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Resumen

La familia Trichodinidae incluye una gran cantidad de especies pardsitas de ciliados. La
clasificacién taxondmica de esta familia se basa en la morfologia de los denticulos que conforman
el disco adhesivo y en la longitud de los cilios adorales espirales. Como es usual en aquellos
taxones cuya taxonomia aun se basa en caracteres morfoldgicos, todavia es dificil discriminar
entre especies morfolédgicamente similares, y la delimitacion entre especies es confusa debido a
la gran variacion entre las entidades a comparar. La taxonomia contemporanea explora distintas
herramientas que complementen el trabajo clasificatorio tradicional, entre ellas destaca la
evidencia molecular, que ayuda a establecer diferencias genéticas para posteriormente
corroborarlas morfolégicamente, o los andlisis de morfometria geométrica que detectan

diferencias estadisticamente cuantificables.

Alrededor de 40 especies de la familia Trichodinidae han sido registradas en el mundo
asociadas a ciclidos, entre ellas se encuentran Paratrichodina africana y Trichodina
centrostrigeata, quienes se consideran fuertemente asociadas a ciclidos, especialmente a tilapia,
lo que ha provocado que estas especies tengan una amplia distribucién debido a la introduccion
de su hospedero. En este trabajo, tres poblaciones de la especie T. centrostrigeata, y dos de P.
africana asociadas a tilapias de regiones geograficamente distantes, se caracterizaron
morfoldgica y morfométricamente para detectar variaciones en las estructuras en las que se basa
la discriminacion especifica, y verificar la utilidad del andlisis para describir cuantitativamente

discontinuidades morfoldgicas.

La aplicacion del Analisis Eliptico de Fourier, en combinacidn con la taxonomia

tradicional, evidencié que los denticulos de la especie P. africana poseen uniformidad
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morfoldgica, en tanto que T. centrostrigeata puede agruparse en dos morfotipos separados, el
primero (tipo a) de granjas de acuicultura en Argentina y México y el segundo (tipo b) de un
habitat natural en Sudafrica. Se sugiere que las diferencias detectadas en esta ultima especie
sean un reflejo de la separacién geografica que ha tenido a partir de la introduccion

antropogénica de su hospedero a distintas regiones del mundo.

Con base a los resultados obtenidos se afirma que los anadlisis de morfometria geométrica
son un complemento util en la discriminacién entre taxones en los que no es posible aplicar
técnicas de biologia molecular. Por tanto, se sugiere que el futuro inmediato de la taxonomia de
la familia Trichodinidae, asi como la de los ciliados en general, debe basarse en un analisis
morfolégico minucioso, e incluir herramientas de morfometria geométrica, especialmente en
especies donde la diferenciacidon taxonémica es problematica o en aquellas que presentan una
amplia distribucién o un amplio espectro de hospedadores. Asi también, se discute la posibilidad
de re-examinar las especies de la familia Trichodinidae bajo el enfoque de la morfometria
geométrica, para establecer cuantitativamente la variacidon intraespecifica y, en su caso,

proponer los arreglos taxondmicos necesarios.



Abstract

The family Trichodinidae includes numerous species of parasitic ciliates. The taxonomic
classification in this family is based on the morphology of the denticles forming the adhesive disc
and the length of the adoral spiral. Given that the taxonomy is based on morphological
characters, the discrimination between morphologically similar taxa is a challenging issue;
usually, the delimitation between species is confusing due to the great variation between the
organisms to be compared. Contemporary taxonomy explores different tools to supplement the
traditional work, such as the molecular evidence, which helps to establish genetic differences
susceptible to be corroborated morphologically, or the geometric morphometric analyses, which

are capable to detect statistically quantifiable differences.

Around 40 species from the family Trichodinidae have globally been reported from cichlid
hosts, among these, the species Paratrichodina africana and Trichodina centrostrigeata have a
wide distribution due to the introduction of their host. In this work, three populations of the
species T. centrostrigeata, and two populations of P. africana associated with tilapia from
geographically distant regions, were characterized both morphologically and morphometrically
to detect variations in the taxonomically relevant structures, and to verify the usefulness of the

analysis to quantitatively describe morphological discontinuities.

As result of the Elliptical Fourier analysis, combined with traditional taxonomy, it was
found that denticles of the species P. africana possess morphological uniformity, while T.
centrostrigeata can be grouped into two separate morphotypes, the first (type a) from
aquaculture farms in Argentina and Mexico and the second (type b) from a natural habitat in

South Africa. It is suggested that these detected differences could be explained by the
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geographical separation from the anthropogenic introduction of its host to different regions of

the world.

Based on the results, the geometric morphometric analyses are a useful complement in
the discrimination between taxa when is not possible to apply molecular biology techniques.
Therefore, it is suggested that the immediate future of the taxonomy of the family Trichodinidae
must be based on meticulous morphological analysis and include tools of geometric
morphometry, especially in species where taxonomic differentiation is problematic, but also in
species with wide distribution or a wide host range. We also have suggested the re-examination
of the species of the family Trichodinidae under the geometric morphometric approach, to
guantitatively establish intraspecific variation and, if necessary, to propose new taxonomic

arrangements.



PREFACIO

La taxonomia, pretende simplificar y ordenar la inmensa diversidad de la vida en unidades
coherentes denominadas taxones, que tienen nombres ampliamente aceptados y cuyos
miembros comparten propiedades importantes. Tiene sus origenes en la Grecia antigua, y en su
forma moderna se remonta a casi 250 afios, cuando Linneo introdujo el sistema de clasificacion
bioldgica, usado hasta la actualidad (Charles y Godfray, 2002). La taxonomia contemporanea
sintetiza la informacién relativa a una gran variedad de caracteres (p. ej. morfoldgicos,
moleculares, genes, metagenoma, biogeograficos, etc.) (Padial et al., 2010; Ruggiero et al., 2015;

Britz et al., 2020).

Recientemente, varios autores han sefialado que la taxonomia como disciplina se
enfrenta a una crisis y que hay que determinar cual serd el futuro de su prdctica (Dayrat, 2005;
Padial et al., 2010; Britz et al., 2020; Poulin y Presswell, 2022). El trabajo taxondmico se considera
como algo obsoleto, actualmente rebasado por otro tipo de disciplinas que la toman como base,
pero que pretenden alejarse de estd dada la antigliedad de sus preceptos. Sin embargo, la
realidad es que el trabajo taxondmico no estd cerca de haberse completado, actualmente se
estima que hay hasta 15 millones de especies eucariotas existentes en la Tierra, de las cuales solo
se han descrito hasta ahora aproximadamente dos millones (Wilson, 2004; Mora et al., 2011;
Zamani et al., 2020; Zamani et al., 2022). Ante este escenario es evidente que los trabajos
taxondmicos son insuficientes en numero, amplitud y rapidez de publicacion, por lo que son
incapaces de satisfacer las demandas de los conservacionistas, ante el inicio de un nuevo evento

de extincién masiva (Wheeler, 2004; Wilson, 2004; Evenhuis, 2007; Raposo et al., 2021), ante el



cual los taxdbnomos serdn incapaces de nombrar toda la biota existente en el planeta antes de
gue muchas especies desaparezcan (Raposo et al., 2021). Lo anterior pone de manifiesto que la
actividad taxondmica estd lejos de desaparecer, sino mas bien se encuentra en un proceso de
transformacion, ya que si bien algunos taxdénomos contintdan usando los sistemas de clasificacion
basados en la morfologia (lo que se conoce como taxonomia tradicional o descriptiva) (Charles y
Godfray, 2002; Hebert et al., 2003; Wheeler, 2004; Dayrat, 2005; Zamani et al., 2022), la gran
mayoria de taxdnomos contempordneos recurre a la informacion derivada de los métodos
filogenéticos para la clasificacién de especies, considerandose filogenetistas, lo que tiene sentido
ya que buscan reconstruir las relaciones naturales entre los seres vivos, lo que se ha considerado

taxonomia filogenética (Dayrat, 2005).

En consecuencia, la forma de hacer y comunicar la taxonomia ha cambiado en las ultimas
décadas, enfrentando retos importantes; uno de ellos es alcanzar un consenso cientifico sobre la
categoria basica en torno a la cual se constituye la taxonomia — la especie — y mejorar asi la

delimitacion de especies (Padial et al., 2010; Coleman y Radulovici, 2020).

Mientras que nombrar a las especies obedece a un convenio establecido, la delimitacién
de las especies y sus relaciones sistematicas son hipdtesis mas que hechos. Por ello, estas
practicas deben formularse de forma que se aclaren las diferencias de las especies con respecto
a otras descritas anteriormente mediante un diagndstico claro (p. ej., a través de caracteres
Unicos o combinaciones de caracteres), asi como un conjunto de caracteres compartidos que
representen las lineas ancestro-descendientes (Pante et al., 2015; Zamani et al., 2022). Tal
blsqueda de procedimientos para mejorar la delimitacion de especies mediante la integracidn

de la teoria y de los métodos de las diciplinas que estudian el origen y la evolucién de las especies
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resulta fundamental para tratar de hacer frente a la crisis de la pérdida de biodiversidad y a la
necesidad de reconstruir conocimientos y la infraestructura para la taxonomia (Padial et al.,

2010).

Para los que consideran que existe, una buena parte de la problematica de la taxonomia
es que la morfologia es la mas bdsica fuente de informacion para la inferencia taxonémica, y que,
sin embargo, presenta una serie de limitaciones (Seberg et al., 2003; Dayrat, 2005; Zamani et al.,
2022). Métodos comparativos que prescinden del uso tradicional de los caracteres morfoldgicos
han evidenciado graves inconsistencias en la delimitacidn de taxones, que actualmente cimbran
los sistemas de clasificacién, como es el caso de la existencia de especies cripticas, cuya existencia
refleja la baja resolucién de los caracteres tradicionales, no necesariamente ligada a una ausencia
real de diferencias morfolégicas (Zamani et al., 2022), las cuales deben de ser evidenciadas a
través de propuestas novedosas. Por ejemplo, en las uUltimas décadas, se han visto avances
considerables en los métodos computacionales que permiten extraer caracteristicas relevantes
a partir de fotografias (Kaya et al., 2019; Valan et al., 2019; Zamani et al., 2022), demostrando
gue estos métodos tienen un gran potencial para descubrir caracteres que discriminan entre
especies, incluso en taxones cripticos para los que los caracteres tradicionales tienen baja

resolucién (Zamani et al., 2022).

Por otra parte, el desarrollo de las técnicas de secuenciacion de ADN, como es el cédigo
de barras, el cual intenta vincular un espécimen tipo con una parte de su ADN, generalmente del
gen mitocondrial de la subunidad | del citocromo C oxidasa (COIl) (Ebach, 2011), ha acelerado
considerablemente el hallazgo de discontinuidades taxondmicas y la documentacion de la

distribucién de las especies (Pante et al., 2015; Britz et al., 2020; Zamani et al., 2020; Raposo et
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al., 2021), exhibiendo una diversidad subestimada por los métodos tradicionales, y que a pesar
de delimitar especies con un considerable grado de precisién, no conducen necesariamente a

descripciones formales de las especies (Pinheiro et al., 2019; Raposo et al., 2021).

Proporcionar una diagnosis en el proceso de nombrar una nueva especie, a menudo suele
ser la parte mas complicada de la descripcidn de las especies. Algunas especies estrechamente
emparentadas no presentan diferencias morfoldgicas o las presentan en escasa medida. Por ello
es esencial que la diagnosis se haga a partir de una combinacion de caracteres (morfoldgicos,
ecoldgicos, de comportamiento y genéticos) para separar las especies y validar su identidad
(Dupérré, 2020). En algunos casos, puede ser conveniente limitarse exclusivamente a los
marcadores moleculares (por ejemplo, cuando existe una gran plasticidad morfoldgica o cuando
los linajes genéticos distintos se manifiestan como cripticos), pero es muy probable que estos
€asos sean Mas una excepcion que una regla (Zamani et al., 2020). Por otro lado, en los casos en
los que se demuestre que los caracteres morfoldgicos proporcionan una identificacién mas
rapida y fiable, no hay razén para descartarla. Estos dos sistemas de identificaciédn no deben
considerarse como competidores entre si o excluyentes, si no como aproximaciones al mismo

objetivo que simplemente difieren en los caracteres que consideran (Dayrat, 2005).

La identificacion de especies debe ser facil y eficiente, la delimitacion de especies es
fundamental para descubrir la diversidad de la vida, ya que determina si podemos reconocer o
no que diferentes especimenes son miembros de un mismo linaje (Dayrat, 2005). Se requieren
enfoques integradores, tomando en cuenta la congruencia de sefales genéticas, con otros
conjuntos de datos, para seguir describiendo especies (Gémez-Diaglo y Dawson, 2019). Los

continuos avances en el uso de las herramientas analiticas especializadas de muchos campos
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diferentes y sus conclusiones e hipdtesis resultantes requieren actualizaciones periddicas a

medida que avanzan los conocimientos (Ruggiero et al., 2015).

A pesar de la importancia de comprender la biodiversidad y de cdmo preservarla frente a
los rapidos cambios medioambientales globales, hay grupos de organismos como los protistas
gue han sido menos estudiados que el resto de los eucariontes (animales, plantas y hongos)
(Keeling, 2019; Burki et al., 2021). Actualmente, no existe una definicién Unica aceptada de lo
gue son los protistas, y como un grupo polifilético, los protistas representan un grupo funcional
mas que una entidad biolégica (O’Malley et al., 2013; Burki et al., 2021). Los protistas incluyen
una amplia gama de organismos eucariontes, en su mayoria microscépicos, que pueden ser
unicelulares o coloniales. Pueden ser puramente fotosintéticos, en cuyo caso se denominan
algas, mientras que otros protistas son similares a los hongos en su modo de nutricién y/o en sus
estrategias reproductivas y de dispersiéon. Otras formas no fotosintéticas de protistas,
especialmente mdviles, suelen denominarse protozoos (O’Malley et al., 2013; Burki et al., 2021).
Los objetivos principales de la taxonomia de los protistas han sido: construir y mantener un
sistema de clasificacién y denominacién capaz de identificar y agrupar todos los tipos de protistas
existentes y resumir todo lo que se sabe sobre ellos, ya sea morfoldgico, fisioldgico o ecolégico

(Finlay, 2004).

El sistema de clasificacion que prevalecié durante mucho tiempo fue el de Whittaker
(1969) el cual agrupaba a los organismos en cinco reinos: Monera, Protista, Plantae, Fungi y
Animalia. Los eucariontes unicelulares se incluyeron en el reino Protista, y se organizaron seguln
su morfologia y preferencias nutricionales (Caron et al., 2017). Recientemente, los estudios sobre

la sistematica y la evolucidn de los eucariontes unicelulares (algas, protozoos y hongos inferiores)
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han tenido mayor actividad. A lo largo de este periodo algunas barreras taxondmicas se han
derribado, incluidas las existentes entre algas y protozoos, y se han establecido nuevas relaciones
(Cavalier-Smith, 2010; Adl et al., 2012, 2019; Ruggeiro et al., 2015; Caron et al., 2017; Warren y
Esteban, 2019). Recientemente, Adl y colaboradores (2005, 2012, 2019) realizaron una revisién
a la clasificacion, nomenclatura y diversidad de los eucariontes, con énfasis en los protistas, en
donde se incorporan datos ultraestructurales y filogenias moleculares para sustentar un
esquema de clasificacion que reconoce a los taxones que se consideran evolutivamente
relacionados, tomando en cuenta los super grupos propuestos por Simpson y Roger (2002). En
este esquema los protistas se distribuyen en todos los supergrupos: Amoebozoa, Opisthokonta,

Archaeplastida, SAR (Stramenopiles + Alveolata + Rhizaria) y Excavata.

Los recientes avances en los estudios filogenéticos han introducido nuevas perspectivas
en el conocimiento de estos organismos. Términos como alga (protistas fotosintéticos) y
protozoos (la mayoria de los protistas heterdétrofos, aparte de los que se parecen mucho a los
hongos, especies heterdtrofas predominantes no filamentosas) perdieron su delimitaciéon y no
tienen valor taxondmico (Kipers et al., 2020). Asi, los protozoos sensu lato, son un conjunto
diverso de organismos que comprende una serie de linajes separados, que representan casi todos
los clados principales de eucariontes, incluyendo a Alveolata, Stramenopiles, Amebozoa,

Opisthokonta, Rhizaria y Excavata (Warren y Esteban, 2019).

Hay una serie de factores que suponen importantes limitaciones a la taxonomia de los
protozoos. Estos incluyen: (1) la falta de métodos adecuados para la fijacién y la conservacion a
largo plazo de los especimenes durante la gran parte de los cerca de 350 afios de historia de la

disciplina de la protozoologia; (2) la ausencia de especimenes tipo de la mayoria de los
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especimenes; (3) la falta de caracteres morfoldgicos suficientes para la delimitacidn de especies;
(4) descripciones inadecuadas de las especies para una identificacion fiable; (5) altas tasas de
sinonimia; (6) numero insuficiente de taxénomos capacitados; (7) submuestreo y una gran
diversidad de especies desconocidas; y (8) dificultades técnicas para el cultivo de muchas
especies, que a veces es un requisito previo para una caracterizacion adecuada (Warren y

Esteban, 2019).

Idealmente, los estudios moleculares podrian combinarse con estudios igualmente
eficientes, como la observacién directa de la estructura y el comportamiento de los protozoos
(morfologia, morfometria, ecologia) (Keeling, 2019) para conseguir una mejor delimitacion de
especies. Sin embargo, no siempre es posible esto, ya que, al abarcar una gran parte del arbol de
la vida, la diversidad de especies presenta una infinidad de morfologias, comportamientos,
modos nutricionales y papeles ecolégicos diferentes entre si (Caron et al., 2017), lo que hace que
cada grupo de protozoos requiera atencidon especifica. Asi, tomando en cuenta la relevancia de
la labor taxondmica para describir la diversidad bioldgica, y considerando las diferentes fuentes
de informacién que complementan el trabajo taxondmico contemporaneo, en este trabajo se
utiliza como modelo biolégico a dos especies de protozoos ciliados de la familia Trichodinidae,
para exponer las dificultades inherentes al trabajo taxondmico en este tipo de protozoos, y
proponer métodos alternativos que contribuyan a la delimitacién adecuada y objetiva entre las

distintas entidades.
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INTRODUCCION

Los ciliados (Phylum Ciliophora) forman un grupo monofilético dentro de Alveolata, que se
distingue de otros protozoos por una serie de caracteristicas especializadas, incluida la posesiéon
de cilios en algin momento de su ciclo de vida, variables en nimero y en arreglo, distribuidos
sobre la superficie corporal y derivados del cinetosoma, la presencia de dos tipos de nucleos;
macronucleo y micronucleo, el primero controla las funciones fisioldgicas y bioquimicas de la
célulay el segundo actia como una reserva de la linea germinal, por lo cual son heterocariéticos.
Y una forma de recambio genético llamada conjugacidn, en el cual los organismos tipicamente se
fusionan temporalmente para intercambiar nucleos gaméticos (Lynn, 2008; Warren y Esteban,

2019).

Se reconocen aproximadamente 8000 especies de ciliados de vida libre y epibiontes
(Lynn, 2008; Warren et al., 2017). De estas, aproximadamente 4800 son de vida libre, pero el
total aun es discutido (Finlay et al., 1996, 2004; Foissner et al., 2008; Agatha, 2011). Otros ciliados
son simbiontes, comensales o parasitos, quienes se encuentran principalmente en las superficies
externas de sus huéspedes, y en algunas ocasiones internamente. Al igual que ocurre con los
ciliados de vida libre, el nimero de especies simbidticas conocidas es probablemente sélo una

pequefia fraccion de su verdadera diversidad (Warren et al., 2017).

Las especies de ciliados se han descrito durante casi dos siglos, mientras que la base
tedrica que subyace su comprension y delimitacién se ha ido modificando. Las clases y los

ordenes se han fundido, recombinado y renombrado en multiples ocasiones, siguiendo
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diferentes criterios (Lynn, 2008; Boscaro et al., 2014). Su identificaciéon suele basarse en
caracteres morfolégicos, ya que presentan una amplia variabilidad morfoldgica relacionada con

sus adaptaciones ecolégicas (Andreoli et al., 2009).

De acuerdo con Lynn (2008), la historia de la sistematica de los ciliados se ha dividido en
cinco periodos: (1) la era del descubrimiento; (2) la era de la explosidn; (3) la era de la
infraciliatura; (4) la era de la ultraestructura y (5) la era del refinamiento. El progreso en cada uno
de estos periodos surgid a través de una interaccidon de la tecnologia y los puntos de vista
conceptuales. Asi, la era del descubrimiento (1880 — 1930) se caracterizé por la simpleza del
esquema de clasificacidn, creado principalmente por Otto Biitschli. El cual separaba a los ciliados
en varios grupos basandose principalmente en diferencias facilmente visibles en la localizacién y
composicion de la ciliatura externa; en este periodo, sélo eran conocidas 500 especies de ciliados.
Durante la era de la explotacién (1930 — 1950) se incrementaron enormemente tanto del nimero
de especies (aproximadamente 3000), como el interés por estos organismos por parte de
bidlogos (Corliss, 1974); sin embargo, el sistema de clasificacién se mantuvo similar que el de la
era anterior. En ambas eras se utilizaron principalmente observaciones de los organismos a
través de microscopios dpticos, sin el uso de tinciones sofisticadas. El enfoque conceptual se
centré en el caracter de la ciliatura somatica y oral y en la consideracién de que la evolucién

procedia de formas mds simples a formas mas complejas (Lynn, 2008).

Para la era de la infraciliatura (1950 — 1970), Chatton y Lwoff, Klein y Fauré-Fremiet
destacan como los pioneros. Pese a que esta era comienza en 1950, sus raices van desde

principios del siglo XX con las descripciones de diferentes enfoques técnicos que utilizaron la
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plata para impregnar la corteza y otras estructuras de los ciliados, estos son el método seco de
plata de Klein (1929) y el método humedo de plata de Chatton y Lwoff (1930) (Lynn, 2008). La
combinacién de una técnica citoldgica mas apropiada y eficaz, asi como de hipétesis filogenéticas
y evolutivas, basadas en una apreciacion completa de la infraciliatura de los ciliados, hasta ese
momento desconocida propuestas por Fauré-Fremiet (1950), hizo posible una revision del
sistema de clasificacién. Como resultado, el nimero de especies alcanzé unas 6000, y muchos
nichos ecoldgicos nuevos empezaron a ser explorados (Corlis, 1974). Posteriormente, la era de la
ultraestructura (1970 — 1990) se vio beneficiada por la microscopia electrénica. Los estudios de
la estructura fina de las partes de la infraciliatura y de otros orgdnulos proporcionaron
informacién que incidia directamente en los grados de diferencia y similitud entre las especies
de ciliados (Corliss, 1974). Durante esta era, la clasificacidén de los ciliados fue refinada por Small
y Lynn (1985), y Lynn y Small (1990), esta ultima revision comenzé a considerar los primeros datos
moleculares. Las cinetias somaticas fueron utilizadas para identificar clados monofiléticos,
llamados clases y este enfoque colocd juntos a géneros que anteriormente habian sido asignados
a taxones superiores (Lynn, 2008). Finalmente, la era del refinamiento (1990 — actualmente) se
basa de manera importante en el trabajo molecular. Durante las ultimas décadas, el desarrollo
de herramientas basadas en el ADN, principalmente en la secuenciacion del gen 18s rRNA, ha
reformulado la comprension de la diversidad, taxonomia, historia evolutiva y la ecologia de los
ciliados en multiples ambientes (Shazib et al., 2016; Posch et al., 2021). El gen 18s rRNA ha
ayudado a resolver una serie de cuestiones importantes sobre las relaciones entre los ciliados a
varios niveles taxonémicos. Estos estudios revelan que las clasificaciones tradicionales pueden

ser subjetivas y que las morfoespecies pueden contener especies cripticas (Shazib et al., 2016).
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Los analisis moleculares pueden superar la sensibilidad de las descripciones morfolégicas
para delimitar algunas especies en conflicto, como las especies cripticas y/o detectar especies
raras de linajes conocidos y desconocidos (Santoferrara et al., 2016; Posch et al., 2021). Se han
propuesto hipdtesis cladisticas basadas en morfologia para las relaciones entre varios
clados/clases de ciliados, muchas de ellas se han apoyado de datos moleculares, principalmente
del gen 18s rRNA (Vdacny et al., 2010; Lynn y Kolisko, 2017). El enfoque filogendmico proporciona
una prueba adicional y mas sélida para estas hipétesis cladisticas, que se cree que pueda dilucidar
que caracteres morfoldgicos son convergentes y cuales son realmente homdélogos (Lynn y

Kolisko, 2017).

Los enfoques del cédigo de barras, combinados con datos morfoldgicos y moleculares han
atenuado los limites de la resolucién taxondmica y han revelado tanto la plasticidad fenotipica
como la (pseudo) criptica de ciliados como los oligotricos (McManus et al., 2010; Santoferrara et
al., 2015, 2017; Kim et al., 2020). Los marcadores moleculares utilizados (18s, ITS y 28s rRNA)
generalmente permiten distinguir a los ciliados hasta nivel de especie (Warren et al., 2017;
Ganser et al., 2021; Zhang et al., 2022). Los ciliados presentan una serie de caracteristicas que
hacen probable la identificacion a través de un cédigo de barras genético. Son monofiléticos,
estan relativamente bien estudiados y tienen una morfologia compleja y rica en caracteres que
permite identificar la mayoria de las formas con fiabilidad hasta la morfoespecie (Corlis, 2002). A
pesar de estas ventajas, son relativamente pocos los estudios que se centran en el cédigo de
barras de ADN de los ciliados (Barth et al., 2006; Chantangsi et al., 2007; Guggiari y Peck, 2008;
Strider-Kypke y Lynn, 2010; Gentekaki y Lynn, 2012; Santoferrara et al., 2013; Zhao et al., 2013;
Stoeck et al.,, 2014). Actualmente existen secuencias de la subunidad pequefia del ADNr
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vinculadas a aproximadamente 850 especies de ciliados con nombre, esto representa el 1% de

las especies de ciliados conocidos (Lynn, 2008; Warren et al., 2017).

Lo ideal, es identificar y documentar una solo célula, analizar los marcadores moleculares
y depositar las secuencias junto con sus metadatos (informacién sobre su ecofisiologia,
biogeografia y comportamiento) en una base de datos de referencia. De este modo, las
secuencias de los genes se vinculen inequivocamente con las morfoespecies correspondientes

(Santoferrara et al., 2016; Warren et al., 2017; Ganser et al., 2021).

A pesar de los avances moleculares, sigue reinando una enorme confusién en la
taxonomia de los ciliados a nivel de género y especie (Boscaro et al., 2014). Son pocos los trabajos
gue se interesan en la redescripcién de especies antiguas (Modeo et al., 2013; Nitla et al., 2019;
Bai et al., 2020), y aun menos los que se interesan en la sistematica integrada de los géneros,
salvo un puiado de especies pertenecientes a géneros emblematicos e intensamente estudiados
como Paramecium, Tetrahymena o Euplotes (Strider-Kypke et al., 2000; Petroni et al., 2002;
Chantangsi y Lynn, 2008; Kher et al., 2011; Boscaro et al., 2012; Yan et al., 2018; Przbos et al.,
2019). Adicionalmente, muchas descripciones antiguas son tan vagas que es practicamente

imposible comparar los nuevos datos con los originales (Boscaro et al., 2014).

Para el correcto estudio taxondmico morfolédgico de los ciliados, se sugiere que éstos
deben fijarse y teiiirse o impregnarse con un método que muestre las caracteristicas taxondmicas
mas importantes del principal taxdn de ciliados al que pertenece la especie. En la actualidad, los
dos métodos que cumplen con estos criterios con mayor fiabilidad son el protargol y el nitrato

de plata (Foissner, 2014; Warren et al., 2017). Se deben medir, contar, describir e ilustrar cada
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detalle observable de la morfologia y la ontogenia. Los datos obtenidos mediante estudios
morfométricos deben proceder de un numero suficiente de especimenes, adecuadamente
orientados para proporcionar informacion sobre el alcance de los caracteres y permitir la
separacion de especies de otros taxones estrechamente relacionados (Warren et al., 2017).
Sumado a estos métodos, la microscopia electrdnica de barrido permite una visién tridimensional
de los ciliados que permite documentar detalles que son dificiles de revelar con métodos de

tincidon o impregnacion (Abraham et al., 2019).

El grado de variacion morfolégica dentro y entre las poblaciones de varias especies de
ciliados ha provocado que ademds del uso de la biologia molecular, se apliquen técnicas
avanzadas de analisis morfométrico en la taxonomia de ciliados, como lo es la morfometria
geométrica. Estas técnicas proporcionan herramientas Utiles y poderosas para identificar las
diferencias entre las poblaciones de ciliados, detectar diferencias entre grupos y diferencias entre

las mismas especies (Abraham et al., 2019).

Aunque actualmente haya dos enfoques principales utilizados para la identificacion de los
ciliados: el método tradicional de morfologia celular in vivo, fijacion, tincion/impregnacion, y
morfometria y, mas recientemente métodos basados en ADN (Abraham et al., 2019), la cantidad
de especies sin respaldo genético, morfométrico y/o ecoldgico registradas a nivel mundial aun
son muchas (Finlay et al., 1996; Foissner et al., 2008; Lynn, 2008), lo que ha llevado a que en los
estudios sobre la diversidad y distribucién geografica de los ciliados se debatan dos hipdtesis
respecto a la distribucidon de estos microorganismos. Una de ellas es la hipdtesis de que son

cosmopolitas, que postula un alto flujo génico, baja diversidad, y la otra, la hipdtesis del
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endemismo, que sugiere una alta diversidad y flujo génico restringido geograficamente (Katz et
al., 2005; Barth et al., 2006; Finlay et al., 2006; Slapeta et al., 2006; Bass et al., 2007; Darling et
al., 2007; Stoeck et al., 2007; Foissner et al., 2008; Gentekaki y Lynn, 2009; 2010, 2012; Penna et
al., 2010; Di Giuseppe et al., 2013; Przybos et al., 2019). Las evidencias sugieren que la diversidad
morfoldgica y la genética podrian estar desacopladas en algunos grupos de ciliados y que estos
grupos podrian ser mas diversos de lo que implica su morfologia. Muchos de estos estudios han
demostrado genéticamente la existencia de diversos linajes de especies con morfologia
aparentemente homogénea. Y que a pesar de que la mayoria podrian estar ampliamente
distribuidos, hay casos en donde estan restringidos geograficamente (Gentekaki y Lynn, 2010,

2012; Fenchel et al., 2019).

La integracion de nuevos datos morfoldgicos y moleculares de varias morfoespecies
estrechamente relacionadas, junto con estudios exhaustivos de la literatura, es la mejor manera
de detectar discrepancias y evaluar mejor la diversidad de ciliados (Boscaro et al., 2014). Por esto,
Warren y colaboradores (2017), han sugerido una serie de recomendaciones que favorecen la
combinacién de métodos moleculares, morfolégicos, morfométricos y ecolégicos en el estudio

de los ciliados.

Dentro de los ciliados se encuentra la familia Trichodinidae Claus, 1951, la cual contiene
una gran cantidad de especies parasitas que se incluyen en los géneros Trichodina Ehrenberg,
1838, Vauchomia Miiller, 1938, Trichodinella (Raabe, 1950) Sramek-Hus$ek, 1953, Semitrichodina
Kazubski, 1958, Tripartiella Lom, 1959, Dipartiella Stein, 1961, Paratrichodina Lom, 1963,

Trichodoxa Sirgel, 1983, Hemitrichodina Basson y van As, 1989, Pallitrichodina van As y Basson,
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1993 y Heterobladetrichodina Hu, 2011 (Hu, 2011). Los tricodinidos (Trichodinidae) son uno de
los grupos mas diversos y mas ampliamente distribuidos de ectopardsitos (algunas veces
endoparasitos). Comunmente se encuentran asociados a la piel o branquias de peces, dentro de
la vejiga urinaria de anfibios o al tegumento y el conducto genital de diversos invertebrados (Lom

y Dykovd, 1992), en ambientes de agua dulce, marinos y eurihalinos.

La familia Trichodinidae se diferencia por la morfologia de sus denticulos en el disco
adhesivo y la longitud de los cilios adorales espirales. El denticulo se compone de tres partes:
cuchilla, parte central y rayo. Tanto las cuchillas como los rayos muestran diferentes formas y
tamafos, algunas veces en el mismo anillo denticular del tricodinido (Basson y van As, 2006). La
identificacion taxondmica morfoldgica en los tricodinidos es una tarea dificil, ya que los
caracteres utilizados para las descripciones especificas requieren el uso de técnicas de
microscopia de alta resolucién, y un conocimiento relativamente especializado de las estructuras
diagnédsticas en este grupo que se considera morfolégicamente conservado debido a la
uniformidad en los caracteres fenotipicos. La morfometria tradicional ha sido una herramienta
fundamental para distinguir entre las especies de tricodinidos, sin embargo, en muchos casos,
esto se ve obstaculizado por el alto grado de variacién que presentan los mismos caracteres

dentro de una poblacién (Marcotegui et al., 2018; Islas-Ortega et al., 2020).

En este sentido, el presente trabajo busca aplicar analisis de morfometria geométrica a
poblaciones de tricodinidos asociadas a tilapias de regiones geograficamente distantes para
caracterizarlas morfolégica y morfométricamente y verificar la utilidad de este andlisis para

describir cuantitativamente discontinuidades morfoldgicas.

19



Las caracteristicas generales de los tricodinidos, asi como la relevancia de su estudio y el
estado del conocimiento del grupo en México se presenta a manera de articulo de divulgaciéon
publicado en la revista de divulgacidon cientifica Recursos Naturales y Sociedad, con el titulo:

“Mandalas naturales: Tricodinidos asociados a peces y su diversidad en México”.
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Mandalas naturales

Natural mandalas: Trichodinids associated with fish and their diversity in Mexico

diverso que, sin embargo, es relativamente desconocido a pesar de que pueden

generar efectos negativos en especies acuaticas de cultivo y de cuerpos de
agua naturales. Por ser escasamente estudiados, actualmente se desconocen

Resumen diversos aspectos de su historia natural como su verdadera diversidad o los

Los protozoos ciliados de la familia Trichodinidae son ectosimbiontes factores que modelan su distribucion geografica. En México su registro ha
asociados a peces y otros animales acuaticos (anfibios, cnidarios, moluscos, sido escaso, sin embargo, en una reciente linea de investigacion nos hemos
crustaceos y otros artropodos acuaticos) en todos los ambientes marinos y propuesto abordar el estudio del grupo para incrementar el conocimiento
dulceacuicolas del mundo, con excepcion de la Antartida. Forman un grupo de las especies que habitan en los ambientes acuaticos del pais, abordando

aspectos de biologia molecular y de morfometria geomeétrica en relacion con
la delimitacion especifica.

Palabras clave: Ciliophora, Trichodinidae, biodiversidad.



MANDALAS NATURALES: TRICODINIDOS

Abstract

Members of the family Trichodinidae are ectosymbiotic
protozoan ciliates associated with fishes and other
aquatic animals (amphibians, cnidarians, mollusks,
crustaceans, and other aquatic arthropods) in all marine
and freshwater environments of the world, except for
Antarctica. Trichodinids constitute a diverse but few known
group, however, they may produce a series of negative
effects in cultured aquatic species used in aquaculture
and species of natural waters. Because of the lack of
studies, some aspects of their natural history such as the
actual number of species or those factors modeling the
geographic distribution remain uncertain. There are very
few reports for trichodinid species in Mexico, however, we
recently have started a research field aimed to increase the
knowledge about trichodinid species inhabiting Mexican
aquatic environments, including DNA based studies and

morphometric delimitation among species.

Key words: Ciliophora, Trichodinidae, biodiversity.

Introduccion

Entre la diversidad de organismos que habitan los sistemas
acuaticos existe un conjunto que es invisible al ojo humano
y que, sin embargo, esta constituido por multiples especies
que adoptan una gran diversidad de formas y estilos de vida.
Entre ellos se encuentran los protozoos tricodinidos que

son organismos unicelulares que destacan por su belleza
singular que permanece oculta por su tamano microscopico
y por vivir asociados como ectosimbiontes a organismos
acuaticos. Los tricodinidos son una familia de protozoos

ciliados. Son organismos que en una sola celula realizan
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todas las funciones y
procesos necesarios para su
existencia y cuya superficie
celular esta rodeada de
cilios que son proyecciones
con movilidad que les
permiten desplazarse y
conseguir alimento. Si
bien, muchos tipos de
ciliados son conocidos
por que se les encuentra
frecuentemente al observar
una gota de agua con un
microscopio (por ejemplo,
el famoso protozoo ciliado
del género Paramecium), a
los tricodinidos unicamente
se les puede encontrar
cuando se hace un analisis
microscopico de la superficie
de algunos animales
acuaticos como los peces.
Los tricodinidos varian
en tamano de 20 a 100 pm
(Van As y Basson, 1987);
tienen una forma conica,
redondeada o hemisférica
y estan cubiertos con una
membrana delgada y tienen
una estructura tipica en
la regién aboral (es decir,
la que esta en contacto

con el animal que sirve de
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hospedero) conocida como
disco adhesivo, el cual se
compone de denticulos (de
15 - 60 dependiendo de

la especie) y membranas
estriadas (Basson y Van As,
1995; Basson y Van As, 2006)
(Fig. 1A-B). Los denticulos
son estructuras proteinicas,
que se conectan con las
membranas estriadas por
medio de microfibrillas y se
conforman de cuchilla, parte
central y rayo (Fig. 1D). Las
cuchillas pueden ser rectas
o curvas (Fig. 1E), mientras
que los rayos pueden

ser en forma de barra, de
espina, de aguja o de remo
y de diferentes longitudes
(Basson y Van As, 1989)
(Fig. 1F). Como todos los
protozoos ciliados, cuentan
con un macronucleo; que
puede tener forma de
salchicha o herradura,y un
micronucleo (Bassony Van
As, 2006) (Fig. 1Q).

Cuchilla
:| Parte central

Rayo

Fig 1. A. Paratrichodina africana, tricodinido de tamano pequeno. B. Trichodina magna,
tricodinido de gran tamano. C. Macronucleo de un tricodinido con la técnica de tincidn
hematoxilina de Harris. D. Esquema general de un tricodinido: a. anillo denticular, b. disco
adhesivo, c. borde de la membrana, d. estriaciones radiales, e. denticulos. E. Diferentes
formas que puede tener la cuchilla de los tricodinidos. F. Diferentes formas que pueden
tener los rayos de los denticulos. (Fotografias e ilustraciones por Alma Islas)

Tricodinidos y su asociacion con los peces y otros animales

acudticos

Como se menciono anteriormente, los tricodinidos viven
como ectosimbiontes de vertebrados e invertebrados
acuaticos. Los efectos de estos organismos unicelulares

en sus hospederos han sido ampliamente discutidos por
varios autores; pues para algunos son solo comensales
que utilizan el hospedero como sustrato, en tanto que para
otros autores los tricodinidos son verdaderos parasitos que
provocan efectos negativos; pero quiza lo mas correcto
sea considerarlos parasitos facultativos, ya que, cuando

el parasito se fija firmemente a su hospedero, el borde de

la membrana aboral crea un movimiento de succion en

| 87



MANDALAS NATURALES: TRICODINIDOS Islas-Ortegay Aguilar-Aguilar @ s@

el epitelio, lo que provoca negativos también ocurren sin que hayan sido registrados
irritacion en los tejidos formalmente en la literatura cientifica.
de los peces, haciéndolos En los peces, los tricodinidos parasitan principalmente

propensos a infecciones por  la piel, las aletas y las branquias (Van As y Basson,
hongos, virus o bacterias 1987) (Fig. 2), alimentandose de células, bacterias y/o
(Basson y Van As, 2006; detritus de la superficie del cuerpo. Bajo condiciones de
Yokohama et al.,, 2015;
Hashimoto et al., 2016;
Islas-Ortega et al., 2020Db).
Bajo ciertas condiciones los
tricodinidos son capaces de
provocar diversos efectos
negativos en sus hospederos,
que generalmente son
peces,aunque también

se pueden encontrar en
anfibios (p.ej. En la rana
leopardo de Moctezuma
Lithobates montezumae, en
la salamandra michoacana
Ambystoma ordinarium, o

en el sapo buey Rhinella
schneideri, entre muchos
otros) y en la superficie

de invertebrados como
cnidarios, moluscos y
artropodos acuaticos (p. ej.
En los copépodos de los
géneros Mastigodiaptomus,

Notodiaptomus,y

Metadiaptomus (de Jager

y Basson 2019) donde Fig. 2. A. Trichodina sp. en los ojos de Tilapia sp. (Pargo-UNAM). B. Trichodina sp. en
’ ’ las aletas de Tilapia sp. (Pargo-UNAM). C. Trichodina sp. en un filamento branquial de
probablemente los efectos Oreochromis niloticus. Cada flecha indica uno de los multiples individuos de Trichodina sp.

sobre los tejidos de su hospedero. (Fotografias por Alma Islas y Rogelio Aguilar)
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cultivo las poblaciones

de tricodinidos pueden
aumentar rapidamente en
numero, convirtiéndose en
una hiperinfestacion que
provoca dano epitelial (Van
As y Basson, 1987). Dada la
importancia en términos
economicos, hay un creciente
interés por determinar los
factores que promueven o
limitan la infeccion de los
peces por tricodinidos. La
mayor parte de los estudios
que refieren los efectos
negativos que tienen sobre
sus hospederos coinciden en
que las lesiones cutaneas,
como aletas con aspecto
deshilachado y las lesiones
al epitelio branquial, son los
padecimientos observables
mas frecuentes sobre los
peces, tanto en condiciones
silvestres como de cultivo
(Reichenbach-Klinke, 1982;
Sleigh, 1991; Hoffman, 1999;
Wlasow et al.,, 2003; Basson
y Van As, 2006; Maciel et

al., 2018) (Fig. 3). Otros
efectos como la pérdida de
escamas, la decoloracion de

piel y branquias, la fusion

de las lamelas en los filamentos branquiales y los signos de
asfixia (Fig. 4) son también frecuentemente mencionados
(Van As et al., 1984; Hassan, 1999). Otros efectos derivados
de la infeccion por tricodinidos, como la pérdida de apetito,
el adelgazamiento y la inflamacion de los filamentos
branquiales son referidos mas esporadicamente (Madsen

et al., 2000). Estos efectos patoldgicos se agrupan bajo

el término tricodiniasis, enfermedad que frecuentemente

ha sido asociada con la mortalidad o el deterioro del

crecimiento de peces dulceacuicolas cultivados en embalses

Fig. 3. A. O. niloticus parasitada con Trichodina sp. en branquias. B. Trichodina sp. sobre el
filamento branquial. (Fotografias por Alma Islas y Rogelio Aguilar)

naturales o artificiales (Abo-Esa, 2008). Esto ultimo es de
gran relevancia. Los tricodinidos son uno de los diversos

factores que tienen un efecto negativo sobre la actividad de
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cultivo de especies acuaticas
para el consumo humano,
y la tricodiniasis pueden
afectar rapidamente a los
individuos en condiciones
de confinamiento. Los
tricodinidos se reproducen
principalmente por fisién
binaria y en algunas
ocasiones por conjugacion,
presentan un ciclo de vida
monoxeénico, por lo que
unicamente requieren la
presencia del hospedero
definitivo y aprovechan la
cercania entre los peces para
pasar de un individuo a otro,
provocando mortalidades
masivas,y en consecuencia,
grandes pérdidas
economicas en la produccion
(Balbuena-Rivarolas, 2011).
Algunos estudios
han sugerido que la
patogenicidad de estos
organismos varia entre
la especie y el sitio de la
infeccion (Valladao et al.,
2016). Aparentemente estos
efectos no son constantes a
lo largo del ano. Buscando
una correlacion entre

la época delanoy la
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abundancia de tricodinidos, diversos autores (Broeg et
al., 1999; Hassan, 1999; Ozer, 2000; Yemmen et al., 2011;
Valladao et al.,, 2016) encontraron que estan presentes todo

el ano, pero durante la primavera su abundancia incrementa

Fig. 4. Grupo de tilapias nadando cerca de la superficie de un estanque artesanal. Este
comportamiento se da cuando los peces presentan problemas en el intercambio gaseoso
como puede ocurrir con una tricodiniasis. (Fotografias por Rogelio Aguilar)

lo que en condiciones de cultivo puede ocasionar la muerte

en masa (Balta et al.,, 2008). Esto probablemente se debe
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al aumento en la temperatura después del invierno, sin
embargo, no existen estudios a largo plazo dedicados
exclusivamente a analizar el efecto de la estacionalidad en

las poblaciones de tricodinidos.

Diversidad y su estudio en México

Los tricodinidos, ciliados pertenecientes a la familia
Trichodinidae, son un grupo de ciliados muy diverso
ampliamente distribuido en ambientes acuaticos. Tal familia
esta constituida por once géneros, de los cuales Trichodina
es el mas diverso al contar con mas de 250 especies
alrededor del mundo (Lom y Dikova, 1992), las cuales estan
principalmente asociadas a vertebrados e invertebrados
habitantes de aguas continentales en regiones tropicales

y templadas del mundo. A nivel mundial existen algunos
lugares con numerosos registros de tricodinidos, sin
embargo, su conocimiento es escaso en comparacion

con el de otras especies o grupos cuyo estudio ha sido
tradicionalmente mas extenso como las plantas, vertebrados
e invertebrados.

En consecuencia, no existe algun lugar en el mundo
del que se tenga una aproximacion cercana a la realidad
sobre la diversidad de especies de tricodinidos, y existen
amplias regiones del planeta en donde no se cuenta con
informacién (Basson y Van As, 2006).

En México la situacion es similar. Mientras que en el Siglo
XX se realizé un avance significativo en el conocimiento de
la diversidad de multiples grupos de seres vivos, el reducido
numero de especialistas en el estudio de protozoos tanto
de vida libre como asociados a fauna silvestre ocasioné que
unicamente exista el registro de cinco especies del género

Trichodina asociadas principalmente a especies exoticas de

peces, introducidas a México
con fines de consumo, asi
Como una unica mencién de
tricodinidos en peces nativos
del Valle de México; estos
registros fueron recopilados
a mitad de la década que
acaba de concluir (Aguilar-
Aguilar e Islas-Ortega, 2015),
coincidiendo con el inicio de
una linea de investigacion
que hemos establecido con
el propdsito de conocer
taxonomicamente aquellas
especies de tricodinidos

que se pueden encontrar

en la ictiofauna mexicana,
que consta de mas de 2500
especies (Espinosa-Pérez,
2014). Es en estos anos que
el numero de especies de
tricodinidos registradas en
el pais se ha incrementado
a 24 encontradas en 29
especies de peces, la
mayoria nativos (Islas-
Ortega y Aguilar-Aguilar,
2014; Aguilar-Aquilar et al.,
2016; Lagunas-Calvo et al.,
2016; Islas-Ortega et al.,
2020a; Islas-Ortega et al.,
2020b) (Fig. 5). Si bien esta

claro que el esfuerzo ha sido
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disperso, gracias a los datos
generados por nuestro grupo
de trabajo, junto con nuevos
datos producidos por otros
centros de investigacion
(Paredes-Trujillo et al.,
2016; Rodriguez-Santiago
et al., 2019), actualmente

es posible contar con un
conocimiento base, del

cual se deriven estudios
que planteen objetivos
diferentes al reconocimiento
taxondmico (p. ej. Islas-
Ortega et al., 2018),0 que
exploren la diversidad de
tricodinidos asociados a
otros animales diferentes a
los peces (p. ej. Antonio-Jasso
et al.,2021); en ese sentido,
la Figura 5 ilustra por
estado una sintesis de este
conocimiento base actual,
siendo posible apreciar

que algunas regiones del
centro y sureste de México
el numero de registros es
nulo o muy bajo, en tanto
que en los estados del
norte y en aquellos del
centro que son cercanos

a la Ciudad de México

existe una mayor cantidad
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de especies registradas, siendo a la fecha los estados de
Oaxaca y Michoacan los que cuentan con mayor diversidad.
Asi también, la Figura 5 muestra que ademas de los peces,
existen registros derivados del analisis de otro tipo de
animales acuaticos como crustaceos (Silva-Briano et al.,
2011) o anfibios (Antonio-Jasso et al., 2021).

Conforme se incrementa el conocimiento de la diversidad

de especies, es posible reconocer patrones.

Especies registradas en:

OPeces marinos

.Peces dulceacuicolas
@ Anfibios

( Crustaceos

Fig. 5. Mapa de registros de tricodinidos en México. Cada numero representa la cantidad
de registros por estado.

Por ejemplo, es evidente que muchas de las especies
registradas corresponden con las que han sido reportadas
para otras partes del mundo, como Asia o Africa. A partir
de este hecho, la composicion de especies de tricodinidos
en México tiene dos posibles explicaciones, la primera
implica que estos organismos tienen una distribucién
amplia, por lo que se les puede encontrar en diversas
partes del mundo (en microbiologia esto se conoce como
la hipotesis de “everything is everywhere” (O'Malley, 2007), 0
bien, una segunda posibilidad es que varias de las especies

de tricodinidos que ahora encontramos en nuestro pais
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hayan sido introducidas
como especies co-invasoras
con peces originarios de
otros sitios como las carpas
asiaticas Cyprinus carpio'y
Ctenopharyngodon idella, o
como las tilapias africanas
del género Oreochromis.
Esta situacion ha sido
ampliamente discutida en la
literatura de la especialidad,
tanto para tricodinidos como
para otros diversos grupos
de parasitos. Actualmente
se considera que el efecto
de las co-invasiones
sobre fauna autdctona
constituye uno de los
factores emergentes mas
importantes a considerar en
términos de conservacion
bioldgica (Pérez-Ponce de
Leodn et al., 2018),y tomando
en cuenta la gran cantidad
de peces que han sido o
estan siendo introducidos en
diversas partes del mundo,
se puede suponer que existe
un enorme intercambio
de especies simbiontes
asociadas a cada poblacion
de peces que es movida de

un lugar a otro (Lymbery

et al.,2014). Por ejemplo, en anos recientes de manera
intencional o accidental los sistemas acuaticos de México
han resentido la invasion de peces como las carpas Cyprinus
carpio, as tilapias Oreochromis spp., las truchas Lepomis
spp. o el pez ledn Pterois volitans, entre muchos otros,
que son registrados cada vez de manera mas frecuente
y han establecido poblaciones reproductivas estables en
nuestro pais (Ruiz-Campos et al., 2014; Espinosa-Pérez
y Ramirez, 2015; Villasenor, 2020). Hasta el momento se
ha documentado la invasion exitosa por parte de estas
especies, sin que se tengan estudios de los organismos
asociados a ellas y que seguramente han sido acarreados
como co-invasores. En este sentido, algunos de los peces
nativos que examinamos presentan varias especies de
tricodinidos atribuidas tipicamente a carpas o tilapias, lo
que merece particular atencidon ya que la presencia de
estas especies co-invasoras debe considerarse como un
factor adicional en los planes de conservacion in situ de las
especies (Arnaud, 2020), en este caso de los peces nativos,
de los cuales muchas especies en México se encuentran
en alguna categoria de riesgo (Ceballos et al., 2016). Por
ejemplo, recientemente hemos documentado la presencia
de especies relacionadas con tilapias y carpas como
Trichodina kolotiy Trichodinella epizootica en peces ciprinidos
nativos del norte de México como Campostoma ornatum,
Dionda episcopa o Gila pulchra, o la especie Trichodina
reticulata en el godeido endémico Girardinichthys viviparus.
El trabajo taxonomico realizado hasta ahora es
importante porque proporciona conocimiento sobre la
diversidad de especies de tricodinidos que es posible
encontrar en México. Sin embargo, algunos especialistas
tienen reservas sobre la correcta determinacién de muchas

especies,y en general, se tiene una idea de que la verdadera
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diversidad del grupo esta subestimada (Tang et al., 2017,
Marcotequi et al,. 2018, Islas-Ortega et al., 2018). Esto se
debe a que los tricodinidos, al ser pequenos organismos
unicelulares, presentan un numero muy reducido de
caracteres diagnosticos, por lo que todas las especies
descritas hasta el momento resultan muy similares entre
si a primera vista, y su diferenciacion taxondmica se basa
en ligeras variaciones. En otras palabras, de acuerdo

con algunos autores es probable que el grupo de los
tricodinidos esté conformado por numerosas especies
que no podemos reconocer debido al numero reducido de
estructuras diagnosticas que poseen y por la dificultad de
observarlas (Tang et al., 2017). En el trabajo taxonémico

moderno esta situacion se ha presentado de manera

similar en numerosos grupos bioldgicos (Simon et al., 2008;

Guevara y Sainoz, 2012; Ortega-Andrade et al., 2015; Pérez-

Ponce de Leon y Poulin, 2016, 2018), donde recientemente la

diversidad conocida se ha incrementado de manera notable

debido a la presencia de especies cripticas, detectadas a
partir de la comparacion de individuos con una morfologia
muy similar pero que analizados con otras técnicas, como
la biologia molecular, muestran que genéticamente se
encuentran tan separadas que es posible considerarlos
pertenecientes a especies diferentes.

Lo anterior sugiere que la taxonomia tradicional resulta
insuficiente para describir la diversidad del grupo, por
esta razén,como complemento de la labor taxonomica,
recientemente hemos recurrido a la taxonomia integrativa,
que busca utilizar informacién de diversas fuentes para

conseguir una correcta delimitacion de cada especie. En

este sentido, hemos iniciado analisis moleculares con el gen

nuclear 18s para caracterizar genéticamente poblaciones

de tricodinidos provenientes de diferentes localidades,
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y con ello decidir si la
distancia geografica se
relaciona con una diferencia
a nivel genético en estas
poblaciones tal como ocurre
con otros parasitos como
los helmintos, sin embargo,
hasta hoy la comparacion
de las secuencias entre
las poblaciones de la
especie marina Trichodina
rectuncinata muestra
uniformidad genética
que mas bien apoya la
idea generalizada de
que estos organismos
son cosmopolitas (Islas-
Ortega et al., 2018). Cabe
senalar que esta conclusion
corresponde a una sola
especie de las mas de 250
que se consideran validas,
por lo que es necesario
realizar analisis similares en
un numero mucho mayor de
especies antes de intentar
postular un patrén sobre
la distribucidén de estos
organismos.

Como complemento a
los analisis moleculares,
actualmente hemos

comenzado a estudiar los
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caracteres morfolégicos mas evidentes bajo los supuestos
de los analisis de morfometria geométrica.

Asi, a partir de un contorno promedio de la estructura
bajo estudio, el cual generalmente se obtiene a través de la
superposicion de imagenes analizadas mediante una libreria
del programa RStudio (1.3.1056) (RStudio Team) se busca
detectar discontinuidades morfoldgicas estadisticamente
significativas entre los diferentes tricodinidos (Fig. 6), de tal
forma que ello nos permita decidir si tales discontinuidades
son lo suficientemente relevantes para contribuir en
establecer una sélida propuesta de delimitacion entre

especies.

Fig. 6. Alineacion de los denticulos para obtener una silueta promedio de A. Paratrichodina
africana, B. Trichodina centrostrigeta bajo el analisis de morfometria geométrica. (Imagen
correspondiente al proyecto de doctorado de Alma Islas)

Consideraciones finales
En un pais megadiverso
como México es normal que
los inventarios bioldgicos de
muchos taxones sean aun
incompletos,y el caso de los
protozoos tricodinidos no es
una excepcion. A pesar de
que en los anos recientes
se han incrementado
los registros sobre estos
organismos, tenemos
que considerar que hasta
hoy ha sido examinado
un Muy escaso conjunto
de peces hospederos
(aproximadamente el 2%),
por lo que se estima que
el numero conocido de
especies de tricodinidos
actualmente se elevara
conforme exista una mayor
cantidad de estudios.
Ademas de su importancia
como un componente
de la biodiversidad,
los tricodinidos estan
fuertemente ligados a una
actividad tan importante
como la acuicultura. Por lo
anterior, resulta deseable

la formacion de recursos
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humanos (bidlogos, ecélogos, veterinarios, etc.) capaces de reconocer, diferenciar y analizar

las relaciones ectosimbionte-hospedero en estos interesantes organismos.
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En el siguiente trabajo se maneja la siguiente:
Hipotesis
Dentro de la familia Trichodinidae las especies aparentan ser uniformes morfolégicamente
hablando, sin embargo, la distancia geografica entre las poblaciones pudiera ser responsable de
variaciones morfoldgicas poco detectables con analisis morfoldgicos clasicos, asi, se espera que

la morfometria geométrica resulte de utilidad para detectar y cuantificar discontinuidades

morfoldgicas que contribuyan a caracterizar poblaciones.

Asi como los siguientes objetivos:

Objetivo general

Aplicar andlisis de morfometria geométrica a poblaciones de Trichodina centrostrigeata y
Paratrichodina africana asociadas a tilapias de regiones geograficamente distantes para su
implementacién en el andlisis taxondmico de un grupo morfolégicamente conservado a través

de la deteccién de discontinuidades morfoldgicas.

Objetivos particulares

e Enlistar la diversidad de tricodinidos en tilapias a nivel mundial.

e Caracterizar morfoldgica y morfométricamente las poblaciones de tricodinidos
provenientes de tilapias recolectadas en diferentes localidades.

e Verificar la utilidad de la morfometria geométrica para describir cuantitativamente

discontinuidades morfoldgicas.
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Proponer el uso de la morfometria geométrica como complemento a las descripciones

taxondmicas de especies de la familia Trichodinidae.
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CAPITULO |
Diversidad de tricodinidos asociados a tilapias en
el mundo

El primer objetivo particular de este estudio se refiere a enlistar la diversidad de especies de la
familia Trichodinidae asociadas a tilapias a nivel mundial. Para cumplir con éste, se recopilaron
los datos publicados sobre la composicion taxondmica y la distribucién geografica de estos
tricodinidos, a los que se adicionaron los resultados provenientes de la revisién de tilapias de
Argentina y México. Durante el proyecto se obtuvieron tilapias de la granja piscicola “El
Pescadito” Huandacareo, Michoacdn (19° 56’ 24" N, 101° 18’ 36” W; n = 60), en el cuerpo de
agua “Las Pocitas” Baja California Sur, (242 24’ 10.5”” N, 1112 06’ 12.9” W; n = 22), en México, y
en las granjas piscicolas “Ponte Vedra” (34°44°44.1°’S, 58°43°54.6""W; n = 10) y “San Vicente”
(35°04°00.1°’S, 58°31°01.9"W; n = 10), en la provincia de Buenos Aires, Argentina, las cuales
fueron examinadas en busca de tricodinidos. La mayor parte de los registros derivados de estos

muestreos fueron registros nuevos para cada localidad.

El resultado principal de este capitulo es un listado que se presenta a manera de articulo
titulado “A checklist of trichodinid species (Ciliophora: Trichodinidae) on tilapia (Cichlidae),
with new records from Mexico and the first data from Argentina” publicado en la revista
Zootaxa. Aqui, se registraron 44 especies de tricodinidos asociados a 15 especies de tilapias de
162 localidades pertenecientes a 29 paises y cuatro continentes. El género mas registrado fue
Trichodina con 371 registros, le siguid Tripartiella con 39 con registros y Paratrichodina con 26

registros. A pesar de que se tiene un conocimiento relativamente solido sobre los tricodinidos
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asociados a tilapias, aun es necesario ampliar la investigacidon a aquellas regiones en el mundo
en donde las tilapias han sido introducidas pero los tricodinidos no han sido estudiados. Tanto
Paratrichodina africana como Trichodina centrostrigeata, registradas para Argentina y México,
se analizaron posteriormente con morfometria geométrica, los resultados de estos analisis se

presentan en los capitulos siguientes.
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Abstract

Tilapia is the common name for a wide spectrum of cichlid fishes usually selected for aquaculture activities. However,
some aspects of the natural history of these fishes, such as the diversity of certain ectoparasitic protistan groups remain
understudied. In order to understand the diversity of ciliates of the family Trichodinidae parasitizing tilapia around the
world, a database with all available accounts was assembled. This information, along with records derived from our
own recent research, allowed us to generate a checklist containing all the records for tilapia-Trichodinidae associations.
The checklist is presented as a host-parasite list containing 44 nominal taxa from 29 countries on four continents, and it
also presents the first data from Argentina, where tilapia culture is still an incipient, but growing activity. The observed
high species richness of trichodinids is probably derived from a set of specific taxa for tilapia, along with an important
component of species acquired from the new environments where tilapia have been introduced. Data presented here could
be used along with existing information of metazoan parasites to build a general view about diseases that affect tilapia.

Key words: Ectoparasites, trichodinids, Trichodina, Trichodinella, Tripartiella, Paratrichodina

Introduction

Tilapia has become an important fish in aquaculture in various tropical and subtropical regions worldwide (EI-
Sayed 1999) and history of its culture goes back to ancient Egypt. Tilapia refers to a generalized common name
for a wide set of species of African cichlid fishes (Lowe-McConnell 1959; Stickney 1986; El-Sayed 1999; Klett &
Meyer 2002), of which at least eight species (Coptodon guineensis (Giinther), C. rendalli (Boulenger), C. zillii (Ger-
vais), Oreochromis andersonii (Castelnau), O. aureus (Steindachner), O. mossambicus (Peters), O. niloticus (Lin-
naeus), and Tilapia sparrmanii Smith) or sets of species (including hybrids such as the hybrid tilapia O. niloticus x
O. aureus or the red tilapia O. mossambicus x O. niloticus) have been commercially cultured worldwide, either in
backyard ponds or extensive hatcheries intended for commercial operations (Jansen et al. 2019). The great success
of this activity involves several favorable factors, such as the general hardiness and adaptability of tilapia to various
production systems, combined with rapid growth (Ponzoni ez al. 2011).

Due to the elevated disease susceptibility of fishes under culture conditions, parasitic diseases have become
more frequent, causing inestimable economic losses and mortality outbreaks (Nunes ez al. 2016). Although tilapia
had been considered relatively resistant to diseases in the past (Coward & Bromage 2000), recent studies show that
this group is actually more susceptible to both bacterial and parasitic diseases (Shoemaker et al. 2006; Kotob et al.
2016).
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Due to the negative influence on growth and nutritional coefficient of different species of juvenile fishes,
infestation by ectoparasitic protists could be considered as one of the most serious problems of intensive breed-
ing cultivations (Paperna 1991; Prats & Martinez 2017). Among these, numerous species of ciliates of the family
Trichodinidae Claus (Oligohymenophorea, Ciliophora) have been reported infecting fishes in freshwater environ-
ments (Basson et al. 1983). This high species diversity, reported from multiple areas of the world, represents a
potential permanent epizootic risk threatening the fish farming activity with severe economic losses due to the high
fish mortality (Ghoneim et al. 2015).

In order to understand the diversity of species of the family Trichodinidae affecting tilapia around the world, the
current knowledge about the taxonomic composition and geographical distribution of these trichodinids has been
compiled and is presented here.

Material and methods

An exhaustive revision of all the published records on the trichodinid species reported from tilapia fishes around
the world were performed and compiled via databases and electronic resources such as Zoological Record, Bio-
logical Abstracts, ISI Web of Knowledge, Google Scholar, Aquatic Sciences and Fisheries Abstracts, Biological
and Agricultural Index Plus, Scopus, Latindex, and SERIUNAM. All these sources of metadata were consulted to
guarantee all possible information; the bibliographic search included sources up to December 2019. A table was
constructed using the compiled data (see Table 1). Valid names of host species were updated according to Froese
& Pauly (2020), however, where species were not indicated and difficult to verify, these were provided as in the

original source (i.e. Tilapia sp.)

TABLE 1. Trichodinid ciliate-tilapia list. G = gills, S = skin, F = fins, ND = Not determined, CRPH = Catalog number.

Parasite  Host Site Locality Reference
Paratrichodina africana Kazubski & El-Tantawy
Oreochromis mossambicus ND Churni River system, West Bengal, Mitra & Bandyopadhyay
India (2006)

Oreochromis niloticus G, S

Q
wn

(RN EEo B a o B ® B B B B B B B B B B B

Nile Delta, Egypt

Nile Delta, Egypt

River Nile, Tanta city, Egypt

ND, Brazil

Amapa, Brazil

Macapa, Amapa, Brazil

Amapa, Brazil

Itubera, Bahia, Brazil

Nova Ponte, Minas Gerais, Brazil
Santa Fé do Sul, Sao Paulo, Brazil
Amapa, Brazil

Bahia, Brazil

Ceara, Brazil

Mato Grosso do Sul, Brazil
Minas Gerais, Brazil

Sao Paulo, Brazil

Fish Farm, Minas Gerais, Brazil
Sao Paulo, Brazil

State of Goias, Brazil

El-Tantawy & Kazubzki
(1986)

Kazubzki & El-Tantawy
(1986)

El-Din & Naeim (1998)
Hashimoto et al. (2011)
Pantoja et al. (2011)
Pantoja et al. (2012)
Tavares-Dias et al. (2013)
Valladao et al. (2013)
Valladao et al. (2013)
Valladéo et al. (2013)
Bittencourt et al. (2014)
Padua et al. (2015)
Padua et al. (2015)
Padua et al. (2015)
Padua et al. (2015)
Padua et al. (2015)
Valladao et al. (2016)
Valladao et al. (2018)
Rodrigues et al. (2019)

...Continued on the next page
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
G Huandacareo, Michoacan, Mexico New record CRPH: C0006
F,G,S San Vicente, Buenos Aires province, New record CRPH: C0007
Argentina
Tilapia sp. G Lake Victoria, Kenya Kazubzki (1986)
G Lake Victoria, Kenya Kazubzki & El-Tantawy

Paratrichodina incissa (LLom)

Oreochromis niloticus S

Trichodina acuta Lom

F,G,S

Coptodon guineensis
(Giinther)

Coptodon zillii (Gervais)  ND

Oreochromis mossambicus ND
(Peters)

ND
ND
Oreochromis niloticus (L.) ND
G,S

ND
G,S
G,S
ND

Trichodina canton Basson & Van As

Oreochromis mossambicus F, G, S

Mekong River Delta, Vietham

Northern Vietnam

ND, Benin

Muiioz de Nueva Ecija, Philippines
Muiioz de Nueva Ecija, Philippines

ND
ND, India
Muioz de Nueva Ecija, Philippines

Bureau of Fisheries and Aquatic
Resources, National Freshwater Fish
Hatchery, Mufioz de Nueva Ecija
Province, Philippines

Sampaloc Lake, San Pablo City,
Laguna, Philippines

ND
Mekong River Delta, Vietham
Northern Vietnam

Mediterranean region, Turkey

Swamp north of Taipei, Taiwan

Trichodina centrostrigeata Basson, Van As & Paperna

Coptodon rendalli G
G
Coptodon zillii ND
G,S
Oreochromis andersonii F,G,S
(Castelnau)
Oreochromis aureus ND
ND

Oreochromis mossambicus F, G, S

Lowveld Fisheries Research Station,
South Africa

Zambesi River System, Namibia
ND, Egypt
Presa Yosocuta, Oaxaca, Mexico

Zambesi River System, Namibia

ND, Cuba
ND, Egypt
Hartbeespoort Dam, South Africa

(1986)

Arthur & Te (2006)
Arthur & Te (2006)

Maslin-Leny (1988)

Duncan (1977)
Duncan (1977)

Lom & Dykova (1992)
Asmat (2000)
Natividad et al. (1986)

Bondad-Reantaso & Arthur
(1989)

Bondad-Reantaso & Arthur
(1989)

Lom & Dykova (1992)
Arthur & Te (2006)
Arthur & Te (2006)
Ozer & Oztiirk (2015)

Basson & Van As (1994)

Basson et al. (1983)

Van As & Basson (1992)
Ghoneim (1998)
Lagunas-Calvo et al. (2016)
Van As & Basson (1992)

Fajer et al. (1997)
Ghoneim (1998)
Basson et al. (1983)

...Continued on the next page
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
F,G,S Lowveld Fisheries Research Station, Basson et al. (1983)
South Africa
F,G,S Luphephe Dam, South Africa Basson et al. (1983)
F,G,S Olifants River & Marble Hall Dam, Basson et al. (1983)
South Africa
F,G,S Letaba River & Pietersburg Dam, South  Basson ef al. (1983)
Africa
F,G,S Seshego Dam, South Africa Basson et al. (1983)
F,G,S Tompi Seleka Fisheries, South Africa Basson et al. (1983)
F,G,S Lowveld Fisheries Research Station, Van As et al. (1984)
South Africa
G,S Hartbeespoort Dam, South Africa Oldewage (1985)
ND ND, Taiwan Van As & Basson (1986)
ND ND Lom & Dykova (1992)
F,G,S Swamp north of Taipei, Taiwan Basson & Van As (1994)
ND Churni River System, West Bengal, Mitra & Bandyopadhyay
India (2006)
G Sarker Bari culture ponds, Bangladesh ~ Kibria ez al. (2011)
Oreochromis niloticus G,S Nile Delta, Egypt El-Tantawy & Kazubzki
(1986)
ND Luzon, Philippines Natividad et al. (1986)
G,S Bureau of Fisheries and Aquatic Bondad-Reantaso & Arthur
Resources, National Freshwater Fish (1989)
Hatchery, Mufioz de Nueva Ecija
Province, Philippines
G, S Calarian Lake, Zamboanga City, Bondad-Reantaso & Arthur
Zamboanga del Sur, Philippines (1989)
G, S Sampaloc Lake, San Pablo City, Bondad-Reantaso & Arthur
Laguna, Philippines (1989)
ND ND Lom & Dykova (1992)
G, S River Nile, Tanta city, Egypt El-Din & Naeim (1998)
E S Sinaloa, