless, there were some geographical structuring for the mitochondrial genes
(mtDNA). Mitochondrial DNA recovered a basal polytomy that included the four
sympatric species from Lake Chapala including C. promelas, C. consosium, C.
chapala and C. lucius, as well as samples of C. lucius from Los Negritos Lake, C.
humboldtianum from Tepuxtepec dam and San Pedro Lagunillas Lake (Fig. 2,
Supplementary Fig. 1, 2, 3, 4). In addition, three geographically segregated, major
lineages were recovered. Lineage one clustered individuals of C. sphyraena from
Lake Chapala with high posterior probability. Lineage two, consisted of C.
humboldtianum from Zacapu, Santiaguito Maxada, San Juanico and Tiacaque
localities. Finally, lineage three contained Chirostoma estor from Lakes Patzcuaro
and Zirahuen, as well as individuals identified as C. patzcuaro and C. grandocule
from Lake Patzcuaro; C. estor from Cointzio dam; C. humboldtianum from Villa
Victoria dam and an unidentified Chirostoma sp. from Atenango dam (Fig. 2). The
S7 topology failed to resolve relationships among the C. humboldtianum species
group. An unresolved polytomy was recovered, with the exception of a monophyletic

group of C. spyraena from Lake Chapala (Supplementary Fig. 5).

3.3.3 Haplotype nerwork

D-loop resulted in five major haplogroups corresponding to geography of
Central Mexico rather than morphological species hypotheses (Fig. 3). Haplogroup
A consisted of all individuals of C. sphyranea and two individuals from San Juanico
Dam (access numbers: KF652020, KF652023) identify by Garcia-Martinez et al.,
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(2015) as C. humboldtianum. This was separated by 14 mutation steps from the
nearest haplogroup. The haplogroup B is consists of specimens identified as C.
promelas, C. lucius, C. consocium and C. chapalae from Lake Chapala Lake,
including specimens from the reservoirs Tepuxtepec, Juanacatlan, San Juanico, and
San Pedro Lagunillas Lake identified as C. humboldtianum by Garcia-Martinez et
al., (2015). It should be noted that San Pedro Lagunillas population is segregated
within this haplogroup by three mutational steps, although with two haplotypes
shared with the major haplogroup B (Fig. 3). Haplogroup C is separated by 11
mutation steps from the nearest haplogroup and includes specimens of C.
humboldtianum from Zacapu Lake, Tiacaque, and Santiaguito Maxda dam, as well
as specimens from reservoirs, San Juanico, Cointzio and San Pedro Lagunillas
Lake. Haplogroup D, separated by 12 mutational steps from the haplogroup C,
clusters all specimens sampled from Lake Patzcuaro identified as C. estor, C.
grandocule and C. patzcuaro. In addition to specimens identified as C. estor from
Cointzio dam, C. humboldtianum from the reservoirs of Villa Victoria and San
Juanico, and unique divergent haplotype with specimens of C. estor copandaro from
Zirahuen Lake that includes one haplotype of C. estor from Lake Patzcuaro (Fig. 3).
Finally, haplogroup E was separated by 10 mutational steps and includes samples
of C. estor copandaro from Zirahuen Lake and one specimen of C. estor from Lake
Patzcuaro (Fig. 3).

The Cytb network shows four genetic groups consistent with the haplogroups
found in D-loop, but with lower variation. The main difference of this network relative
to D-loop network is that specimens of C. estor from Lakes Zirahuen and Patzcuaro
are included in the same haplogroup (Fig. 4). Like D-loop, samples are grouped
according to geographic location rather than morphological species. The central
haplotype (19) of haplogroup B is shared among C. chapala, C. consosium, C.
promelas, C. lucius and C. humboldtianum. Haplotype 34 is shared among C. lucius,
C. promelas and C. humboldtianum. Haplotype 35 is shared between C. consosium
and C. humboldtianum, and haplotype 38 is shared between C. lucius and C.

humboldtianum. The haplogroup D also showed shared haplotype between species,

40



as haplotype (1) that is shared between C. patzcuaro, C. grandocule, C. estor and
C. humboldtianum (Fig. 4).

The nuclear S7 network recovered samples in two haplogroups, separated by
two mutational steps. One group corresponds to samples of C. sphyraena from Lake
Chapala, and the second group includes the remaining morphological species from
Central Mexico. Within latter haplogroup, two central haplotype with peripheral
haplotypes were found, but both lack geographic or species-level congruence (Fig.
5).

3.3.4 Species tree and Bayes Factor species delimitation test

Morphological species hypotheses currently recognized as C. sphyraena, C.
promelas, C. lucius, C. chapala, C. consosium, C. humboldtianum, C. patzcuaro, C.
grandocule, and C. estor, was poorly supported (Fig. 6A). While the arrangements
based on the haplotype networks obtained by S7, Cytb and D-loop, that assess, two,
four and five differentiated lineages respectively, show branches highly supported in
all cases (Fig. 6B-D). The first corresponding to S7 arrangement (Fig. 6B) includes
C. sphyraena and other lineages conformed by remaining morphological species of
C. humboldtianum species group. The second scenario corresponding to Cytb
arrangement (Fig. 6C), supported four differentiated lineages related as follows: a
Zacapu lineage plus Lerma-Chapala lineage, were related with Patzcuaro lineage,
and three together were related with C. sphyraena. Zacapu lineages include C.
humboldtianum from Zacapu and two localities from upper Lerma basin (Tiacaque
and Santiago de Maxda dam); Lerma-Chapala group includes specimens of C.
humboldtianum from two localities in upper Lerma basin (Tepuxtepec and
Juanacatlan dam) and samples identified as C. consocium, C. chapala, C. promelas
and C. lucius from Chapala. The Patzcuaro lineage conformed to C. patzcuaro, C.
grandocule and C. estor sampled in the Patzcuaro and Zirahuen basins, as well as
C. estor from Cointzio dam in Cuitzeo drainage, an unidentified Chirostoma from
Atenango dam of the Tecolutla basin, and C. humboldtianum from San Juanico and

Villa Victoria dams in Balsas drainage.
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The fourth scenario corresponding to the D-loop arrangement (Fig. 6D),
supported five lineages, including the same four lineages found in cytb, but with the
Patzcuaro lineage divided into two sister lineages. One included C. estor from
Zirahuen, and the other consisted of all three species included from Patzcuaro.

The marginal likelihood of the highly-supported three arrangements, S7, Cytb
and D-loop show the lowest SS and PS values for the S7 arrangement (SS = -
1207.41 and PS = -1215.24), while the Cytb and D-loop arrangements recorded
higher and similar values each other (SS =-875.17; PS =-875.18 and SS = -875.47,;
PS = -875.46, respectively). The 2InBf of Cytb arrangement relative to D-loop
arrangement was 0.60 for SS, and 0.57 for PS. Following Kass and Raftery (1995),
these results are considered “not worth more than a bare mention”, indicating a lack

of support to choice a best arrangement (Fig. 6 C, D. Table 3).

3.3.5 Divergence times, genetic distance, and structure

The divergence time results obtained using four and five genetic groups
according with the high support found in the species tree analyses were the same.
The most common recent ancestor (MRCA) of C. humboldtianum species group was
estimated at ca 0.58 Ma. (HPD 95 % 0.25-1 Ma.). The separation of lineages from
Patzcuaro and Zirahuen with respect to lineages from Lerma-Chapala and Zacapu
was estimated at ca 0.27 Ma (HDP 95 % 0.13-0.45 Ma). The separation between
Lerma-Chapala and Zacapu lineages was estimated at ca 0.13 Ma (HDP 95 % 0.06-
0.21 Ma). Finally, the most recent split were between Patzcuaro and Zirahuen
species, dated at ca 0.076 Ma. (HDP 95 % 0.133-0.033 Ma.) (Fig. 7).

The un-correlated mean genetic distance ( Dp) between C. sphyraena with
respect to the C. humboldtianum species group by Cytb was 1.2 %. The Dp
calculated among the Patzcuaro lineage and the Lerma-Chapala and Zacapu
lineages was of 0.4 % and 0.3 %, respectively. The closest group pairs recorded Dy
were 0.05 % and 0.02 % between Lerma-Chapala and Zacapu lineages, and
Patzcuaro and Zirahuen lineage, respectively. Whereas with the D-loop the higher

Dy was between C. spyraena with respect to Chirostoma humboldtianum species
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group recording 6.2 % and the lowest Dp was between Patzcuaro with respect to
Zirahuen lineages recording 4.2 %.

