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RESUMEN

Este trabajo aborda la variacion genética interpoblacional del acantocéfalo Neoechinorhynchus
golvani, el cual tiene un area de distribucion amplia y fragmentada asociada con peces
dulceacuicolas y de aguas salobres. Los individuos de esta especie presentan una amplia gama en
cuanto a su tamafio; sin embargo, los caracteres diagnosticos de N. golvani (proboscis
subcilindrica recubierta con 18 ganchos dispuestos en tres hileras horizontales de seis ganchos en
cada una), son idénticos en los individuos de las poblaciones muestreadas.

Dada la amplia distribucion de N. golvani y el hecho de que tiene al parecer una baja
especificidad hospedatoria (ya que se ha registrado asociado a 40 especies de peces de 11
familias), proponemos que este acantocefalo es un excelente modelo para realizar un estudio de
prospeccion molecular para detectar especies cripticas. Por tanto, se planted el objetivo de
detectar la variacion genética entre las poblaciones de N. golvani en su area de distribucion.

Se estudiaron ejemplares de 13 poblaciones del acantocéfalo distribuidas en México y una
en Costa Rica, usando como marcadores moleculares dos genes nucleares (ITS1, 5.8S, ITS2 y
region D2-D3 del 28S del rDNA). El promedio de las divergencias genéticas de las poblaciones
se estimo a través del método de Jukes-Cantor. Los anélisis filogenéticos para cada gen y el
combinado de ambos (ITS"s + 28S) se infirieron a través de los métodos de Mé&xima Parsimonia
y Méxima Verosimilitud.

Con base en los porcentajes de las divergencias genéticas entre los individuos, mas los
arboles filogenéticos inferidos a través de caracteres moleculares, detectamos la existencia de
cuatro clados que representan cuatro linajes con evolucion independiente. El porcentaje de la
divergencia genética de los cuatro clados de N. golvani oscil6 entre los 30-40% para ITS sy 19%

para 28S.



El linaje 1, asociado con peces de la familia Cichlidae, se distribuye al noreste y sureste
de México, y en Costa Rica. Este linaje presenta una variacion genética interpoblacional de 1.6%
con ITS sy 1.4% para 28S.

Los linajes 2 y 3, distribuidos en sistemas hidrolégicos del Pacifico y del Golfo de
México, respectivamente, se asocian con peces de la familia Eleotridae. La divergencia genética
entre ambos linajes es del 15%. Los linajes 2 y 3 presentaron una variacion genética
interpoblacional de 0.6% (ITS’s) y 0.09% (28S) y, 0.33 (ITS’s) y 0.09 (28S), respectivamente.
Estos porcentajes de divergencia genética mas la posicion filogenética de estos linajes sugieren la
ausencia de flujo génico debido a su aislamiento geogréafico.

El linaje 4, asociado al ciclido Petenia splendida, distribuido en el rio Champoton,
Campeche estd ubicado en la posicién basal de los arboles filogenéticos. Este linaje esta
representado por un solo individuo, por tanto, se sugiere recolectar mas muestras de poblaciones
distribuidas en el rio Champotdn, preferentemente sobre las tierras bajas del sureste mexicano
debido a su relacién historica compartida con éste rio. De este modo, se podria apoyar o rechazar
la hipdtesis de que este linaje representa una especie criptica.

Es posible que las asociaciones Cichlidae-N. golvani (linaje 1) y Eleotridae-N. golvani
(linaje 2 y 3) representen eventos de host-switching; mientras que las asociaciones observadas
entre N. golvani y las otras nueve familias de peces (Ariidae, Belonidae, Centropomidae,
Gerridae, Goobidae, Hemiramphidae, Heptapteridae, Ictaluridae y Lutjanidae) se deban a eventos
de host-sharing o infecciones accidentales.

Al parecer el complejo de especies cripticas de N. golvani es el resultado de la historia
evolutiva de los huéspedes, aunque los eventos vicariantes de las regiones en donde se distribuye

esta especie juegan un papel relevante.



ABSTRACT

The interpopulation genetic variation of the acanthocephalan Neoechinorhynchus golvani is
herein studied. This species exhibits a wide and fragmented distribution and is associated to
freshwater and brackish fishes. Specimens of N. golvani show some morphological variation in
terms of body size, however, diagnostic characters (subcylindric proboscis armed with 3
longitudinal rows with 6 hooks each) are apparently similar among individuals from all
populations, irrespective to their size.

The wide distributional area of N. golvani and the fact that it exhibits a low host-
specificity (it has been found in 40 species of fishes from 11 families) makes this
acanthocephalan an excellent model to conduct a molecular prospecting analysis, since their
populations may represent independent lineages as a result of a genetic variation due to
geographical isolation and suppression of genetic flow. The main objective of the present
research was to estimate the genetic divergence along the distributional area of some populations
of N. golvani.

Molecular prospecting was conducted in individuals from 13 populations of the
acanthocephalan distributed in Mexico, and one in Costa Rica, by using two nuclear genes (ITS"s
and domain D2 + D3 of LSU rDNA). The genetic divergences among populations were estimated
through Jukes-Cantor method. Phylogenetic analyses from each dataset and the combined of both
datasets (ITS’s + LSU rDNA) were conducted with Maximum Likelihood and Maximum
Parsimony approaches.

The results of genetic divergence in addition to the phylogenetic trees suggested that the
acanthocephalan N. golvani represent a complex of cryptic species composed at least by 4

lineages (clades) with an independent evolutionary historiy. The genetic divergence among



populations of four lineages of N. golvani ranged from 31 to 35 % with LSU, and from 38 to 40
% with ITS’s.

The first lineage shows a large distribution, including localities from Northeastern
Mexico, southwards through Central and Southeastern Mexico, to Costa Rica, corresponding
with N. golvani sensu stricto. Interpopulation genetic variation in this lineage was low, 1.6% with
ITSs and 1.4% from LSU. This lineage is associated with fishes belonging to the family
Cichlidae.

Lineages 2 and 3 are distributed along of the Gulf of Mexico and Pacific slopes,
respectively, and both are associated to fishes of the family Eleotridae and apparently also
represent a cryptic species. Genetic divergence between two lineages was 15%. Whereas
intrapopulation genetic divergence was even lower, 0.6% (ITS"s) and 0.09% (LSU) and, 0.33
(ITS"s) and 0.09 (LSU), for clade 2 and 3, respectively.

Lineage 4 is found exclusively along the Champoton River basin, in the lowlands of
southeastern Mexico and is also considered to be a cryptic species.

Interactions between Cichlidae-N. golvani sensu stricto (lineage 1) and Eleotridae-N.
golvani (lineage 2 and 3), seems to support the contention of a host-switching event. Interactions
among N. golvani with others 10 families of fishes (Ariidae, Belonidae, Centropomidae,
Gerridae, Goobidae, Hemiramphidae, Heptapteridae, Ictaluridae and Lutjanidae), possibly
represent a host-sharing event or accidental infection.

The diversification of the 4 major lineages seems to be the allopatric speciation processes

caused by several microvicariant events closely tied to the evolutionary history of their hosts.



INTRODUCCION

Especies cripticas en helmintos parasitos

Histéricamente el concepto de especie ha sido discutido por varios autores debido a la diversidad
de formas en las que se ha expresado la vida organica (v. gr. Mayden 1997, 1999; también ver
referencias ahi citadas). Sobre el marco tedrico de la biologia evolutiva, es importante delimitar
correctamente a una especie para detectar los procesos, patrones y mecanismos evolutivos que las
afectan (Sites y Marshall 2003). Con base en conceptos operacionales (v. gr. concepto de especie
taxondmica) y conceptos teoricos (v. gr. concepto de especie evolutiva) se han reconocido linajes
(v. gr. aislamiento reproductivo, caracteristicas ecoldgicas, monofilia, genealogia), capaces de
inferir limites entre las especies (Mayden 1997; De Queiroz 1998; Sites y Marshall 2003; Miura
et al., 2005). Sin embargo, en estudios recientes utilizando diferentes metodologias para delimitar
a las especies se ha detectado una subestimacion de la biodiversidad debido a la existencia de
complejos de especies cripticas (Brooks y Hoberg 2000; Poulin y Morand 2004; Bensch et al.,
2004; Westenberger et al., 2004). Un complejo de especies cripticas (sibling species) (Mayr
1991; Knowlton 1993; Miura et al., 2005; Palm et al., 2007) es un grupo de linajes que son
morfolégicamente muy similares, pero genéticamente distintos (Mayden 1999; Criscione et al.,

2005).

Algunos autores han propuesto que a partir de la prospeccion molecular (molecular
prospecting) se puede inferir la presencia de especies cripticas o de poblaciones de una misma
especie (Blouin 2002; Criscione et al., 2005; Vilas et al., 2005). Con base en secuencias de DNA,
las especies cripticas pueden ser delimitadas debido al alto porcentaje de divergencia en las

distancias genéticas entre los individuos analizados (v. gr. a nivel de poblacion o de especie), 0 si



se detecta evidencia de grupos con monofilia reciproca en muestras poblaciones grandes (v. gr.
poblaciones con area de distribucion amplia). En términos de prospeccion molecular, Vilas et al.

(2005) propusieron dos pasos para detectar especies cripticas:

1. Analisis de exploracion de datos para generar una hipotesis, la cual requiere observar la
evidencia de que las especies cripticas estan presentes (v. gr. individuos con alto

porcentaje de divergencia genética).

2. La delimitacion de especies, que sugiere poner a prueba la hipdtesis de ausencia de flujo
génico o exclusividad del linaje a través de la recoleccion de muestras y el uso de

marcadores moleculares.

La prospeccién molecular permite detectar complejos de especies cripticas en helmintos
parasitos a partir de divergencias genéticas sustentados en que cada uno de los linajes detectados
representa una historia evolutiva independiente y ausencia de flujo génico (Blouin 2002;
Criscione et al., 2005; Vilas et al., 2005). Sin embargo, la evolucién de un complejo de especies
cripticas parasitas puede interpretarse a través de la inferencia empirica de la biologia de los
organismos parasitos. Por ejemplo, se han detectado especies cripticas de parasitos como el
resultado de los siguientes fendmenos bioldgicos: el requerimiento (nivel ecoldgico de
especificidad hospedatoria: oioxenoeco, estenoeco 0 eurieco) y condiciones (probabilidad de
encuentro parasito-huésped) del parasito por su huésped (Reversat et al., 1989); la alternancia de
generaciones entre los huespeds definitivos e intermediarios, asi como los héabitos alimenticios
(especialistas) de los huéspeds definitivos (Jousson et al., 2000); la diferencia en el grado de
patogenencidad y epidemiologia de un parasito, asi como una mayor susceptibilidad por un
huésped (Murrell y Pozio 2000; Homan y Mank 2001); el aislamiento geogréfico (especies

cripticas con area de distribucion amplia y fragmentada o disyunta) (Kral’ova-Hromadova et al.,



2003; O’Mahony et al., 2004; Miura et al., 2005; Palm et al., 2007); la ecologia de poblaciones
de los huéspedes intermediarios en funcion de condiciones y recursos ambientales locales
(Donald et al., 2004); el rango amplio de parasitismo (multiples huéspedes) en distintos tipos de
ambientes (habitats) en los que se distribuyen los huéspedes (Vilas et al., 2005); la especificidad
hospedatoria de grupos de huéspedes estrechamente relacionados filogenéticamente y por el tipo
de habitat en el que se distribuyen (Steinauer et al., 2006, 2007); y la estacionalidad del parasito
en funcion de la longevidad y area de distribucion del huésped (Marques et al., 2007). En algunos
casos, la presencia de especies cripticas simpatricas ha dado como resultado cambios
conductuales ain en la misma especie de huésped intermediario (Perrot-Minnot 2004). Por tanto,
reconocer el papel de los factores que intervienen durante la evolucion de un complejo de
especies cripticas no solo debe de limitarse a evidencia sustentada en divergencias genéticas, sino

también debe considerarse la bioldgica del organismo.

Marcadores moleculares

Los marcadores moleculares son biomoléculas que aportan informacion genética en términos
genealdgicos (Avise 2004). Las proteinas (v. gr. antigenos, isoenzimas, aloenzimas) o fragmentos
de DNA (v. gr. genes nucleares o mitocondriales) funcionan como sefiales de diferentes regiones
del genoma (Simpson 1997; Picca et al., 2002; Avise 2004). Un marcador molecular detecta
variacion entre individuos de una poblacién y presenta un modo de herencia predecible segun las
leyes de Mendel (Picca et al., 2002). Esta variacion puede considerase a diferentes niveles, desde
cambios fenotipicos heredables hasta la variacion de un solo nucleétido. Un marcador molecular
ideal debe ser altamente polimdrfico dentro y entre especies, de herencia mendeliana no

epistatica (sin interaccion entre genes), insensible a los efectos ambientales, codominante, de



rapida identificacion y simple analisis y, de posible deteccidon en los estadios tempranos del
desarrollo de un organismo (Simpson 1997; Picca et al., 2002; Avise 2004). Los marcadores
moleculares pueden ser clasificados en tres grupos: 1. Marcadores con base en la hibridacién del
DNA, v. gr. polimorfismos en la longitud de fragmentos de restriccion del DNA (RFLP,
restriction fragment length polymorphisms); 2. Marcadores con base en la amplificacion del
DNA, v. gr. fragmentos de genes, mediante la reaccion en cadena de la polimerasa del DNA
(PCR, polymerase chain reaction); 3. Marcadores mixtos, v. gr. polimorfismo en la longitud de
fragmentos amplificados de DNA, pueden considerarse como una combinacion de RFLP y

RAPD’s (Simpson 1997; Picca et al., 2002; Avise 2004; Rentaria-Alcantara 2007).

Para delimitar especies cripticas en helmintos parasitos se han utilizado marcadores
moleculares como los genes mitocondriales (v. gr. Macnish et al., 2002; Bensh et al., 2004;
Miura et al., 2005; 2006; Grillo et al., 2007) y nucleares del RNA ribosomal (rRNA) (ITS1, 5.8S,
ITS2 y de la regién D2-D3 del 28S) (v. gr. Luton et al., 1992; Adlard et al., 1993; Bowles et al.,
1995; Després et al., 1995; Morgan y Blair 1995; Guo-Chiuan et al., 1996; Verneau et al., 19973,
b; Jousson et al., 1998, 2000; Bell et al., 2001; Blouin 2002; Luo et al., 2002, 2003; Macnish et
al., 2002; Kral’ova-Hromadova et al., 2003; Miura et al., 2005; Vilas et al., 2005; Marques et al.,
2007; Steinauer et al., 2007), entre otros, debido a que estos genes muestran una alta tasa de
mutacién en sus secuencias nucleotidicas y evolucién concertada, es decir, sus secuencias

nucleotidicas evolucionan en conjunto (Garey y Wolfstenholme 1989; Hillis y Dixon, 1991).

Para detectar especies cripticas en helmintos parasitos, se han desarrollado diferentes
analisis sobre el marco tedrico de la filogeografia, de la genética de poblaciones y de los analisis
filogeneticos, entre otros (v. gr. Criscione y Blouin 2004; Nieberding et al., 2004; Steinauer et

al., 2007). En diferentes linajes de helmintos (v. gr. trematodos y nematodos) se han detectado



porcentajes de divergencia genética similares a nivel de especie, incluyendo complejos de
especies cripticas en secuencias del DNA mitocondrial (Blouin 2002); sin embargo, en
acantocéfalos el porcentaje de divergencia genética detectado entre especies y complejo de
especies cripticas, aparentemente no presentan valores estandar capaces de discernir entre una
especie y otra (v. gr. Kral’ova-Hromadova et al., 2003; Steinauer et al., 2007). Por ejemplo,
utilizando las regiones ITS1, 5.8S e ITS2 como marcador molecular en 10 especies del género
Corynosoma Lihe 1904 se detectd una variacion genética de 0.4-11% entre especies (Garcia-
Varela et al., 2005); en contraste, la divergencia genética entre especies cripticas de
Leptorhynchoides thecatus Linton 1891 oscilé entre el 1-8% (Steinauer et al., 2007). Dos
ejemplos més de contraste en términos de divergencia genética, utilizando ambos el mismo
marcador molecular (ITS"s) en especies del género Pomphorhynchus Monticelli 1905, presentan
una variacion genética interpoblacional de 10% en especies alopatricas (Kral’ova-Hromadova et
al., 2003), mientras que el complejo de especies cripticas simpatricas de Pomphorhynchus laevis

Muller 1776 presentan una variacion genética de 20% (Perrot-Minnot 2004).

Neoechinorhynchus golvani Salgado-Maldonado, 1978 (Acanthocephala:
Eoacanthocephala: Neoechinorhynchidae)

El género Neoechinorhynchus Stiles y Hassall 1905 se ubica filogenéticamente en la familia
Neoechinorhynchidae Ward 1917, la cual esta clasificada en la clase Eoacanthocephala Van
Cleave 1936 (Amin 1985; Near et al., 1998; Garcia-Varela et al., 2000; Monks 2001; Near 2002).
Neoechinorhynchus es uno de los géneros mas diversos del phylum Acanthocephala con 91

especies descritas distribuidas en todo el mundo, de las cuales 63 son parasitas intestinales de



peces dulceacuicolas, 13 de peces marinos, 10 de tortugas y una de anfibios (Bullok 1970; Amin
2000, 2002; Amin et al., 2003; Barger et al., 2004; Amin y Christison 2005).

Las especies del género Neoechinorhynchus se caracterizan por presentar una proboscis
pequeria, globular o subcilindrica, armada con 18 ganchos dispuestos en tres hileras horizontales
de seis ganchos cada una, o en seis filas espirales de tres ganchos cada una, un receptaculo de la
proboscis, ganglio cerebral ubicado en la base del receptaculo de la proboscis, un tronco sin
espinas, con una sola pared muscular; adicionalmente, los machos presentan una sola glandula de
cemento sincicial (Amin 2002). Amin (2002) sugirid que el género Neoechinorhynchus esta
dividido en dos subgéneros: Hebesoma Van Cleave 1928 y Neoechinorhynchus Stiles y Hassall
1905, con base en un solo caracter morfoldgico (forma de los huevos); sin embargo, la carencia
de un andlisis filogenético del género Neoechinorhynchus deja esta sugerencia taxonémica como
una hipétesis que debe ponerse a prueba en futuros estudios.

El ciclo de vida de los neoechinorhinchidos ha sido poco estudiado (Schmidt 1985;
Kennedy 2006); sin embargo, se sabe que el ciclo de vida de un Eoacanthocephala es indirecto y
siempre se asocia con un artrépodo como huésped intermediario (crustaceo). Las formas adultas
sexualmente maduras habitan el intestino de varios tipos de vertebrados (v. gr. peces, tortugas,
anfibios), las hembras liberan huevos al medio acuético a través de las heces del huésped. Los
huevos son ingeridos por el crustaceo, en el cual se desarrollan tres fases larvarias en este orden:
acantor, acantela y cistacanto o fase infectiva. Al ser ingerido el crustaceo con esta fase infectiva
por el huésped definitivo el ciclo de vida es completado (Fig. 1) (Schmidt 1985, 1988; Kennedy

2006).
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Figura 1. Ciclo de vida de Neoechinorhynchus rutili (Miller 1780) Stiles y Hassall 1905.

Tomado y modificado de: www.parasitology.informatik.uniwuerzurg.de/login/n/h/0934.html.

En México se han registrado cuatro especies del género Neoechinorhynchus: N.
emyditoides Fisher, 1960 y N. schmidti Barger, Thatcher y Nickol, 2004 asociadas a tortugas; N.
roseum Salgado-Maldonado, 1978, que parasita el intestino de peces estuarinos y; N. golvani
Salgado-Maldonado, 1978 asociada con peces dulceacuicolas y estuarinos (Amin 2002; Barger et

al., 2004).


http://parasitology.informatik.uni-wuerzburg.de/login/n/h/0934.html

Neoechinorhynchus golvani fue descrito como parasito de Vieja fenestrata (Pisces:
Cichlidae) en el Lago de Catemaco, Veracruz (Salgado-Maldonado 1978, 2006).
Morfologicamente N. golvani se caracteriza por presentar una proboscis subcilindrica recubierta
con 18 ganchos dispuestos en tres hileras horizontales de seis ganchos en cada una.
Adicionalmente, poseen un tronco ovoide, lemniscos en forma de saco, mismos que sobrepasan
el receptéaculo de la proboscis, la pared del cuerpo contiene cinco nucleos gigantes y los machos

son de menor tamafio que las hembras (Salgado-Maldonado 1978) (Figs. 2y 3).

Neoechinorhynchus golvani 07\

Proboscis €— 4

Testiculo anterior

Testiculo posterior

Glandula

de cemento

Bolsa Reservorio de la
copulatriz alandula de cemento

Figura 2. Microfotografia mostrando los caracteres morfoldgicos diagndsticos de

Neoechinorhynchus golvani macho.



(A) (B)

Figura 3. Proboscis de Neoechinorhynchus golvani utilizando microscopia electronica de barrido.

(A) = vista lateral; (B) = vista frontal.

En México, N. golvani se ha registrado en 40 especies de peces, 26 de las cuales
pertenecen a la familia Cichlidae (Apéndice 1) y, por tanto, este acantocéfalo es considerado una
especie especialista de dicha familia (Scholz et al., 1996; Salgado-Maldonado y Kennedy 1997,
Pérez-Ponce de Leon y Choudhury 2005; Salgado-Maldonado 2006). Sin embargo, N. golvani
también ha sido registrado en otras diez familias de peces: Ariidae, Belonidae, Centropomidae,
Eleotridae, Gerridae, Goobidae, Hemiramphidae, Heptapteridae, Ictaluridae y Lutjanidae
(Salgado-Maldonado 2006; Violante-Gonzélez et al., 2007), lo cual no parece apoyar la
asociacion especifica sugerida para ciclidos. Esta evidencia sugiere una evolucién independiente
de las poblaciones de N. golvani con diferentes familias de peces, o bien, una transferencia
horizontal como resultado de la exposicion de diferentes especies a las fases infectivas por ocurrir
en simpatria. Una tercera posibilidad es que dichas infecciones resulten ser accidentales. Por
tanto, consideramos que N. golvani es una especie modelo para someterse a una prospeccion

molecular, para detectar si existe variacion genética interpoblacional y poner a prueba la hipétesis



de la presencia de un complejo de especies cripticas, considerando la siguiente evidencia
empirica:

1. Neoechinorhynchus golvani presenta una amplia gama en cuanto a su tamario se refiere;
sin embargo, los caracteres diagndsticos de esta especie (proboscis subcilindrica recubierta con
18 ganchos dispuestos en tres hileras horizontales de seis ganchos en cada una), al parecer
siempre son iguales. Por tanto, consideramos que N.golvani no presenta variacién morfoldgica
intraespecifica capaz de delimitar diferentes morfotipos, por lo que un estudio de prospeccion
molecular podria detectar si existe un complejo de especies cripticas como respuesta a algln
fendmeno bioldgico.

2. Neoechinorhynchus golvani presenta un area de distribucion amplia y fragmentada
(Fig. 5). Este pardsito ha sido registrado en siete cuencas hidroldgicas: Santiago, Panuco,
Papaloapan, Balsas, Grijalva, Usumacinta y Champoton (Salgado-Maldonado 2006; Violante-
Gonzélez et al., 2007). Estos sistemas acuaticos presentan historias hidrogeomorfoldgicas
distintas (Ferrusquia-Villafranca 1998; Arriaga-Cabrera et al., 2000; Ortega-Gutiérrez 2000) que
afectaron la historia evolutiva de los taxones que las habitan, produciendo endemismos vy
patrones biogeograficos caracteristicas para distintos taxa tales como peces, helmintos, anfibios,
reptiles y plantas acuaticas (Flores-Villela 1998; Aguilar-Aguilar et al., 2003, 2005, 2008; Miller
et al., 2005; Pérez-Ponce de Lebn y Choudhury 2005; Huidobro et al., 2006). Con base en lo
anterior, se puede inferir que las poblaciones de N. golvani pueden presentar variacion genética
intraespecifica debida a la supresion de flujo génico interpoblacional causada por el aislamiento

geogréfico.
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Fig 4. Mapa de México mostrando las cuencas principales y cuerpos de agua en que se ha

registrado Neoechinorhynchus golvani (¢).

3. Neoechinorhynchus golvani ha sido registrado en ciclidos y en otras familias de peces
dulceacuicolas y salobres (Salgado-Maldonado 2006; Violate-Gonzélez et al., 2007). Por tanto,
es posible inferir que algunas poblaciones de N. golvani representen linajes independientes en
funcidn de su asociacion con distintos linajes de huéspedes. Ademas, es probable que eventos de
host-switching (activacion de nuevos huéspedes con evolucion filogenética) o host-sharing
(activacion de nuevos huéspedes con evolucion ecoldgica), pudieron haber desencadenado un

proceso de cambio entre las poblaciones del parasito que, si bien no se ha expresado en términos



morfologicos, si pudiera reflejarse en cuanto a divergencia genética se refiere, pudiendo asi

determinar la presencia de especies cripticas.



JUSTIFICACION

Con base en la evidencia morfologica, ecologica y geografica de N. golvani mencionada
anteriormente, se sugiere que este parasito representa un excelente modelo para realizar un
estudio de prospeccion molecular que permita inferir la existencia de un complejo de especies
cripticas. Estas podrian delimitarse calculando la divergencia genética, y a través de un analisis
filogenético, entre las poblaciones de N. golvani, utilizando como marcadores moleculares los
genes ITS1, 5.8S, ITS2 y de la region D2-D3 del 28S rDNA, debido a que son marcadores
moleculares que muestran una alta tasa de mutacién y que han sido usados previamente como
marcadores moleculares para delimitar especies, poblaciones o especies cripticas de
acantocéfalos (Kral’ova-Hromadova et al., 2003; Perrot-Minnot 2004; Garcia-Varela et al., 2005;

Steinauer et al., 2007).



OBJETIVOS

Objetivo principal
Detectar la variacion genética interpoblacional en Neoechinorhynchus golvani, con base en

secuencias de genes nucleares (ITS1, 5.8S, ITS2 y de la region D2-D3 del 28S rDNA).

Objetivos particulares
I. Estimar las distancias genéticas de los genes nucleares ITS1, 5.8S, ITS2 y de la region D2-D3

del 28S rDNA, respectivamente.

Il. Realizar un analisis filogenético de algunas poblaciones de Neoechinorhynchus golvani,
usando una matriz de caracteres moleculares de los genes nucleares I1TS1, 5.8S, ITS2 y de la

region D2-D3 del 28S de rRNA, para inferir la presencia de un complejo de especies cripticas.

I11. Generar una hipotesis que infiera la existencia de un complejo de especies cripticas, con base
en las distancias genéticas y en los analisis filogenéticos de las poblaciones de
Neoechinorhynchus golvani y su posible relacion con las cuencas hidroldgicas y/o las especies de

peces que habitan.
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ABSTRACT

Neoechinorhynchus golvani is an intestinal parasite of freshwater and brackish water fishes
distributed in Mexico. The genetic variability of 14 populations from north, south and central
Mexico was estimated by sequencing 2 nuclear genes (ITS1, 5.8S, ITS2 and LSU rDNA
including the domain D2 + D3). The length of both genes ranged from 700 to 779 pb and 813 to
821 bp, for ITS s and LSU, respectively. The genetic divergence among populations ranged from
30 to 40 % with ITS’s and 19 % with LSU. Maximum Likelihood and Maximum Parsimony
analyses were performed for each dataset and also for the combined dataset (ITS's + LSU
rDNA), showing strong similarities among trees, with high bootstrap support in all cases.
Phylogenetic trees suggested that the acanthocephalan N. golvani represents a complex of cryptic
species, which is at least composed by 4 lineages. The first lineage shows a wide distribution,
including localities from Northeastern Mexico, southwards through Central and Southeastern
Mexico, further down to Costa Rica, corresponding with N. golvani. This lineage is associated
with fishes belonging to the family Cichlidae. Lineages 2 and 3 are distributed along the Gulf of
Mexico and Pacific slopes, respectively, and both are associated to fishes of the family Eleotridae
and apparently represent 2 cryptic species. Lineage 4 is found exclusively along the Champoton
River basin, in the lowlands of southeastern Mexico and is also considered to be a cryptic
species. The diversification of these lineages seems to be the result of allopatric speciation
processes caused by several microvicariant events closely tied to the evolutionary history of their

hosts.



INTRODUCTION

Neoechinorhynchus Stiles and Hassall 1905 is one of the most speciose genera within
Acanthocephala, with 91 described species classified into 2 subgenera based on egg anatomy,
Hebesoma Van Cleave, 1928 and Neoechinorhynchus (Amin, 2000, 2002; Amin et al., 2003;
Barger et al., 2004; Amin and Christison, 2005). Species of Neoechinorhynchus are small to
medium sized organisms, and are characterized by the following characters: small globular or
sub-cylindrical proboscis, armed with 3 circles of 6 hooks each, a single-walled proboscis
receptacle, a cerebral ganglion located at the base of proboscis receptacle, males with 2 spherical
to oblique testes, equatorial or postequatorial, a single syncytial cement gland, genital pore
terminal in both sexes or subterminal in females, eggs oval, elliptical or elongate, with concentric
shells or with polar prolongation of fertilization membrane. Variation and combination of these
morphological traits has been traditionally used to diagnose and delimit species (see Amin, 2002;
Barger and Nickol, 2004). Additionally, species of Neoechinorhynchus exhibit an indirect life
cycle, involving ostracods as intermediate hosts, and either marine, freshwater and brackish water
fishes, or freshwater turtles and frogs as definitive hosts, and occur mostly in the Nearctic region
(Bullock, 1970; Schmidt, 1985, 1988; Amin, 2000, 2002; Kennedy, 2006), however, some
species have been found in South America, Europe, India, Asia and Australia (see Bullock,
1970). In Mexico only 4 species of Neoechinorhynchus have been described mostly from the
Neotropical region, 2 occurring in freshwater turtles N. schmidti Barger, Thatcher and Nickol,
2004 and N. emyditoides Fisher, 1960 and other 2 species occurring in brackish and freshwater
water fishes, N. roseum Salgado-Maldonado, 1978 and N. golvani, Salgado-Maldonado, 1978,
respectively. Particularly, the species Neoechinorhynchus golvani is widely distributed in

Southeastern, Southwestern and Central Mexico, and is commonly associated to members of the



family Cichlidae, however, it has been also recorded sporadically in other 10 families of fishes
(Pérez-Ponce de Leon et al., 1996; Salgado-Maldonado, 2006; Violante-Gonzalez et al., 2007).
Additionally, even though specimens of N. golvani show some morphological variation in terms
of body size, diagnostic characters such as sub-cylindric proboscis armed with 3 longitudinal
rows with 6 hooks each, short and ovoid trunk, elongate and equal sized lemnisci, and body wall
containing 5 giant nuclei (Salgado-Maldonado, 1978), are exhibited by individuals from all
populations irrespective to their size (Fig. 1). In addition to that, the distribution area of N.
golvani is wide and fragmented, and therefore it would be possible that their populations may
show some level of genetic variation due to geographical isolation and suppression of genetic
flow.

The main objective of the present research was to estimate the genetic divergence among
some populations of N. golvani by using 2 nuclear genes, 1TS1, 5.8S, ITS2 (ITS"s) and the Large
Subunit (LSU) of ribosomal DNA including the domain D2 + D3 as molecular markers and to

test for the possible presence of cryptic species.



MATERIALS AND METHODS

Specimens and DNA isolation

Adult acanthocephalans were collected from the intestine of their definitive hosts in 13 localities
of Mexico and 1 in Costa Rica (Table I and Fig. 2). Worms were washed 3 times in 0.9 % (w/v)
saline, preserved in absolute ethanol, and stored at 4 C. For taxonomic identification, some
specimens were stained with Meyer's paracarmine, cleared with methyl salicylate, and mounted
on permanent slides using Canada balsam. The acanthocephalans were identified by conventional
morphological criteria following keys of Amin (2002). In addition, original and revised
descriptions of the species (e.g. Salgado-Maldonado, 1978; Barger et al., 2004) were consulted as
needed. Voucher specimens were deposited at the Coleccion Nacional de Helmintos (CNHE),

Instituto de Biologia, UNAM, Mexico City, México (Table I).

Amplification and sequencing of DNA

A single specimen from each population was digested overnight at 56 C in a solution containing
10 mM Tris-HCI (pH 7.6), 20 mM NaCl, 100 mM Na, EDTA (pH 8.0), 1% Sarkosyl, and 0.1
mg/ml proteinase K. Following digestion, DNA was extracted from the supernatant using the
DNAZzol reagent (Molecular Research Center, Cincinnati, Ohio) according to the manufacturer’s
instructions.

Two regions of nuclear ribosomal DNA (rDNA) were amplified using the polymerase
chain reaction (PCR). The ITS1, 5.8S, and ITS2 (ITS’s) (~ 800 pb) were amplified using the
forward primer 5 GTCGTAACAAGGTTTCCGT 3 and reverse primer 5
ACCCGCTGAATTTAAGCATA 3° (Luton et al., 1992). The domains D2 + D3 (~ 900 bp) of

LSU rDNA were amplified using the forward primer 5° CAAGTACCGTGAGGGAAAGTTGC



3" and reverse primer 5° GTCGATAGGACTCCCTTTG 3" (Garcia-Varela and Nadler, 2005).
PCR reactions (25 ul) consisted of 10 uM of each primer, 2.5 pl of 10X buffer, 2 mM MgCl,,
and 1 U of Tag DNA polymerase (Platinum Tag, Invitrogen Corporation, Sdo Paulo, Brazil).
PCR cycling parameters for rDNA amplifications included denaturation at 94 C for 3 min,
followed by 35 cycles of 94 C for 1 min, annealing at 50 C for 1 min, and extension at 72 C for 1

min, followed by a post-amplification incubation at 72 C for 10 min.

Each PCR product was purified using Millipore columns (Amicon, Billerica,
Massachusetts). Purified products were cloned by ligation into pGEM-T vector (Promega,
Madison, Wisconsin) and used to transform competent Escherichia coli (JM109). Positive clones
were identified by blue/white selection, and clone (insert) size was confirmed by PCR of DNA
extracts prepared from bacterial (clone) colonies. Liquid cultures for minipreps were grown in
Luria broth containing 50 pg/ml of ampicillin. Plasmids for DNA sequencing were prepared using
commercial miniprep Kkits (Qiaprep, Qiagen, Valencia, California). Plasmids were sequenced for
both DNA strands using universal (vector) and internal primers. Sequencing reactions were
performed using ABI Big Dye (PE Applied Biosystems, Boston, Massachusetts) terminator
sequencing chemistry, and reaction products were separated and detected using an ABI 310
capillary DNA sequencer. Contigs were assembled and base-calling differences resolved using
Codoncode Aligner version 1.4.5 (Codoncode Corporation, Dedham, Massachusetts). All
sequences have been deposited in the Genbank database (accession numbers in Table I).
Alignments and phylogenetic analyses
The ITS’s and LSU data sets were aligned separately using the software ProAlign version 0.5
(Loytynoja and Milinkovitch, 2003). For each alignment, a ProAlign guide tree was constructed

using corrected (for multiple hits) pair-wise distances; this guide tree was used to estimate the



hidden Markov model parameters (6 and €) for progressive multiple alignment. Program (Java)
memory and band-width were increased as required to complete the alignment. The minimum
posterior probability of sites was used as the criterion for detecting and removing unreliably
aligned sequence. To reduce the likelihood of excluding correctly aligned sites, the filter
threshold was set to 60% minimum posterior probability. For the ITS’s sequences, using
ProAlign to detect and remove unreliably aligned sequence by their posterior probabilities
excluded 580 of 992 sites. For the LSU dataset, 145 of 841 sites were excluded based on
posterior probability filtering. These (ITS"s + LSU) combined datasets included 1,108 characters
following removal of unreliably aligned sites. The ITS"s and LSU rDNA filtered alignments were
analyzed independently and also as a combined (ITS's + LSU) dataset. Tree searches were
conducted with the optimality criteria of maximum parsimony (MP) and maximum likelihood
(ML) using the software PAUP* 4.0b10 (Swofford, 2002). For ML analyses, the Akaike
Information Criterion (AIC) was used to assess the fit of GTR (General Time Reversible)
nucleotide substitution models for these data (Rodriguez et al., 1990) as implemented using
Modeltest version 3.0 (Posada and Crandall, 1998). The best ML model for each dataset (ITS’s,
LSU, and combined) was used for likelihood analysis (Table Il). For each data set a GTR model
with invariable sites (+ 1), and rate heterogeneity (+ G; Yang, 1994) was used, but the estimated
parameters varied by dataset (Table II). Tree searches were performed using 50 (ML) and 1,000
(MP) random addition heuristic searches with Tree-bisection-reconnection (TBR) branch
swapping. The support of the clades was assessed by bootstrap resampling, with 10,000 (MP) or
100 (ML) bootstrap replicates. Trees were drawn using RETREE and DRAWGRAM from
PHYLIP (Felsenstein, 1999). The genetic divergence among population and between congeneric

species were estimated using the Jukes-Cantor method using PAUP* 4.0b10 (Swofford, 2002).



Congeneric species N. roseum, N. schmidti and N. saginatus Van Cleave and Bangham, 1949

were chosen as outgroups to conduct ML and MP analyses.



RESULTS

Base composition and genetic divergence
DNA fragments of the ITS’S and LSU were amplified, cloned and sequenced for 15 samples of
N. golvani and 4 samples representing 3 congeneric species (2 of N. roseum, 1 of N. schmidti and
1 of N. saginatus) which were used as outgroups. Length of the PCR products among N. golvani
ranged from 700-779 bp and 813 -821 bp for ITS’s and LSU respectively and among congeneric
species ranged from 728-987 bp and 766-818 bp for ITS’s and LSU respectively.

Nucleotide frequencies for the combined (ITS's + LSU) data set were 0.256 (A), 0.186
(C), 0.280 (G) and 0.276 (T). The heterogeneity of nucleotide frequencies across taxa was tested
using the “basefreq” option implemented in PAUP* (X? = 11.20, P = 1). This result indicates that
rDNA nucleotide frequencies were not significantly heterogeneous across taxa, which is
advantageous because MP and ML inference methods perform optimally when nucleotide
frequencies are homogeneous (Omilian and Taylor, 2001). Total lengths of the alignments and
number of constant and parsimony-informative characters for the ITS’s, LSU, and combined
(ITSs + LSU) datasets are provided in Table Il. The genetic divergence among populations from
4 major clades of N. golvani ranged from 31 to 35 % with LSU, and from 38 to 40 % with ITS’s,
and among congeneric species (N. roseum, N. schmidti and N. saginatus) ranged from 29 to 31 %
with LSU, and from 39 to 45 % with ITS"s (Table 111).
Combined ITS"s + LSU dataset
Maximum likelihood tree inferred from the combined (ITS"s + LSU) dataset yielded 1 tree with —
In of 5897.36984. In this tree 4 major clades are shown (Fig. 3A). The first clade was composed
by 8 populations of N. golvani that exhibit a wide distribution, from Northeastern Mexico,

through Central and Southeastern Mexico, southwards to Costa Rica. All these populations are



found exclusively in cichlids, and they include the type locality (population from Catemaco,
Veracruz [N. golvani 6]). Clades 2 and 3 are composed by 6 specimens from populations
distributed along the Gulf of Mexico and Pacific slopes, respectively and are associated to fishes
belonging to the families Cichlidae and Eleotridae. Finally, the clade 4 was composed by a single
specimen that inhabits a river basin (Champoton) in the lowlands of Southeastern Mexico, and is
also associated with Cichlids (Figs. 2,3). The 4 major clades obtained a relatively high bootstrap
support value, ranging from 62 to 100 %. Maximum parsimony analysis of the combined ITS"s +
LSU dataset (Fig. 3B) yielded 6 trees with a C.I. = 0.77 and length of 1048 steps (Table I1). The
strict consensus of 6 trees yielded almost the same general topology as the ML, but the 4 major
clades received a higher bootstrap support (77 to 100 %). The few topological differences
between ML and MP trees involved some populations within clades with very short branches as
inferred by ML and low bootstrap support (Figs. 3A, B), but the major difference is the position
of the population from Champoton (N. golvani 15) which appears as the sister taxa to the clade
formed by populations found in eleotrids in the MP analysis. Instead, in the ML analysis, this
population appears as the sister taxa to all the other populations.

LSU dataset

Maximum likelihood analysis of the LSU data set yielded a single tree with —In of 3302.18233
(Fig. 4A). This tree had a considerable similarity to the MP tree inferred from the combined
dataset. The four major clades received strong bootstrap support (93 to 100 %). The MP analysis
of this data set yielded 6 trees with C.I. = 0.80 and length of 548 steps (Fig. 4B). The strict
consensus of 6 trees yielded the same general topology as ML tree inferred from LSU dataset

along and the MP tree from the combined datasets (Figs. 4A, B).



ITS s dataset

Maximum likelihood analysis of the ITS s data set yielded a single tree with —In of 2517.06499
(Fig. 5A). This tree almost yielded the same topology inferred with ML and MP trees from
combined dataset and LSU dataset alone. However in the ITS’s tree clade 4, which is represented
by a single specimen was nested as the sister taxa of a clade composed by 2 congeneric species
that were used as outgroups, albeit this relationship is supported by a very low bootstrap support
(62 %). The MP analysis of this dataset yielded 6 trees with C.l. = 0.7465 and length of 501 steps
(Fig. 5B). The strict consensus of 6 trees yielded the same general topology as the MP trees

inferred from LSU dataset alone and combined of both (ITSs + LSU) datasets (Figs. 5A, B).



DISCUSSION

The genetic divergence among populations of N. golvani detected in the current study with ITS"s
ranged from 38 to 40 %. This level of divergence is larger than that previously reported for
populations of other acanthocephalan species such as Pomphorhynchus leavis Miller 1776,
which exhibited a genetic divergence of 20 % (Perrot-Minnot, 2004) and Leptorhynchoides
thecathus Linton, 1891, which showed a genetic divergence ranging from 1 to 8.7 % (Steinauer et
al., 2007). Likewise, genetic divergence among populations of N. golvani is 19 % with LSU. This
level of divergence among populations is smaller than that found among congeneric species (N.
roseum, N. schmidti and N. saginatus), which ranged from 29 to 36 %. Our results confirm that
LSU gene can be also used as molecular marker to establish a species limits among populations
of acanthocephalans, and would also be useful in recognizing a complex of cryptic species. The
genetic distances estimated for each gene, in addition to the phylogenetic trees inferred from each
data set as well as the combined dataset (ITS’s + LSU) using both ML and MP methods, clearly
demonstrate the existence of a complex of cryptic species in N. golvani. This complex is at least
composed by 4 lineages with evolutionary independence , particularly by considering that
populations are fragmented and occupy several river basins in Mexico.

Lineage 1, which includes N. golvani sensu stricto, is associated to fishes belonging to the
Cichlidae in freshwater environments. The area of distribution of this lineage (Fig. 3), extends
from Southeastern Mexico to Costa Rica, exhibiting a genetic divergence range between 0.25 and
4.6 % for ITS s and between 0.1 and 4.45 % for LSU. The wide distribution of this lineage could
be explained as a result of the contemporary and historical biogeography of the cichlids (see
Concheiro-Pérez et al., 2007). In this context, N. golvani seems to be part of the helminth core

fauna of cichlids (see Pérez-Ponce de Ledn and Choudhury, 2005), along with other species of



helminths such as the members of the genus Crassicutis Manter, 1936 (C. cichlasomae Manter,
1936 and C. choudhuryi Pérez-Ponce de Leon, Razo-Mendivil, Rosas-Valdez, Mendoza-Garfias
and Mejia-Madrid, 2008) and Oligogonotylus Watson, 1976 (O. manteri Watson, 1976, and O.
mayae Razo-Mendivil, Rosas-Valdez and Pérez-Ponce de Leon, 2008) (Manter, 1936, Watson,
1976, Pérez-Ponce de Ledn et al., 2008; Razo-Mendivil et al., 2008).

Lineages 2 and 3 are represented by populations geographically restricted, and distributed
in the Gulf of Mexico slope as well as in the Pacific Ocean slope, respectively and both are
mainly restricted to brackish water lagoons. The lineage 2 is associated to fishes of the families
Eleotridae and Cichlidae. Meanwhile, the lineage 3 is associated to fishes of the family
Eleotridae. The genetic divergence between both lineages was 15 % for ITS s and 7.8 % for LSU.
Steinauer et al., (2007) found a divergence level of 8.7% for populations of Leptorhynchoides
thecatus Linton, 1891 with ITS"s, and this evidence was used by the authors to postulate the
existence of a complex of cryptic species. Being aware that this fact does not necessarily mean a
genetic yardstick for the group. The values of genetic divergence obtained in our study for clades
2 and 3, are large enough to postulate that both lineages are evolving as independent entities. As
an additional piece of information, populations show a vicariant distribution and it seems not
likely that gene flow may exist among populations, and then it is possible to postulate that they
actually represent 2 cryptic species.

The samples from the Gulf of Mexico slope (Clade 2), were collected from the eleotrid
Dormitator maculatus Bloch, 1792 (N. golvani 11), and other 2 samples were obtained from the
cichlid Cichlasoma urophthalmus Ginther, 1862 (N. golvani 9, 10). It is currently known that the
Papaloapan river is not considered as a part of the natural distributional range of C. urophthalmus
(Miller et al., 2005), and it was introduced with aquacultural purposes (Espinosa-Pérez et al.,

1993). Therefore, C. urophthalmus occurs in sympatry with eleotrids in the same hydrological
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system. In this scenario, when considering the very low genetic divergence among those
individuals, it can be established they represent the same lineage and that the presence of this
lineage in C. urophthalmus is due a host-sharing event.

The samples from clade 3 were found in the eleotrid Dormitator latifrons Richardson,
1844 from the Tres Palos Lagoon, on the Pacific slope of Mexico. It is currently known that this
species of fish co-occurr with fishes from other families such as Centropomidae, Cichlidae,
Gerridae, Gobiidae, Lutjanidae, where the acanthocephalan “N. golvani’ also has been recently
recorded (Violante-Gonzalez et al., 2007). As established before, those specimens belong to a
separate and cryptic species and not to N. golvani sensu stricto, but whether or not individuals
from these fish species will belong to the same lineage as the cryptic species need to be
determined in the future, since we have not collected fresh specimens from these hosts to extract
DNA. Following the scenario described for the Gulf of Mexico subclade, our prediction is that
they will correspond with the same species, and that the presence of this species of
Neoechynorhynchus in other species of fishes will be explained either as a result of a host-sharing
event, or even as an accidental infection, depending on the abundance and mean intensity values.

Lineage 4 is postulated here also as a cryptic species, however this needs to be taken with
caution since lineage is represented only for a single specimen, which is associated to the cichlid
Petenia splendida Giinther, 1862. This lineage shows very high values of genetic divergence (18-
19 % for LSU and 37-41 % for ITS’s), suggesting that this population has been isolated, probably
as a result of the species inhabiting a geographically restricted area in a river of the lowlands of
Southeastern Mexico. In addition to that, differences in the MP and ML trees are due to the
placement of N. golvani 15 (the Champoton population) either as the sister taxa of the eleotrid
clade, as the sister taxa of the cichlid and eleotrid clades, and also as the sister taxa of outgroups.

Further, some surveys have shown that several records of “N. golvani” have been made in some
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localities of the states of Chiapas, Tabasco, Quintana Roo and Yucatan, where the
acanthocephalan is found at least in 14 species of cichlids (Vidal-Martinez et al., 2001), so this
confirms that the validity of clade 4 as an independent lineage with restricted geographical
distribution needs further verification, by extending our sampling effort in Southeastern Mexico

to obtain specimens for sequencing.
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FIGURE LEGENDS

FIGURE 1. Adult specimens of Neoechinorhynchus golvani. Photographs of male (A) and female

(B). Scanning electron micrograph of the proboscis in lateral view (C) and face view (D).

FIGURE 2. Sampling sites of specimens of Neoechinorhnychus golvani in Mexico and Costa
Rica. Symbols correspond to the lineages uncovered through phylogenetic analyses as shown in

Figures 3-5. Collection sites are numbered according to Table 1.

FIGURE 3. Trees recovered from analyses of the combined ITS’s + LSU rDNA dataset. (A)
Maximum likelihood tree (-In likelihood of 5897.36984) obtained from heuristic search with
branch lengths scaled to the expected number of substitutions per site. Numbers near internal
nodes show ML bootstrap clade frequencies. (B) Strict consensus of 6 equally parsimonious trees
(1048 steps) inferred from heuristic MP analysis. Numbers below internal nodes show MP
bootstrap clade frequencies. The four major lineages discussed in the text are indicated on the

trees: Lineages 1 (M); 2 (c); 3 () and 4 (v).

FIGURE 4. Trees recovered from analyses of the LSU rDNA dataset. (A) Maximum likelihood
tree (-In likelihood of 3302.18233) obtained from heuristic search with branch lengths scaled to
the expected number of substitutions per site. Numbers near internal nodes show ML bootstrap
clade frequencies. (B) Strict consensus of 6 equally parsimonious trees (548 steps) inferred from
heuristic MP analysis. Numbers below internal nodes show MP bootstrap clade frequencies. The

four major lineages discussed in the text are indicated on the trees: Lineages 1 (M); 2 (c); 3 (A)

and 4 (v).



FIGURE 5. Trees recovered from analyses of the ITS"s dataset. (A) Maximum likelihood tree (-
In likelihood of 2517.06499) obtained from heuristic search with branch lengths scaled to the
expected number of substitutions per site. Numbers near internal nodes show ML bootstrap clade
frequencies. (B) Strict consensus of 6 equally parsimonious trees (501 steps) inferred from
heuristic MP analysis. Numbers below internal nodes show bootstrap values. The four major

lineages discussed in the text are indicated on the trees: Lineages 1 (M); 2 (c); 3 (L) and 4 (v).
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TABLE . Specimens information, hosts, localities, coordinates, Genbank accession number and catalog number (CNHE) for

specimens studies in this work. Sequences marked with asterisk were obtained in this study. Family of freshwater and brackish fishes

host of Neoechinorhynchus golvani utility in this study: [C] = Cichlidae; [E] = Eleotridae. Nd = Not determined. The sample number

of each locality corresponds with the same numbers in the Figures 2 and 3.

Species / Hosts Locality Coordinates GeneBank Vouchers
Sample No. Accession No. (CNHE)
North West ITSs LSU
N. golvani 1 Cichlasoma urophthalmus [C]  Carrizal River, Tabasco 18°1°45” 92°55’00” XXXXXKXXXKX  XXXXXXXXXX  XXXX
N. golvani 2 Vieja pearsei [C] Chicoasen Dam, Chiapas 16°56°02” 93°05°16”
N. golvani 3 Vieja pearsei [C] Nezahualcoyolt Dam, Malpaso Dam, 17°10’49” 93°36°49”
Chiapas
N. golvani 4 Parachromis managuensis [C] Canitzan Lake, Tenosique, Tabasco 17°28°57” 91°25°27”
N. golvani 5 Cichlasoma urophthalmus [C]  Las llusiones Lake, Tabasco 17°59°46"" 92°56°17"’
N. golvani 6 Vieja fenestrata [C] Catemaco Lake, Veracruz 18°25’ 95°07’
N. golvani 7 Amatitlania nigrofasciata [C] =~ Quebrada Puercos, Santa Rosa, Costa  10°51° 85°34’
Rica
N. golvani 8 Herichthys cyanoguttatus [C] ~ Axtlan de Terrazas, San Luis Potosi ~ 21°26°1"" 98052728’
N. golvani 9 Cichlasoma urophthalmus [C]  Papaloapan River at Tlacotalpan 18°36° 95°39’
Lagoon, Veracruz
N. golvani 10  Cichlasoma urophthalmus [C]  Papaloapan River at Tlacotalpan 18°36° 95°39’
Lagoon, Veracruz
N. golvani 11  Dormitator maculatus [E] Alvarado Lagoon, Veracruz 18°45’ 95°45’
N. golvani 12 Dormitator latifrons [E] Tres Palos Lagoon, Guerrero 16°47°47" 99°44°30”"
N. golvani 13  Dormitator latifrons [E] Chamela Estuary, Jalisco 19°31°20” 104°04°53”



. golvani 14
. golvani 15
. roseum 1

. roseum 2

. schmidti

. saginatus

Dormitator latifrons [E]
Petenia splendida [C]
Achiurus mazatlanus
Citharichthys gilbertei
Trachemys s. venusta

Nd

Cuitzmala River, Jalisco
Champoton River, Campeche
El Caimanero Estuary, Sinaloa
La Tovara Estuary, Nayarit
Pantanos de Centla, Tabasco

Nd

19°23°27”

19°16°43”

25°36°30”

21°31’37”

18°28°18.9”

Nd

104°58°28”

90°37°26”

108°26°25”

105°14°29”

92°39°14.9”

Nd

AY829091




TABLE 1. Tree statistics for rDNA datasets. Combined (ITS’s + LSU), large-subunit LSU and

Internal Transcribed Spacers (ITS’s) datasets. Number of informative characters, consistent index

and tree length refer to parsimony inference. Pinv (proportion of invariable sites), Gd (shape of

gamma distribution), and —In likelihood refer to maximum likelihood inference.

Statistics ITSs+LSU LSU ITSs

Total characteres 1108 696 412
Uninformative characters 65 34 31
Constant characters 575 329 183
Informative characters 468 270 198
Consistent index 0.7758 0.8011 0.7465
Tree length 1048 548 501

-In likelihood 5897.36984  3302.18233 2517.06499
Pinv 0.4214 0 0.395

Gd 2.844 0.363 equal




TABLE Ill. Average of genetic divergence of the 4 major clades, within each lineages of Neoechinorhynchus golvani and among

congeneric species. ITS’s (upper matrix) and LSU (lower matrix). Parenthesis inside shows the values of range (minimum and

maximum) of genetic divergence. Jukes-Cantor distances are expressed as percentages.

LSU/ITS N. roseum N. schmidti N. saginatus N. golvani 1 N. golvani 2 N. golvani 3 N. golvani 4 Intraclade LSU Intraclade ITSs
N.roseum  — 52.4(52.1-52.7)  458(455-46) 49.2(48.4-49.8) 487 (47.9-49.8)  42.7 (42.1-43) 45.1 0.1 0.01

N.schmidti ~ 29.9(29.8-30) — 241 38.8(38.6-39.4) 39.9(39.8-40.2) 388(38.7-39.1) 381 — —

N.saginatus 31(30.9-31.1)  8.67 — 439 (42.4-447)  405(40.2-40.6) 424 (42.1-426) 39.7 — —

N.golvanil 31.7(31.2-335) 29.1(28.3-30.5) 323(32-331) — 295(284-30.3) 28.9(28.5-29.6) 40.9 (40.2-42.4) 1.4(0.1-4.4) 1.6 (0.2-4.6)
N.golvani 2 35.3(35.2-35.4) 32(31.9-322) 341(34-342) 192(18.7-193) — 15 (14.8 - 15.4) 37.4(36.9-38.1) 0.09 (0.14) 0.6 (0.5-0.7)
N. golvani3 35.9(35.7-36.2) 33.6(33.5-33.7) 35.4(35.3-35.6) 19.2(18.7 - 20.6) 7.8(7.7-8) — 38.2(37.8-38.7) 0.09 (0.14) 0.3(0.2-0.5)
N. golvani4 352 337 35.1 19.1(18.7-20.1) 18.3 (18.2-18.4) 19.1 (19-19.2) — — —




CONCLUSIONES

1. El porcentaje de la divergencia genética interpoblacional en Neoechinorhynchus golvani, con
base en las secuencias de genes nucleares (ITS1, 5.8S, ITS2 y de la region D2-D3 del 28S

rDNA), oscilé entre 30-40% y 19%, respectivamente.

2. Con base en los resultados de los anélisis filogenéticos, derivados de las bases de datos
individuales y del combinado, mas el porcentaje de divergencia genética entre las 14 poblaciones,
detectamos que Neoechinorhynchus golvani es un complejo de especies cripticas formado por
cuatro linajes:

Linaje 1. Asociado con huéspedes de la familia Cichlidae.

Linaje 2 y 3. Posiblemente, asociados con huéspedes de la familia Eleotriade.

Linaje 4. Quizéas asociado con la historia geoldgica de las tierras bajas de la Peninsula de

Yucatan.

3. Los linajes 2 (vertientes del Pacifico) y 3 (vertientes del Golfo de México), asociados con
peces eledtridos, muestran un alto porcentaje de divergencia genética, sugiriendo una supresion

del flujo génico entre ambos linajes debido a su aislamiento geogréafico.

4. El linaje 4 esta poco sustentado debido a la carencia de muestras (representado por un
individuo). Por tanto, se sugiere recolectar mas ejemplares de Neoechinorhynchus golvani de las
tierras bajas de la Peninsula de Yucatan, en donde este parasito se ha registrado asociado con

ciclidos.



5. La historia evolutiva de los huéspedes al parecer es la principal causa que explica el proceso de
especiacion de los cuatro linajes de Neoechinorhynchus golvani, pero los eventos vicariantes de

la region juegan un papel relevante.

6. Los eventos de host-switching podrian explican las asociaciones evolutivas entre los linajes de

Cichlidae-N. golvani y Eleotridae-N. golvani.

7. Las asociaciones observadas entre Neoechinorhynchus golvani y las otras nueve familias de
peces (Ariidae, Belonidae, Centropomidae, Gerridae, Goobidae, Hemiramphidae, Heptapteridae,

Ictaluridae y Lutjamidae) pueden deberse a eventos de host-sharing o infecciones accidentales.



PERSPECTIVAS

Las distancias geneticas, las relaciones filogeneéticas, el escenario biogeografico y las
asociaciones ecoldgico-evolutivas inferidas en el presente trabajo para el complejo de especies
cripticas de N. golvani dan pauta a generar nuevas preguntas. Sin embargo, el formular
cuestionamientos a posteriori tendra que llevar explicitamente contestadas las siguientes
preguntas a priori: 1. ;Cuales son los huéspedes intermediarios de cada uno de los linajes
detectados para el complejo de especies cripticas de N. golvani?; 2. ¢Existe diferencia genética
intrapoblacional dentro del complejo de especies cripticas de N. golvani? y; 3. {Existen patrones
filogeograficos entre el complejo de especies cripticas de N. golvani?

El escenario ecoldgico podria estar jugando un papel preponderante en la evolucion de las
poblaciones de N. golvani, por tanto, es posible formular los siguientes cuestionamientos:
¢algunas poblaciones de N. golvani presentan una mayor tasa de evolucién?, ;afecta el ambiente
salobre o dulceacuicola en estos linajes?, ¢existen haplotipos diferenciales en funcion de los
huéspedes parasitados en ambientes cerrados como los lagos?, ¢existen patrones filogeograficos
en funcion de la historia evolutiva de los huéspedes?, ¢cuéles son los mecanismos evolutivos que
afectan la especiacion criptica en cada uno de los linajes de N. golvani (seleccion natural, deriva
génica, mutacion, migracion, endogamia)?, ;existe diferenciacion genética a nivel de huéspedes
intermediarios en relacién a los definitivos?, ¢pueden reflejar estos patrones microevolutivos la
historia filogenética del género Neoechinorhynchidae?

Por tanto, realizar estudios ubicados en la delgada linea entre la macro y la
microevolucion podrd ayudar a comprender, desde una perspectiva ecoldgico-evolutiva, los

procesos, patrones y mecanismos que afectan la evolucion de las especies parasitas.
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Apéndice. Registros de Neoechinorhynchus golvani en México (Salgado-Maldonado 2006; Violante-Gozalez et al., 2007).

Familia Hospedero Localidad Georreferencias
Avriidae Ariopsis (Arius) felis Lago El Rosario, Tabasco 17°50°00’-17°56°00""N; 93°45°00°’-99°56°00""W
Cathorops melanopus Lago El Rosario, Tabasco 17°50700°"-17°56°00""N; 93°45’00°"-99°56°00""W
Belonidae Strongylura sp. Lago El Rosario, Tabasco 17°50°00’-17°56°00""N; 93°45’00°’-99°56°00""W
Centropomidae  Centropomus nigrescens Laguna de Tres Palos, Guerrero 99°47°N; 16°48°'W
Centropomus robalito Laguna de Tres Palos, Guerrero 99°47’N; 16°48°'W
Cichlidae Amphilophus robertsoni Lago El Centenario (= Silvituc), Campeche 18°37°50°’N; 91°56°21""W
Archocentrus nigrofasciatus Rio Tempoal, Atlapexco, Hidalgo 20°55’16°"N; 98°17°27°'W
Cichlasoma beani Rio Santiago, Presa Aguamilpa, Nayarit 21°46’42°°N; 104°55’36"°'W
Cichlasoma geddesi Lago Santa Anita, Tabasco 18°22°15’N; 92°53’10""W
Lago El Rosario, Tabasco 17°50°007"-17°56"00""N; 93°45’00°°-99°56°00" "W
Lago El VVapor, Campeche 18°18°38’’N; 91°50°09"" W
Estanque Tucta, Tabasco 18°10°40°°N; 92°56°01"W
Cichlasoma istlanum Presa Tepecoacuilco, Guerrero 18°18°01°N; 99°28°16""W

Cichlasoma octofasciatum Arroyo San Juan Evangelista, Veracruz No registrado




Apéndice. Continuacion.

Hospedero

Localidad

Georreferencias

Cichlasoma rectangulare

Cichlasoma salvini

Cichlasoma sp.

Cichlasoma sp.

Cichlasoma trimaculatum

Cichlasoma urophthalmus

Lago Santa Anita, Tabasco

Lago El Chiribital, Tabasco

Lago El Espino (= El Horizonte), Tabasco
Rio San Pedro, Tabasco

Rio Vicente Guerrero, Tabasco

Lago El Centenario (= Silvituc), Campeche

Lago Las llusiones, Tabasco

Lago El Chiribital, Tabasco

Lago El Espino (= El Horizonte), Tabasco

Laguna de Tres Palos, Guerrero

Lago Santa Anita, Tabasco

Rio Usumacinta, Emiliano Zapata, Tabasco

Lago El Chiribital, Tabasco

Lago El Espino (= El Horizonte), Tabasco

Rio San Pedro, Tabasco

Rio Vicente Guerrero, Tabasco

Cenote Chen-h4, Yucatan

Rio Usumacinta, El Corozal (= EI Guanal), Tabasco
Lago El Vapor, Campeche

Laguna de Términos, Rio Palizada, Campeche

18°22°15"°N; 92°53’10”°W
17°59°24°°N; 93°04°22""W
18°14°57°°N; 92°49°59”"W
17°45’00°’N; 91°23°00"W
18°24°20°’N; 92°54°35"W
18°37°50"°N; 91°56°21""W

17°59°46°°N; 92°56°17"W

17°59°24°°N; 93°04°22""W

18°14’577°N; 92°49°59”"W

99°47°N; 16°48’W

18°22°15’N; 92°53°10”’W
17°45’00"’N; 91°46°00""W
17°59°24°°N; 93°04°22""W
18°14°57’N; 92°49°59”"W
17°45’00°’N; 91°23°00"W
18°24°20°’N; 92°54°35"W
20°41°24°°N; 89°52°36°"W
17°44’007°N; 91°35’33”’'W
18°18°38°’N; 91°50°09”” W
18°17°16°°N; 91°56°52”’W




Apéndice. Continuacion.

Familia

Hospedero

Localidad

Georreferencias

Herichthys cyanoguttatus

Herichthys labridens

Herichthys pearsei

Laguna de Términos, El Cayo, Campeche
Laguna de Celestln, Yucactan

Laguna Atasta, Campeche

Lago El Centenario (= Silvituc), Campeche
Rio Champotdn, Campeche

Laguna de Términos, Rio Santa Gertrudis, Campeche

Aguada Santa Elena, Tabasco
Estanque Tucta, Tabasco

Mitza, Yucatan

Pantanos de Centla, Tabasco

Laguna de Alvarado, Veracruz

Rio Papaloapan, Tlacotalpan, Veracruz

Rio Tempoal, Atlapexco, Hidalgo

Rio Tempoal, Atlapexco, Hidalgo

Lago Santa Anita, Tabasco

Lago El Chiribital, Tabasco

Lago El Espino (= El Horizonte), Tabasco
Rio San Pedro, Tabasco

Rio Vicente Guerrero, Tabasco

Lago El Centenario (= Silvituc), Campeche
Lago El Vapor, Campeche

18°307107’N; 91°41°20°W

20°45°00°°-20°58’00°"N; 90°15’00°’-90°25’00""W

18°37°08°"N; 92°06°15""W
18°37°50°"N; 91°56°21""W
19°21°00°’N; 90°40°00""W
18°26°51°"N; 91°49°38""W
No registrado

18°10°40°"N; 92°56°01""W
21°26°36°"N; 89°41’50""W

17°57°00’-18°39°00°’N; 92°06°00°’-92°47°00""W

18°36°007’N; 95°39°00""W

20°55716°’N; 98°17°27"W

20°55’167’N; 98°17°27"W

18°22°15’N; 92°53’10”"W
17°59°24°°N; 93°04°22”"W
18°14’57°°N; 92°49°59”"W
17°45°00°’N; 91°23°00"W
18°24°20°°N; 92°54°35”°W
18°37°50"°N; 91°56°21""W
18°18°38’’N; 91°50°09”"W




Apéndice. Continuacion.

Familia

Hospedero

Localidad

Georreferencias

Parachromis friedrichstahlii

Parachromis managuensis

Parachromis motaguensis

Petenia splendida

Thorichthys ellioti

Estanque Tucta, Tabasco

Rio Usumacinta, Emiliano Zapata, Tabasco

Rio Usumacinta, El Corozal (= El Guanal), Tabasco

Lago El Vapor, Campeche

Lago El Centenario (= Silvituc), Campeche
Pantanos de Centla, Tabasco

Lago El Manguito, Tabasco

Lago El Pozo, Tabasco

Rio Usumacinta, Balancan, Tabasco

Lago El Espino (= El Horizonte), Tabasco

Lago El Chiribital, Tabasco

Rio Usumacinta, Emiliano Zapata, Tabasco
Lago El Espino (= El Horizonte), Tabasco
Rio San Pedro, Tabasco

Rio Vicente Guerrero, Tabasco

Lago Santa Anita, Tabasco

Lago El Vapor, Campeche

Lago El Centenario (= Silvituc), Campeche

Arroyo San Juan Evangelista, Veracruz

18°10°40°°N; 92°56°01""W

17°45°00°’N; 91°46°00°W
17°44’007°N; 91°35’33”’W
18°18°38°’N; 91°50°09”"W
18°37°50"°N; 91°56°21""W

17°57°00°"-18°39°00°"N; 92°06°00°"-92°47°00""W

18°12°50°’N; 92°50°05”"W
18°00°357°N; 92°48°11""W
17°45°08’N; 91°32°45"W

18°14’57°°N; 92°49°59"W

17°59°24°°N; 93°04°22"W
17°45’007’N; 91°46°00""W
18°14°57’N; 92°49°59”"W
17°45’007’N; 91°23°00°W
18°24°20°’N; 92°54°35"W
18°22°15’N; 92°53’10’W
18°18°38°’N; 91°50°09""W
18°37°50°’N; 91°56°21""W

No registrado




Apéndice. Continuacion.

Familia

Hospedero

Localidad

Georreferencias

Thorichthys helleri

Thorichthys meeki

Thorichthys pasionis

Vieja fenestrata

Lago El Rosario, Tabasco
Lago Las llusiones, Tabasco
Lago El Espino (= El Horizonte), Tabasco

Lago El Chiribital, Tabasco

Lago El Espino (= El Horizonte), Tabasco
Rio San Pedro, Tabasco

Rio Vicente Guerrero, Tabasco

Lago El Chiribital, Tabasco

Lago El Espino (= El Horizonte), Tabasco
Rio San Pedro, Tabasco

Rio Vicente Guerrero, Tabasco

Lago Las llusiones, Tabasco

Estanque Tucta, Tabasco

Camellones Chontales, Tabasco

Lago El Pozo, Tabasco

Lago Santa Anita, Tabasco

Lago El Chiribital, Tabasco

Lago El Espino (= El Horizonte), Tabasco
Rio San Pedro, Tabasco

Rio Vicente Guerrero, Tabasco

Lago de Catemaco, Veracruz

17°507007’-17°56°00°"N; 93°45’00°"-99°56°00""W

17°59°46°°N; 92°56°17""W
18°14°57°°N; 92°49°59”"W

17°59°24°°N; 93°04°22""W
18°14’57°°N; 92°49°59"W
17°45’00°’N; 91°23°00"W
18°24°20°°N; 92°54°35”"W

17°59°24°°N; 93°04°22""W
18°14°57’N; 92°49°59”"W
17°45’00°’N; 91°23°00"W
18°24°20°°N; 92°54°35"W
17°59°46°°N; 92°56°17"W
18°10°407’N; 92°56°01""W
17°45°08°’N; 92°35’10”"W
18°007357’N; 92°48°11""W

18°22°15’N; 92°53’10’W
17°59°24°°N; 93°04°22"W
18°14°57’N; 92°49°59”"W
17°45’00"’N; 91°23°00”°W
18°24°207°N; 92°54°35”"W
18°25°00°’N; 95°07°00”"W




Apéndice. Continuacion.

Familia Hospedero

Localidad

Georreferencias

Vieja synspila

Eleotridae Dormitator latifrons

Dormitator maculatus

Eleotris picta

Gobiomorus dormitor

Gobiomorus maculatus

Gerridae Diapterus peruiviaus

Gobiidae Gobionellus sagittula

Lago El Rosario, Tabasco

Lago Las llusiones, Tabasco

Lago Santa Anita, Tabasco

Lago El Centenario (= Silvituc), Campeche
Lago El Vapor, Campeche

Lago Atasta, Campeche

Estanque Tucta, Tabasco

Laguna de Términos, Campeche

Laguna Tres Palos, Guerrero

Laguna de Alvarado, Papaloapan, Veracruz
Rio Papaloapan, Tlacotalpan, Veracruz

Laguna de Tres Palos, Guerrero

Rio Tecolutla, Veracruz

Rio Papaloapan, Tlacotalpan, Veracruz

Rio La Antigua, Villa El Salmoral, Veracruz
Laguna de Tres Palos, Guerrero

Laguna de Tres Palos, Guerrero

Laguna de Tres Palos, Guerrero

17°507007’-17°56°00°"N; 93°45’00°"-99°56°00""W

17°59°46°°N; 92°56°17""W
18°22°15’N; 92°53°10”’W
18°37°50"’N; 91°56°21""W
18°18°38°’N; 91°50°09”"W
18°37°08°°N; 92°06°15"W
18°107407’N; 92°56°01""W

18°19’137°-18°29°04°°N; 91°44°36°’-91°51°31"W

16°41°00°’-16°50°00°"N; 99°37°007’-99°47°00""W

18°45’00°’N; 95°45°00""W
18°36°00°’N; 95°39°00""W

16°48’N; 99°47°W

20°26°00°’N; 97°10°00""W

18°36°00°’N; 95°39°00""W

19°20°00°’N; 96°23°00°W

99°47’N; 16°48°W

99°47°N; 16°48’W

99°47°N, 16°48°W




Apéndice. Continuacion.

Familia Hospedero Localidad Georreferencias
Hemiramphidae Hyporhamphus mexicanus Lago El Rosario, Tabasco 17°50°00’-17°56°00""N; 93°45’00°’-99°56°00""W
Heptapteridae Rhamdia guatemalensis Rio Papaloapan, Tlacotalpan, Veracruz 18°36°00°’N; 95°39°00""W
Ictaluridae Ictalurus furcatus Lago El Chiribital, Tabasco 17°59°24°°N; 93°04°22""W
Lago El Espino (= El Horizonte), Tabasco 18°14’57°’N; 92°49°59""W
Rio San Pedro, Tabasco 17°45°00°°N; 91°23°00"W
Rio Vicente Guerrero, Tabasco 18°24°20°°’N; 92°54°35"W
Lutjanidae Lutjanus argentiventris Laguna de Tres Palos, Guerrero 99°47°N; 16°48°'W

Amin (2002) registrd N. golvani para Brasil; sin embargo, este registro resulta dudoso para el mismo autor por lo que no es considerado como valido para el

presente trabajo (Amin, com. pers.).
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