The AMOVA results based on Cytb showed a significant value for the four
lineage hypothesis tested in the species tree analyses (nine, five, four and two
lineages). The major ®ct value was when samples were grouped according to four
and five lineages with same ®ct value of 0.72, two lineages arrangement showed a
®ct value of 0.50, and the nine lineages showed the ®ct value of 0.32. Arrangement
testing the discrete hydrographic basin recorded the lower and no significant value
of ®ct (0.30) (Table 3). With D- loop, the major percent of variation and significate
values were recorded in the five lineages arrangement (dct = 0.52), followed by four
lineages, hydrographic basin and nine lineages arrangement (®ct = 0.48, dct =0.37
%, ®ct =0.29, respectively). Two lineages arrangement recorded the lowest and not
significant values (Table 3). Finally, with the S7 four and five lineages arrangements
recorded the same major percent of variation and significant (dct = 0.50), with the
remaining three arrangements showing not significant ®dct value (Table 4). In
Chapala Lake a high ®st value between some sub-groups was found, the ®st value
of sub-groups B1 respect with others (B2, B3 and B4) was high and significant, also
the sub-group B4 had high and significate ®st value respect with others sub-groups
(B1, B2 and B3), while the ®st value of sub-group B2 respect to B3 was no significant
(Table 5). Within Patzcuaro Lake a high and significant ®st values (0.303) between
both segregate sub-groups (D1 and D2) ware recorded (Table 5).

3.4 Discussion

The C. humboldtianum species group is composed of nine currently
recognized species (sensu Barbour, 1973). However, several recent molecular
studies with mitochondrial and nuclear markers showed a lack of resolution in
phylogenetic relationships with the species not recovered as a monophyletic entities
(Bloom et al., 2013, 2012, 2009). The identity of the C. humboldtianum species group
is highly controversial due the overlap in morphological features, making phylogentic

studies challenging. This situation has been exacerbated since several species, as
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C. humboldtianum, C. lucius and C. estor have been translocated out of their natural
distributional ranges (Barriga-Sosa et al., 2005). Several translocations were made
into areas where other species of Chirostoma already occurred. The findings of the
present work, using several methods, as well as mitochondrial and nuclear markers,
do not support the current taxonomy. Instead, a genetic mixture of some recognized
species was recovered. The genetic signature was found to have a high geographic
correlation, rather than supporting species level hypotheses, demonstrating that the

current taxonomy of the group need to be revised.

3.4.1 Species boundaries and taxonomic implications

The data generated in this study support the monophyly of the C.
humboldtianum species group, however the species proposed by morphological
features (Barbour, 1973), electrophoretic assays (Echelle and Echelle, 1984) and
morphometric data (Barriga-Sosa et al., 2005, 2002) were not supported. Based on
the results from several analyses, including gene and species trees, Bayes factor,
haplotype network, genetic distances and structure, four scenarios of species
delimitation into the Chirostoma humboldtianum species group will be discussed.
First, the morphological arrangement that includes nine recognized species, was
least not supported with the genetic data. It had low levels of genetic divergence for
Cytb gene and no variation with the S7 intron. The value found in AMOVA assay
was lower with mitochondrial markers and there was statistical significance with S7
intron (Table 4), the monophyly of species were not recovered with any genes tree
(Fig. 2, Supplementary Fig. 1), a low support values was obtained in Star Beast (Fig.
6A), and genetic mixture was found among morphological species in genes tree and
haplotype networks.

Arrangement 2 is the most conservative hypothesis, clustering two
differentiate lineages based on S7 consisting of C. sphyraena and a second group
containing all of the species in the Chirostoma humboldtianum species group. Two
differentiated lineages were recovered as monophyletic groups without genetic
mixture based on the S7 gene tree and haplotype network (Fig. S1, Fig. 5). The

species tree assay was well-supported, however this scenario had a lower marginal
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likelihood estimation value (SS =-1207.41 and PS =-1215.24), and the value of ®ct
was not statistical significant with the non-coding D-loop and S7 intron when
clustering with two groups in AMOVA assays (Fig. 3). Nevertheless, the genetic
distance between two groups were 1.3 % with cytb gene.

The third arrangement showed four differentiated lineages according to Cytb,
which were highly congruent geographically and well supported by the Star Beast
analyses (Fig. 6C) with high and significant values for all genes (dct = 0.72, 0.48,
0.50 with cytb, D-loop and S7 respectively) in the genetic structure analyses (Fig. 4)
and the highest marginal likelihood estimation value (SS = -875.17; PS = -875.47).
Chirostoma sphyraena is the most divergent, and in general, the genetic groups
found within the Chirostoma humboltianum species group had a high geographic
congruence, segregating the species from Lerma-Chapala basin, Zacapu Lake, and
Patzcuaro-Zirahuen lakes respectively. The genetic divergences were low with Cytb
gene (<0.4 %).

The fourth scenario showed five genetic differentiated lineages with high
supported (>99 %) values with Star Beast (Fig. 6D), with high and significant value
for all genes (®dct=0.72, 0.52, 0.50 with cytb, D-loop and S7 respectively) in AMOVA
analyses (Fig. 4). There are high genetic and significant differentiation values
between them ®st = >0.4 (Table 5) and marginal likelihood estimation value was
closely to three arrangement (SS = -875.18; PS = -875.46). In this scenario based
on D-loop hypothesis showed the separation of the C. estor copandaro from
Zirahuen Lake respect to C. estor estor from Patzcuaro Lake (Fig. 6D).

The speciation scenarios 2, 3 and 4 based on genetic data presented
differences with respect to the morphological hypothesis, and did not recover the
nine currently recognized species (Star Beast analysis Fig. 6). Complete speciation
seems to have occurred in C. sphyraena, with complete lineage sorting in mtDNA
and S7 nDNA and additional evidence in morphology (Barbour, 1973; Barbour and
Chernoff, 1984). Chirostoma sphyraena was recovered as a monophyletic
assemblage in gene and species trees (Fig. 2, 6 and Supplementary Fig. 1, 2, 3, 4,
5). The mean genetic distance calculated with Cytb is 1.2 % similar to that calculated

between sister species C. attenuatum and C. zirahuen (Betancourt-Resendes et al.,
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2018). Chirostoma sphyraena was recovered as sister to the C. humboldtianum
species group in species tree assays (Fig. 6), and did have any shared haplotypes
in the network analysis (Fig. 3, 4 and 5). Based on this genetic evidence, the
morphological identity of C. sphyraena is corroborated with this genetic data. The
rest of species, however, our genetic data showed a species complex, supporting
until five species according to D-loop molecular marker (Fig. 3), Star Beast (Fig. 6D),
and AMOVA analysis (Table 3). Besides, recent cladogenetic events in an isolated
basin since the Pleistocene, and high genetic structure supported the hypothesis to
consider as separate species. While the low genetic distances between them (<0.4
%) could be a signal of an incipient speciation process. However the discrepancy
observed between mtDNA and nDNA, could be explicated for recent divergences (<
0.265 M.a) and the coalescent time in NDNA is not complete. The mtDNA was
structured according to geographical area, while S7 intron did not show genetic
structure between the divergent groups due to a lower mutation rate (Almeida and
De Salle, 2016). So the recent divergence within the C. humboldtianum species
group did not show the separation between them in nDNA. The discrepancies
between them seem to be due by recent divergences and not hybridization, given
that this study did not find genetic mixture in mtDNA among them. The Bayes Factor
species delimitation test (Table 3) does not allows for the support on of scenario
three and four (four and five species Fig. 6 C and D) (Caviedes-Solis and Nieto-
Montes de Oca, 2018; Grummer et al., 2014; Leaché et al., 2014). The differences
between two speciation models is the separation of Chirostoma estor from Zirahuen
with respect to Patzcuaro, however there are further evidence about isolation
between both basin, as geological (Israde-Alcantara and Gardufio-Monroy, 1999),
biogeographic (De Buen, 1943; Alvarez, 1972; Corona-Santiago et al., 2015;
Betancourt-Resendes et al. 2018) and biological (Corona-Santiago et al., 2015;
Betancourt-Resendes et al. 2018) evidence that support that C. estor estor and C.
estor copandaro could be cataloged as different taxonomic entities.

Other important taxonomic implications is that this genetic data supports the
occurrence of two species in Patzcuaro Lake, C. attenuatum and one species of the

C. humboltianum species group, not three as species hypothesis support. The
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monophyly of C. humboldtianum was not supported, showing specimens identified
as humboltianum in different genetic lineages, however the Zacapu lineage that
includes specimens identified as C. humboldtianum, also including specimens from
Santiaguito Maxda and Tiacaque dams, is well supported in mtDNA gene tree (Fig.
2) and Star Beast analysis (Fig. 6 C, D), showing that C. humboldtianum seems to
be more geographically restricted. Whereas for Chapala, the genetic data support
the occurrence of two species, C. sphyraena and one species within the C.
humboltianum species group, and rather than five as previously known.

The principal morphological features used to differentiate among this species
of Chirostoma are related to measures in the head and swimming structure (Barbour,
1973; Barriga-Sosa et al., 2004;), and the variation detected in morphological
measures that have been associated with food resources and swimming
requirements in the water column (Barriga-Sosa et al., 2002). The high variability in
inter- and intraspecific morphological measures have been associated with a variety
of selective pressures, such as competition for food resources, and space, as well
as fishing pressure (Barriga-Sosa et al., 2002). No evidence of trophic segregation
in sympatric species of Chirostoma from Lakes Patzcuaro and Chapala have been
found (Moncayo-Estrada et al., 2012; Garcia de Leon et al., 2014; Mercado-Silva et
al., 2015). The meristic and morphometric characters are influence by environmental
conditions and geographical distribution in Menidia and Chirostoma species (Miller
et al., 2005), as is the case of the inland silverside Menidia audens and Menidia
beryllina in which the meristic and morphometric characters are sensitive to habitat
(Chernoff, 1982). The discordance between morphological and genetic data could
be explained by several aspects, such as hybridization (Pérez-Miranda et al., 2017),
recent diversification (Tarvin et al., 2017), the lack of resolution of the molecular
markers (Bloom et al., 2009), secondary contact (Emerson and Faria, 2014, Faria et
al., 2016), taxonomic inaccuracy or morphological homoplasy (Duellman, 2001;
Ornelas-Garcia et al.,, 2008) and phenotypic plasticity (Gulisija et al., 2016;
Rosenblum et al., 2014; Tarvin et al., 2017; Zamudio et al., 2016).

These explanations proposed for the high morphological polymorphism in

Chirostoma have been hybridization (Alaye, 1996; Martin del Campo, 1940).
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Although, this process may predispose populations to adaptive radiation
(Seehausen and Wagner, 2014) and that occurred after colonization events.
However, the low colonization capacity, due the high association of those species to
lacustrine ecosystems, could be a barrier for dispersal after the cladogenetic events
(Betancourt-Resendes et al., 2018). The lack of resolution in the molecular markers
used is less likely, since previously have been demonstrated usefulness to elucidate
recent events of speciation in C. attenuatum and C. zirahuen (Betancourt-Resendes
et al. 2018). So, the discrepancies between molecular markers and morphological
characters in the C. humboldtianum species group could be related to the high
phenotypic plasticity within the group, mainly related to habitat pressures and rapid
adaptive divergences, as have occurred in inland silverside Menidia beryllina

population in adjacent environmental regimes (Fluker et al., 2011).

3.4.2 Evolutionary history of Chirostoma humboldtianum species group

The evolution of freshwater fishes is further associated with geological
activity, climate fluctuation, effective population size, and diverse ecological
pressures (Buj et al., 2015; Fluker et al., 2011; Schluter and Conte, 2009;
Seehausen and Wagner, 2014). In central Mexico, the evolution of freshwater
systems is mainly promoted by the high dynamism of genesis, destruction and
change in hydrographic basins configuration, influenced by geological events and
climatic change. The tectonism and volcanism occurred in central Mexico allowed
deep change in hydrographic basins configuration, with differential response of the
ichthyofaunal to these changes (Beltran-Lopez et al., 2017; Betancourt-Resendes et
al. 2018; Corona-Santiago et al., 2015; Doadrio and Dominguez, 2004; Dominguez-
Dominguez et al., 2006, 2008; Garcia-Martinez et al., 2015; Pérez-Rodriguez et al.,
2009; Piller et al., 2015). The Chirostoma humboldtianum species group is adapted
exclusively to lacustrine ecosystems, therefore the low dispersal capacity through
lotic systems, may influence the reproductive isolation and genetic differentiation
within the group, even with evidence of interbasin connection via rivers and streams.

The model that has been proposed to explain the evolution of the C.

humboldtianum species group is the flock speciation (Barbour, 1973; Barbour and
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Chernoff, 1984; Echelle and Echelle, 1984). However, the genetic data provided
evidence to conclude that the early evolution of the Chirostoma humboldtianum
species group was highly associated with vicariant events that occurred in Central
Mexico, and not to sympatric speciation. The colonization of the TMRCA of
Chirostoma humboldtianum species group to Central México occurred with the
invasion of C. humbultianum-like ancestor (sensu Barbour, 1973; Echelle and
Echelle, 1984), and the age of this colonization was, dated since Miocene (Barbour,
1973). Nevertheless, the most recent molecular studies propose the colonization
age of TRMCA dated less than 1 M.a. (Bloom et al., 2013; Campanella et al., 2015).
Our divergence time for the split of C. sphyraena with respect to other lineages within
the Chirostoma humboldtianum species group was dates around 0.6 m.a. (Fig. 7),
and is consistent with the hypothesis of a recent diversification. The high volcanic
activity and climatic fluctuation allow several connection and disconnection between
hydrological Basin of central México during the late Pleistocene (Israde-Alcantara et
al. 2005; Garduiio-Monroy et al., 2009). These events of connection and
disconnection between hydrological basins have been supported as the causes of
fish population separation, as the case of goodeids Zoogoneticus quitzeoensis
(Dominguez-Dominguez et al.,, 2008) and Xenotoca variata (Dominguez-
Dominguez, 2008). Therefore, based in the geographic congruence of lineage found
in the present study, these geologic and climatic events seems to be the explanation
of the isolation and molecular differentiation between the major lineages of C.
humboldtianum species group. The colonization route of ancestor is unclear, but is
more likely it was thought the Lerma Basin as was proposed by Barbour, (1973). The
colonization of Patzcuaro basin could be for ancient connection thought of Cuitzeo
basin that kept an ancient connection (Alvarez, 1972). There are geological
(Moncayo et al., 2001, Israde-Alcantara et al., 2005) and biological (Dominguez-
Dominguez et al., 2006, 2008, 2010; Pérez-Rodriguez et al., 2009) evidence the
support the ancient connection between Patzcuaro and Cuitzeo basin and at the
same time they had a connection with the Lerma basin, bedsides the occurrence the
C. grandocule in Cuitzeo Lake, extinct during the temporary dryness of Cuitzeo Lake

(Barriga-Sosa et al., 2002) and the fossil record found one large Chirostoma sp.
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dated c.a. 30,000 years ago could be explained the colonization of Patzcuaro Lakes
through the connection occurred between Cuitzeo and Patzcuaro basin. The
separation of Zirahuen respect to Patzcuaro groups was occurred ca. 0.076 Ma.
(HDP 95 % 0.133-0.033 Ma.) (Fig. 7). Several connection and isolated events
between both basins have been described (De Buen, 1947; Israde-Alcantara et al.,
2005; Garduio-Monroy et al., 2010). But the divergence time between shared
ichthyofaunal was not synchronic (Dominguez-Dominguez, 2008; Corona-Santiago
et al., 2015; Betancourt-Resendes et al., 2018).

The separation between Zacapu and Lerma-Chapala groups was dated ca.
0.13 Ma ago (HDP 95 % 0.06-0.21 Ma). The Zacapu Cienega was connected with
Lerma system in two independent ways; 1) the ancestral connection through the
Angulo river tributary of Middle Lerma (Moncayo-Estrada et al., 2001) and 2)
ancestral connection through the Cuitzeo basin for the Villa Morelos and the
Chucandiro-Huaniqueo corridors. Seemingly, both connections were produced by
the activity of the pliocenic Northeast-Southwest fault system of the area (Israde-
Alcantara, 1999). However, the part of Lerma system present important alluvial and
volcano sedimentary deposits due to the tectonic instability which is typical in the

volcanic arc and active faulting.

3.4.3 Population structure

The freshwater fish display high levels of genetic differentiation and
population subdivision compared with marine fish, mainly due to the island like model
of the basins and hydrological complexity of freshwater systems, as well as small
population sizes (Ward et al., 1994, Seehausen, 2004). In the C. humboldtianum
species group, in addition to the high and significant genetic structure between the
major groups found with D-loop marker (0.476 to 0.694) (Table 5), explained by the
geological and climatic activity of Central Mexico, there are genetic segregation
within the haplogrup B (Chapala-Lerma) and D (Patzcuaro-Zirahuen) (Fig. 3). In
Chapala, some haplotypes were separated by at least by four mutational steps
(Subgroups B1 to B4 in Fig. 3). The subgroup Bl cluster individuals identify as

Chirostoma lucius, which presented high and significate ®st value (Table 5) respect
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to subgroups B2, B3 and B4. The subgroup B4 showed high and significate structure
respect to B1, B2, and B3 subgroups (Table 5). There was high ®st value between
subgroups B2 and B3 but there was not significate (Table 5). While in Patzcuaro,
our genetic data showed the segregation of the haplotype in two subgroups (D1 and
D2 in Fig. 3), with significate ®st value (Table 5). The genetic segregation process
that promote the separation in four subgroups B1 to B4 in Chapala (Fig. 3) and two
subgroups D1 to D2 in Patzcuaro Lake (Fig. 3) could be explained by two ways: 1)
the formation of intra-lacustrine barriers or 2) ecological specialization or even both.
Lake Chapala is the biggest lake in Mexico, and several environmental and
geological events have been impacted the lacustrine basin, even some authors have
been proposed that the changes in the paleoclimate regime in the area promoted
changes in the water level of the Chapala paleo-Lake, causing the isolation and
posterior contact of different regions within the large Chapala paleo-Lake, which
could have promoted the genetic differentiation of fish species groups, as have been
proposed for Goodeids (Dominguez-Dominguez et al., 2010) or for C. grandocule
population of Patzcuaro Lake, (Barriga-Sosa et al., 2004).

In the other case, the mechanism involved in sympatric speciation or
ecological segregation are the ecological specialization in response to ecological
opportunity (Mayr, 1942) and reproductive isolation, as have been reported by
Nicaruaga cichlids (Barluenga et al., 2006), African lakes cichlids (Wagner et al.,
2013; Seehausen, 2013) and Chirostoma attenautum (Betancourt-Resendes et al.,
2018). Studies around the trophic ecology in sympatric species of silversides in
Chapala and Patzcuaro lakes have not shown a trophic overlap (Garcia-de Ledn et
al.,, 2014; Mercado-Silva et al., 2015). Nevertheless, the morphological
differentiation in sympatric species of Chapala and Patzcuaro are related mainly to
jaw bones, suggesting a further relation with trophic divergence (Lake et al., 1988;
Soria Barreto et al., 2005). The mitochondrial D-loop marker feature several
limitation to test the sympatric speciation approach, so this issue must to be perform

with powerful molecular markers as SNPs.

3.4.4 Hybridization and out-natural dispersion
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The hybridization between different species translocated mainly from big
Lakes (Chapala and Patzcuaro) have been largely proposed as the major problem
in species differentiation and suggests that the level of hybridization between
species, due the large amount of translocation between lakes, is high enough to
homogenize the genetic and morphological pool of the C. humboltianum species
group (Martin del Campo, 1940; Alaye, 1996; Martinez-Palacios et al., 2007;
Navarrete-Salgado and Contreras-Rivero, 2011 Hernandez-Batista et al., 2015), as
have been reported for the introduction of C. lucius into the Patzcuaro Lake and
subsequent hybridization with C. estor (Alaye, 1996). Although, the molecular
markers used herein, provide no conclusive results in regards to hybridization, the
large mitochondrial data set provide no support for the genetic mixture between
Chapala and Patzcuaro species, since a high geographic segregation, genetic
structure and genetic distance was found in samples collected in both lakes. Due the
high number of individuals translocated in each lake, the fact that males and females
were introduce and that the introduction initiate since pre-Hispanic times
(Hernandez-Batista et al., 2015), one would expect a mixture of maternal haplotypes
in the analyzed individuals if the translocation events were successful, suggesting
that the genetic signal of the new individuals not become part of effective population.

Chirostoma humboldtianum, C. estor and C. lucius have been translocated
out of their natural distribution al ranges (Chacon-Torres and Rosas-Monje, 1995;
Barriga-Sosa, 2001). The genetic data in this study could provide insight about the
translocation of species and we proposed some no nhatural population as the
population of Villa Victoria dam recognized as C. humboldtianum (Garcia-Martinez
et al., 2015) however, mtDNA evidence show that this population belong to
Patzcuaro lineage more than to other population of C. humboldtianum from Lerma
basin, also this is supported by the lack of evidence of a connection between Balsas
basin with Patzcuaro Basin less than 1 Ma. So the presence of Chirostoma in Villa
Victoria dam seems to be conformed by specimens introduced from Patzcuaro, The
same scenario seems to be occurred in Atenango dam of Tecololutla basin, in which
haplotypes were cluster with Patzcuaro lineage (Fig. 4). The San Juanico dam

presented genetic mixture from almost all the differentiated genetic lineages found,
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but with some segregation, so we considered the San Juanico case an unresolved

issue.
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Appendix 1. PCR Protocols

Amplification process was conducted in a reaction of 25 pL, containing 50-
100ng DNA, 2.5 mM of 1X buffer, 1.5 mM MgClz, 2.5 uM dNTP mix (uM 10), 10 pmol
of each primer, 1 unit of Tag DNA polymerase (Invitrogen), and distilled water to
bring the reaction volume to 25 pL. The amplification condition was following: The
cytb was an initial denaturalization at 94°C for 2 min, 35 cycles of 94°C for 45 s,
48°C for 1 min, and 72°C for 1 min, and final extension at 72°C for 5 min. The D-
loop amplification procedure was an initial denaturalization at 94°C for 3 min, 35
cycles of 94°C for 30 s, 52.4°C for 45 s, and 72°C for 1 min, and final extension at
72°C for 5 min. The S7 was an initial denaturalization at 94°C for 1 min, 35 cycles of
94°C for 30 s, 56°C for 45 s, and 72°C for 45 s and final extension at 72°C for 5 min.
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Tables

Tabla 1. Sampling localities and sequences information for the three molecular
markers cytb, D-loop and S7 intron.
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Locality Biogeographic Taxon D-loop S7
region Sequences Sequences Sequences
Zirahuen Lake Zirahuen C. estor 14 12 4
Patzcuaro Lake Patzcuaro C. estor 17 15 7
Patzcuaro C. grandocule 10 10 10
Patzcuaro C. patzcuaro 5 5 7
Patzcuaro Chirostoma sp. 8 11 0
Chapala Lake Chapala C. sphyraena 44 33 8
Chapala C. lucius 15 15 10
Chapala C. promelas 8 9 5
Chapala C. consocium 10 10 10
Chapala C. chapala 5 5 5
Chapala Chirostoma sp. 18 12 7
Zacapu Lake Zacapu C. humboldtianum 8 1 6
Santiaguito Maxda Alto Lerma C. humboldtianum 4 4 5
dam
Garabato dam Bajo Lerma C. consocium 1 0 0
Negritos Lake Chapala C. lucius 3 3 2
San Pedro Lagunillas  San Pedro AC. 4 3 4
dam Lagunillas humboldtianum
Juanacatlan dam Alto Lerma C. humboldtianum | 5 3 4
Tepuxtepec dam Alto Lerma C. humboldtianum 9 2 7
Tiacaque dam Alto Lerma C. humboldtianum 4 1 4
Villa Victoria dam Balsas C. humboldtianum 3 3 2
Atenango dam Tecololutla Chirostoma sp. 3 5 3
Cointzio dam Cuitzeo C. estor 4 5 0
Total 204 176 113

!Discrete regions proposed for Dominguez- Dominguez et al. 2010. Based in

goodeids endemism.

ASamples give for the PExPA (UAM-I)
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Table 2. Sequences obtained for C. humboldtianum species group retrieve from

GenBank database.

Taxon Accession number Locality Sequences
“Citocrome b”

C. grandocule KC736369 Patzcuaro Lake 1
C. estor KJ921739 Patzcuaro Lake 1
C. patzcuaro JQ282029 Patzcuaro Lake 1
C. chapala KC736397 Chapala Lake 1
C. consocium KC736401 Chapala Lake 1
C. consocium JQ282025 Chapala Lake 1
C. humboldtianum KC736402 San Pedro Lagunillas lake 1
C. promelas KC736368 Chapala Lake 1
C. humboldtianum JQ282026 Zacapu Lake 1
C. sphyraena KC736400 Chapala Lake 1
Total 10
2“D-loop”

C. humboldtianum-SP KF652026-KF652041 San Pedro Lagunillas Lake 15
C. humboldtianum-SJ KF652014-KF652025 @ San Juanico dam 11
C. humboldtianum-Z KF652006-KF652013  Zacapu Lake 7
C. humboldtianum-Tx KF651996-KF652005 @ Tepuxtepec dam I
C. humboldtianum-VV KF651988-KF651995  Villa Victoria dam 7
C. humboldtianum-T KF651987 Tiacaque dam 1
Total 48

1 Reference: Bloom et al. 2013

2 Reference: Garcia-Martinez et al. 2014
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Table 3. Marginal Likelihood estimates (ML) and empirical results for Bayes Factor

value (2InBf) species delimitation in the Chirostoma humbodtianum species group.

Model Stepping Stone Path Sampling
MLE 2InBF MLE 2InBF
4 species -875.17 NA 875.18 NA
5 species -875.46 0.60 -875.47 0.57
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Table 4. Analysis of Molecular Variance (AMOVA) in Chirostoma humboldtianum
species group
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Arrangement Oct Pst dsc % of variation % of variation % of variation

among groups = among population = within populations
within groups

Cytb gene
according to 0.71* 0.57* 31.82 39.52 28.65

morphological 0.32*
species

according to cytb 0.76* 0.13* 72.80 3.74 23.45
hypothesis 0.72*

according to D-loop 0.72* 0.75* 0.13* 72.12 3.65 24.23
hypothesis

according to S7 0.50* 0.81* 0.62* 50.19 31.12 18.6
hypothesis

according to 0.30" | 0.66* 0.51* 30.86 35.14 34.00
discrete region
basin
D-loop no coding
gene

according to 0.29* 0.58* 0.41* 29.10 29.64 41.25
morphological
species
according to cytb 0.48* 0.60* 0.22* 48.35 11.30 40.35
hypothesis

according to D-loop 0.52* 0.59* 0.14* 52.18 6.66 41.15
hypothesis

according to S7 0.26" | 0.63* 0.50* 26.73 37.00 36.26
hypothesis

according to 0.37* 0.53* 0.25"s 36.92 16.27 46.81
discrete region
basin
S7 no coding gene

according to 0.30" | 0.45* 0.21* 30.75 14.84 54.41
morphological
species
according to cytb 0.50* 0.53* 0.69* 49.68 3.45 46.87
hypothesis
according to D-loop 0.50* 0.53* = 0.045" 50.43 2.27 47.31
hypotesis

according to S7 0.75"s | 0.78* 0.13* 75.49 3.26 21.24
hypothesis

Grouped according  -0.77" | 0.43* 0.68* -76.76 120.17 56.59
to discrete region
basin

*P value<0.01; **P value<0.05; ns no significance.
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Table 5. Genetic differentiation (Pst pairwaise) between the major lineages and

intra lacustrine genetic population differentiation using the D-loop marker.

Pst pairwaise between Lerma-Chapala Zacapu Patzcuaro
the major lineages lineage lineage lineage
Zacapu lineage 0.498** 0
Patzcuaro lineage 0.587** 0.561**
Zirahuen lineage 0.585** 0.555** 0.476**

Intra-lacustine
differentiation

Chapala Lake Sub-group B1

Sub-group B2

Sub-group B3

Sub-group B2 0.721* 0
Sub-group B3 0.784* 0.897ns

Sub-group B4 0.458** 0.583** 0.447*
Patzcuaro Lake Sub-group D1

Sub-group D2 0.303** 0

*Significance value P>0.05
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Figure 1. Sample location for Chirostoma species in central Mexico. Color circles
represents the discrete regions propose by Dominguez-Dominguez et al., (2006,
2010).
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inference. The number on nodes represent the posterior probability.
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Supplementary Fig. 2. Phylogenetic tree based on the cytochrome b gene of

Chirostoma humboldtianum species group. The assays was performed by Maximum

Likelihood. The number on nodes represent the bootstrap value.
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4. Discusion general

La historia evolutiva de las especies del grupo Chirsotoma adaptados a los
lagos del centro de México es compleja. Sin embargo, en gran medida concuerda
con la mayoria de los estudios evolutivos desarrollados en peces del centro de
México, donde se menciona a los eventos geoldgicos y climaticos como el motor de
la radiacion evolutiva de los diferentes grupos estudiados (Corona-Santiago et al.,
2015; Doadrio and Dominguez, 2004; Dominguez-Dominguez et al., 2008; Pérez-
Rodriguez et al., 2009). Sin embargo, otros procesos evolutivos estan ocurriendo
posterior al aislamiento geografico, lo que ha permitido la diferenciacion genética

entre y dentro de las poblaciones.
4.1 Implicaciones taxondmicas y delimitacién de especies

Los estudios aqui realizados, basados en el marco contextual, filosofico y
metodoldgico de dos aproximaciones como son la filogenética y la filogeografica,
permiten dilucidar aspectos controversiales en la sistematica y taxonomia de las
especies actualmente reconocidas, asi como la distribucion geografica de los linajes
genéticos. El caso del charal prieto Chirostoma attenuatum, los resultados de
estudios genéticos basados en secuencias de ADNmt y ADNn permitieron discernir
y apoyar la hipotesis morfolégica de la separacion de dos entidades taxonémicas
propuestas (Meek, 1904; Barbour, 1973; Barriga-Sosa, 2002). Sin embargo, la
evidencia genética otorga los elementos necesarios para considerarse a las dos
subespecies previamente descritas como dos entidades taxondmicas, con su propia
trayectoria evolutiva. Por el contrario, dentro de las especies del grupo Chirostoma
humboldtianum, la evidencia genética no se correlaciona con la descripcion
morfologica. En este sentido, a la luz de la investigacion aqui realizada, ahora se
tienen dos hipotesis contrastantes, por un lado la morfolégica, previa a esta
investigacién y por otro lado la molecular, resultado de esta investigacion. Esta
ltima soporta cinco de las nueve especies reconocidas dentro del grupo. En ambos
casos se demuestra que la taxonomia actual de las especies estudiadas tiene que

ser revisada.
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Los caracteres morfologicos y meristicos utilizados en la descripcion de las
especies pueden estar sujetos a evolucion convergente, o bien estar siendo
afectados por diversas presiones selectivas (Yang y Rannala, 2010). Sin embargo,
lo mismo podria ocurrir con los marcadores moleculares, por lo tanto, la eleccién de
marcadores moleculares debe regirse bajo ciertos criterios, como el principio de
ortologia, libres de recombinacion y que cumplan el supuesto de una evolucién
neutral (Li, 1997). La delimitacion de la diversidad bioldgica a nivel de especie es
una tarea importante en los estudios de sistematica y evolucion, el no tener un
entendimiento claro, puede fungir como una barrera para dilucidar las relaciones
filogenéticas, y por lo tanto la historia evolutiva es incierta. Ademas, la incorporacion
de diferentes metodologias, ayuda a esclarecer los limites a nivel especifico de la
diversidad bioldgica, que son indispensables para proponer hipotesis mas robustas
(Carstens et al., 2013).

Los datos genéticos aqui analizados fueron utiles para proponer evidencia a
favor de reconocer la identidad taxonomica de C. attenuatum y C. zirahuen cada
una con una historia demografica y evolutiva independiente. Ademas, las
metodologias de delimitacion de especie son una herramienta practica para poner
a prueba diversos escenarios posibles de especiacion, como lo fue en el caso del
grupo de especies de Chirostoma humboldtianum, donde se pusieron a prueba 4
escenarios. Finalmente, con los resultados obtenidos basados en marcadores
moleculares la actual taxonomia no se soporta, debido a que existe una mezcla
genética entre las especies reconocidas. Sin embargo, existe una segregacion
genética que se correlaciona con la geografia, por lo tanto existen nuevas
implicaciones de especiacion, biogeograficas y evolutivas en las especies de

Chirostoma adaptadas a habitats lacustres.
4.2 Historia evolutiva e implicaciones biogeogréficas.

La historia evolutiva y biogeografica de los peces dulceacuicolas del centro
de México esta principalmente asociada con eventos geoldgicos y el cambio
climatico ocurridos en el centro de México (Doadrio y Dominguez, 2004;
Dominguez-Dominguez et al., 2006,; Pérez-Rodriguez et al., 2009; Corona-
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Santiago et al., 2015; Garcia-Martinez, et al., 2015; Beltran-Lépez et al., 2017;). El
conocimiento existente de aislamiento y reconexién de cuencas hidrolégicas
ocurridos en el centro de México, permiten proponer hipétesis en la evolucion de los
peces dulceacuicolas en el centro de México. El caso de las especies
filogenéticamente mas derivadas de Chirostoma adaptadas exclusivamente a
hébitats lacustres, el conocimiento histérico de estos procesos permitieron dilucidar
los mecanismos de especiacion ocurridos en C. attenuatum y C. zirahuen,
concluyendo que los mecanismos que llevaron a la diferenciacion tanto morfolégica
como genética, puede ser explicada mediante procesos de especiacion ecologica.
Este mecanismo de especiacion esta asociado a la interaccién de los organismos
con los factores bioticos y abioticos de su entorno (Orr y Smith, 1998; Doebeli y
Dieckmann, 2000; Schluter, 2001).

Los Lagos de Patzcuaro y Zirahuén tuvieron recurrentes periodos de
aislamiento y reconexion en diferentes tiempos durante el Pleistoceno (Israde-
Alcantara et al., 2005; Ortega et al., 2010; Garcia-Andrade, 2014; Corona-Santiago
et al., 2015;), durante los periodos de reconexion entre ambos lagos, el flujo y
entrecruzamiento de fauna fue posible, al encontrar haplotipos compartidos en las
poblaciones del goodeino Alloophorus robustus (Dominguez-Dominguez, 2008),
Goodea atripinnis (Garcia-Andrade, 2014; Beltran-Lopez et al., en preparacion) y en
Allotoca diazi con A. meeki (Corona-Santiago, 2013; Corona-Santiago et al., 2015)
. Sin embargo, la respuesta del charal prieto ante estos eventos de aislamiento y
reconexion entre los lagos fue contrastante con lo observado en los peces viviparos.
El tiempo transcurrido en el evento de aislamiento geografico entre C. attenuatum y
C. zirahuen, propicio la acumulacién de adaptaciones Unicas en las poblaciones
aisladas, que durante un contacto secundario las poblaciones diferenciadas no
tuvieron éxito reproductivo o, si lograron tenerlo, los hibridos resultantes tuvieron
baja capacidad de adecuacion y no llegaron a ser parte del tamafio efectivo de la
poblacidon. Los supuestos para considerar un proceso de especiacion ecoldgica
sigue tres componentes fundamentales: 1) hay una fuente de seleccion natural
divergente o perjudicial, lo que implica una menor adecuacion en los hibridos

resultantes debido a diversos factores ecoldgicos, 2) un mecanismo de aislamiento
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reproductivo y 3) un contacto entre las dos entidades biolégicas (Rundle y Nosil,
2005). La evidencia biologica entre la separacién de dos especies en las cuencas
aisladas de Patzcuaro y Zirahuén apoyan la hipé6tesis de las conexiones en el
pasado entre ambos lagos. Sin embargo, estas conexiones no fueron sincronicas,
mostrando diferentes tiempos de divergencia de la fauna compartida entre los lagos
de Patzcuaro y Zirahuén, como es el caso de los Atherinopsidos estudiados, los
goodeinos A. diazi-meeki (Corona-Santiago et al., 2015), Alloophorus robustus
(Dominguez-Dominguez, 2008), Goodea atripinnis (Garcia-Andrade, 2014; Beltran-
Lopez en preparacion) y el decapodo de rio Cambarellus patzcuarensis (Pedraza-
Lara et al., 2012).

En las especies del grupo humboltianum los mecanismos de especiacion
estan fuertemente asociados a los eventos vicariantes ocurridos en el centro de
México, sin embargo, la variacion morfologica en estudios previos encuentran que
las diferencias entre las especies estriba en la morfologia de la mandibula,
sugiriendo especiacién ecoldgica en simpatria (Barbour, 1973b; Barriga-Sosa,
2002; Barriga-Sosa et al., 2002; 2005). Las diferencias en la morfologia de la
mandibula estan asociadas con la especializacion tréfica en especies simpatricas
(Terai et al.,, 2002; Alberson, et al., 2003, 2005; Puebla, 2009;). Por lo tanto la
variacion genética encontrada dentro de las poblaciones en el interior de los lagos
(la segregacion genética observada en los lagos de Chapala Patzcuaro con el
ADNmt), esta asociada procesos demograficos, y a factores ecoldgicos, como la
especializacion tréfica (Garcia-de Ledn et al., 2014; Mercado-Silva et al., 2015). A
pesar de que los resultados de los trabajos de especializacion tréfica con las
especies simpatricas de los lagos de Chapala y Patzcuaro no son concluyentes. La
evidente diferenciacion en la morfologia de la mandibula, sugiere que la
especializacion tréfica funge como el motor de la diferenciacion entre los morfotipos
(Barbour, 1973b; Barriga-Sosa, et al., 2002, 2005), como occurre en otros peces,
en los cuales la diferenciacion genética de especies simpatricas y la diferenciacion
de las estructuras asociadas con la alimentacion esta correlacionada (Barluenga et
al., 2006; Wagner et al., 2013; Meyer et al., 2015; Burress et al., 2018).
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Los eventos cladogenéticos ocurridos en el grupo mas derivado de
Chirostoma que incluyen a la especie C. spyraena y el grupo de especies C.
humboldtianum fue impulsado por la intensa actividad volcanica y a los cambios
climaticos ocurridos en el pleistoceno (Barbour, 1973a; Miller et al., 2005; Caballero
et al.,, 2010;). El evento cladogenético que separ6é a C. sphyraena del grupo
Chirostoma humboldtianum esta fechado c.a 0.583 M.a., edad que es congruente
con estudios previos de diversificacion de este grupo (Bloom et al., 2013;
Campanella et al., 2015). El escenario biogeografico y evolutivo inicial es similar a
lo reportado para otros grupos de peces del sistema del Lerma en espacio mas no
en tiempo (Dominguez-Dominguez et al., 2006, 2008; Pérez-Rodriguez et al., 2009,
2015; Corona-Santiago et al., 2015). Los diversos periodos de aislamiento y
conexion entre los diferentes sistemas hidrologicos (Barbour, 1973a; Israde-
Alcantara y Gardufio-Monroy, 1999; Moncayo et al., 2001; Miller et al., 2005;
Dominguez-Dominguez et al., 2008) fueron determinantes en la separacion de la
ictiofauna de la region. Ademas el aislamiento geografico de las cuencas
hidroldgicas y la asociacion de estos ateinopsidos a habitats lacustres, en conjunto
propiciaron una diferenciacion genética en las especies estudiadas. La propuesta
de una conexion en el pleistoceno entre el Lago de Patzcuaro con Cuitzeo a través
del corredor Tarasco, y de Cuitzeo con Zacapu a través del corredor Chucandiro-
Huaniqueo y estos sistemas a su vez con el Lerma ha sido bien documentada
(Israde-Alcantara y Gardufio-Monroy, 1999; Moncayo-Estrada et al., 2011; Corona-
Santiago et al., 2015). Estos corredores posibilitaron las conexiones entre los
cuerpos de agua aislados en periodos glaciales, ante estos fendmenos histéricos la
ictiofauna aislada respondio de dos maneras: 1) las conexiones entre cuerpos de
agua coadyuvaron al intercambio de migrantes entre las poblaciones aisladas con
alta capacidad de dispersiéon por lo tanto el flujo génico fue exitoso entre las
poblaciones histéricamente aisladas, mostrando haplotipos compartidos entre las
cuencas hidrogréficas y 2) en aquellas especies con baja o nula capacidad de
dispersion el intercambio de migrantes fue en bajas proporciones o nulo,
permitiendo un aislamiento reproductivo y diferenciacion genética entre las

poblaciones restringiéndose el flujo genético (Dominguez et al., 2008; Pérez-
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Rodriguez et al., 2009). La baja diferenciacion y estructura genética encontrada en
el S7 esta directamente asociada con las divergencias recientes del grupo (menores
a 0.5 M.a). Ademas, las pérdidas de los polimorfismos es mas lenta en el ADNn
(Funk y Omland, 2003; Zink y Barrowclough, 2008) y el tiempo de coalescencia se
incrementa con tamafos efectivos poblacionales grandes (Hudson y Turnelli, 2003)

como es el caso del grupo bajo estudio.

La estructura genética encontrada entre las diferentes regiones hidrolégicas
en diversos grupos de peces como los goodeinos (Doadrio & Dominguez, 2004,
2008; Corona-Santiago et al., 2015; Piller et al., 2015; Beltran-Lopez et al., 2017),
ciprinidos (Pérez-Rodriguez et al., 2009, 2015) y en el catostomido Moxostoma
austrinum (Pérez-Rodriguez, et al.,, 2016), esta asociada a barreras geograficas
existentes, la estructura genética se evidencia mayormente en aquellas especies
adaptadas exclusivamente a habitats lacustres como algunos miembros del género
Algansea (Pérez-Rodriguez et al., 2009). Por lo tanto la intensa actividad volcanica,
los periodos de cambio climatico ocurridos en el pleistoceno aunado con la
asociacion de las especies a habitats lacustres son factores importantes para
entender la biogeografia histérica y evolucion del grupo mas derivado de

Chirostoma.
4.3 Implicaciones de conservacion

Los estudios de genética en peces son importantes para proponer medidas de
conservacion. México cuenta con alrededor de 500 especies de peces de agua
dulce de las cuales el 60 % de ellas son consideradas como especies nativas (Miller
et al., 2005). La extincion de ciertas especies puede deberse a dos factores: 1)
Impactos mediados por el hombre (contaminacion, fragmentacion de habitats,
introduccidon de especies exaticas y sobre explotacion) y, 2) eventos estocasticos
ocurridos cuando el tamafo efectivo poblacional es pequefio (Shaffer, 1981). La
evidencia genética demuestra que C. attenuatum y C. zirahuen, son un grupo
reciprocamente monofiletico, y pueden ser considerados como linajes evolutivos
independientes con historias demograficas distintas, estos procesos evolutivos
deben ser prioritarios para la conservacion (Keith et al., 2010).
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En el grupo de especies de Chirostoma humboldtianum también se presenta
linajes evolutivos con estructura genética, lo que debe ser tomado en cuenta para
plantear medidas de conservacidon. Ademas, estas especies son de gran
importancia ecoldgica, primero porque son peces endémicos del centro de México,
y parte de la cadena tréfica manteniendo la estabilidad en los ecosistemas donde
se encuentran (Moncayo-Estrada et al., 2011; Vital-Rodriguez, et al., 2017).
También tienen una gran importancia cultural, ya que han sido parte de los recursos
que las etnias P urepechas, nahuas y otomies, siendo las pesquerias autdctonas
mas antiguas en el centro de México, considerados como el manjar de los dioses,
utilizados como ofrendas por las culturas prehispanicas (Alaye, 1993b; Hernandez,
2006). A pesar de su importancia, abundancia y diversidad las especies estan
amenazadas por diversos factores, principalmente por la pérdida y contaminacion
de habitat, introduccion de especies exoticas y sobre-explotacion pesquera ( Ram
et al., 2008; Hernandez-Batista et al., 2015) . Sin embargo, no se considera a estas
especies en ninguna categoria de riesgo por las normas mexicanas, con la
excepcion de Chirostoma promelas que se encuentra enlistada en algun estatus de
riesgo por la normatividad mexicana (NOM-ECOL-059-94). La pérdida y
contaminacion de habitat, la introduccién de especies exodticas y la sobrepesca
podrian ser un factor determinante en la existencia de la especie (Rosas-Moreno,
1976; Chacon-Torres, 1993; Rojas-Carrillo, 2006) Por lo tanto, es necesario la
implementacion de un manejo efectivo de conservacion que incluya la conservacion

de los sistemas lacustres.
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5. Conclusiones generales

e En la historia evolutiva del grupo filogenéticamente mas derivado de
Chirostoma, que estd confinado exclusivamente a habitats lacustres los
eventos geoldgicos y climaticos han modelado la historia evolutiva de los
diferentes grupos. Sin embargo, posterior al aislamiento geogréfico, la
especiacion ecoldgica ha tenido un papel muy importante en la separacion
de los linajes genéticos y no se descarta que esté ocurriendo la especiacion

simpatrica en los lagos de Chapala y Patzcuaro.

e Los estudios filogenéticos y la filogeograficos permitieron dilucidar aspectos
controversiales en la sistematica y taxonomia de las especies analizadas, las
cuales deben ser revisadas, aportando nuevas directrices acerca de las
inferencias biogeograficas y evolutivas dentro del grupo de estudio.

e La alta variacion de los polimorfismos morfolégicos descritos para las
especies, pero no sustentados por los datos genéticos, evidencian a un grupo
con una gran plasticidad fenotipica que estan fuertemente asociados con

presiones selectivas de los ambientes donde habitan.

e Las especies de Chirostoma estudiadas en este trabajo presentan una baja
pero significativa estructura genética entre las poblaciones aisladas, con una
significativa variacion dentro de las poblaciones en el interior de los lagos,
por lo que estas especies son un modelo interesante para estudios de la
radiacion adaptativa, los cuales tendran que ser abordados con marcadores

moleculares que den mayor resolucion como los SNPs.

e Los estudios genéticos pueden aportar argumentos tangibles para la
conservacion de la diversidad biolégica. En este grupo de estudio, a pesar
de las implicaciones en la sistematica, biogeografia y evolucion del grupo,
ademas de la importancia ecologica, cultural y pesquera, no existe un plan

de conservacion para las especies y debe ser necesario la implementacion
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de un manejo efectivo de conservacion que incluya la informacion genética

para llevar un manejo adecuado de las especies y de su habitat.
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Recurso milenario del centro de México: Los pescados blancos y charales
Escrito por Isai Betancourt Resendes y Omar Dominguez Dominguez
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Isai Betancourt Resendes y Omar Dominguez Dominguez

En la tierra han ocurrido grandes cambios a través del tiempo y lo que hoy vemos es solo el
reflejo de esos grandes procesos geoldgicos ocurridos en el pasado. La region central de
México no es la excepcion, debido a que ha sido testigo de estos procesos, que generaron
una gran complejidad topogréafica y un singular mosaico de ambientes diferentes,
incluyendo los sistemas acuaticos, manantiales, lagos y sistemas fluviales extensos que se
convirtieron en el hogar de muchos organismos.

La mayoria de los peces que habita esta region son endémicos, es decir no se encuentran en
ningun otro lugar del mundo, esto contrasta con la alta tasa de extincion de peces en la
region, siendo una de las mas altas del planeta. Dentro de los diferentes grupos de peces del
Centro de México destaca la presencia de la familia Atherinopsidae (Aterinopsidos),
representada por dos géneros, siendo Chirostoma el mas caracteristico y abundante,
representado por 18 especies conocidas como pescados blancos y charales, los cuales han
sido el principal recurso pesquero desde épocas prehispanicas. Un aspecto interesante de
estos Aterindpsidos es que tienen un origen marino, atribuido a la invasion de diversos
grupos de peces marinos.
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¢ Como llegaron al centro de México?

Por muchos afios se considerd que el género Chirostoma tenia dos ancestros (uno que lleg6
del Atlantico y otro del Pacifico), que colonizaron el Centro de México en diferentes
tiempos geolodgicos y evolucionaron de manera independiente. Sin embargo, los nuevos
descubrimientos cientificos afirman que estos Aterinopsidos comparten un mismo ancestro
con otros de origen marino del Atlantico, lo que significa que las especies del Centro de
México provienen de un unico ancestro.

En la actualidad las especies de Chirostoma las podemos encontrar en el sistema
hidrologico Lerma-Chapala y regiones contiguas, sin embargo, solamente Chirostoma
jordani y Chirostoma humboldtianum, presentan un amplio rango de distribucion,
estableciéndose en diferentes tipos de habitats acuaticos a lo largo de las cuencas del Centro
de México, mientras que el resto de las especies tienen una distribucion mas restringida. El
lago de Chapala, el méas grande del Centro de México, y el que alberga el mayor nimero de
especies, nueve en total, seis de ellas endémicas a este cuerpo de agua. Mientras que para el
lago de Patzcuaro, quiza el mas emblematico de Michoacan, se han registrado cuatro
especies, destacando la presencia del pescado blanco de Patzcuaro (Chirostoma estor).
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Lago de Chapala. Sistema lentico, habitat de g especies de
Chirostoma. Imagen por Isai Betancourt Resendes

Pero ¢ Como diferenciamos a los charales del pescado blanco?

La manera mas comun es por el tamarfio. Los charales alcanzan medidas menores a los 150
mm de longitud estandar, aqui se ubican la mayoria de las especies, se alimentan de
zooplancton y viven en lagos, rios, arroyos, riachuelos y manantiales.

Por su parte, los pescados blancos son aquellos que alcanzan medidas de mas de 150 mm
de longitud estandar, llega alcanzar un peso entre los 200 a 300 g, solo se encuentran en
lagos y en etapas juveniles se alimentan de zooplancton mientras que los adultos se
alimentan de peces.

Sin embargo, las especies son dificiles de diferenciar incluso para los especialistas, algunos
mencionan que esta dificultad se debe a que son especies que evolucionaron de manera
muy reciente, otros creen que esto se puede deber a la plasticidad fenotipica que poseen,
mientras que otros lo atribuyen a los procesos de hibridacion existentes atribuido a la
introduccion de especies de Chirostoma ajenos al sitio.
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Por lo que, el tamafio no es (til para diferenciar a los charales de los pescados blancos en
etapas juveniles, por lo tanto, al degustar los deliciosos charales a las orillas de los lagos de
Chapala y Patzcuaro, no tendremos la certeza si son charales o juveniles de pescado blanco.

Con los estudios genéticos recientes realizados en el Laboratorio de Biologia Acuética de la
Facultad de Biologia de la Universidad Michoacana de San Nicolas de Hidalgo, se esta
demostrando que en realidad el nimero de especies de pescado blanco esta sobre estimado,
encontrando solo dos grupos genéticamente bien diferenciados: la especie Chirostoma
humboldtianum no esta ampliamente distribuida como se sugeria y que la variacion
fenotipica es tan amplia en este grupo, que los caracteres que usaban los expertos para
diferenciar entre especies son poco Utiles.

Sin embargo, aun no alcanzamos a comprender los procesos evolutivos que estan
ocurriendo en los pescados blancos, no sabemos alin cémo un grupo con elevada variacion
morfoldgica tenga escasa variacion genética, la cual ademaés tiene correspondencia
geografica.

Estas especies son de gran importancia ecoldgica, primero porque son peces endémicos del
Centro de México, ademas son parte de la cadena trofica manteniendo la estabilidad en los
ecosistemas donde se encuentran, siendo los pescados blancos los depredadores tope en los
lagos donde habitan.

Los pescados blancos y charales también tienen una gran importancia cultural, ya que han
sido parte de los recursos que las etnias purépechas, nahuas y otomies han usado como
sustento, siendo las pesquerias autdctonas mas antiguas en el Centro de México,
considerados como el manjar de los dioses, sirviendo como ofrendas por las culturas
prehispanicas.

A pesar de su importancia, abundancia y diversidad, las especies estan amenazadas por
diversos factores, principalmente por la pérdida y contaminacion de héabitat, introduccion
de especies exoticas y sobre-explotacion pesquera. EI Centro de México es el lugar mas
poblado de todo el territorio nacional (segun datos mostrados en el ultimo censo del
INEGI), La industria también se concentran en esta region, por lo que el agua superficial
del pais, y los cuerpos de agua presentan una fuerte presion que los ha afectados
severamente, siendo los principales canales de desecho tanto de la industria como de la
agricultura, la ganaderia y el drenaje domeéstico, por lo que, el alto grado de contaminacion
y destruccién de habitat ha propiciado la extincién local de algunas poblaciones de
Chirostoma.
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Figura Pescado blanco capturado en el lago de Zirahuén, Figura Charal, capturado en el lago de San Juanico,
Micheacdn. Los pescados blancos alcanzan tallas mayores Michoacan. Los charales no alcanzan tallas mayores a 120
a los 150 mm. Solamente se encuentran en lagos. Imagen mm. Pueden vivir tanto en lagos como en rios, arroyos y

por Isai Betancourt Resendes manantiales. Imagen por Isai Betancourt Resendes

¢ Charales extintos?

Por ejemplo el charal del verde (Chirostoma arge) no ha sido reportado en los diez Gltimos
afios. Otra especie extinta es el charal Tarasco (Chirostoma charari), exclusivo del rio
grande de Morelia, el cual ha sido convertido en la cloaca de la ciudad, y su grado de
contaminacion es facilmente percibido a través del desagradable olor y la insalubre vista. O
bien el charal Chirostoma riojai restringido a las partes altas del alto Lerma en el estado de
México. Estos son algunos de los varios casos que existen en cuanto a desaparicion de
poblaciones y especies.

Otra causa es la introduccién de especies exéticas, considerada como la segunda causa de la
pérdida de biodiversidad. En este sentido, por mas de 50 afios los diferentes drdenes de
gobierno han realizado la siembra de peces exoticos en diferentes cuerpos de agua, con
fines alimenticios. Las especies invasoras pueden competir por espacio y recursos, o bien
depredar a las especies nativas, tal es el caso de la introduccién de la lobina negra
(Micropterus salmoides) en el lago de Zirahuén, desplazando a Chirostoma estor como el
depredador tope, ademas ha sido la causa de desaparicion de diversas especies nativas,
incluso de la extincion de un pez viviparo Allotoca meeki endémico a este lago.
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Otro problema es la carpa exotica en el lago de Chapala, en la cual se ha identificado que
hasta el 90% de los articulos consumidos son huevos de diferentes especies de Chirostoma.
El pescado blanco Chirostoma estor ha sido introducido en presas de la cuenca del Lerma,
el cual puede provocar los mismos efectos negativos que cualquier especie traida de tierras
lejanas.

La pesca excesiva también es un problema grave para las poblaciones de pescado blanco.
En los 80s y 90s las capturas se incrementaron considerablemente, sin embargo en los
altimos afos la captura de organismos de tallas mayores a 150 mm de longitud ha
disminuido para los lagos de Patzcuaro, Zirahuén y Chapala, esto ha provocado la
sobrepesca de los especimenes que incluso no han sido capaces de reproducirse. Ademas la
sobrepesca esta afectando los esfuerzos de conservacion que han sido escasos asi como el
conocimiento generado del grupo, incluso algo sorprendente es que ninguno de los
miembros del género Chirostoma, a excepcién de Chirostoma promelas, se encuentra
enlistados en algun estatus de riesgo por la normatividad mexicana (NOM-ECOL-059-94).

En este sentido, los estudios genéticos pueden aportar argumentos tangibles para la
conservacion de la diversidad bioldgica, en los ultimos afios, con la incorporacion de
estudios de genética de poblaciones, se han podido diagnosticar poblaciones distintas
genéticamente, aunque los expertos no las consideren como especies diferentes, si pueden
ser catalogadas como linajes diferenciados. Como el caso del charal prieto Chirostoma
attenuatum, restringido a los lagos de Patzcuaro y Zirahuén, que a partir de estudios
genéticos realizados en el Laboratorio de Biologia Acuatica de la Facultad de Biologia de la

116

Figura 5.

Pescadores
enel Lago
de Zirahuén,

donde se
pesca al

pescado blanco
Chirostoma
estory al charal
Chirostoma
attenuatum.
Imagen por

Isai Betancourt
Resendes



UMSNH, se ha demostrado que cada poblacion representa un linaje evolutivo
independiente, por lo que, preservar la diversidad adaptativa y los procesos evolutivos de
cada linaje es de gran importancia para la conservacion de la diversidad bioldgica, lo cual
deberia ser tomado en cuenta en la toma de decisiones para su manejo y conservacion.

Figura. Rio verde cause principal en Tepatilan Jalisco. Sistema lotico habitat de
los charales Chirostoma arge y Chirostoma jordani. Imagen por Isai Betancourt
Resendes
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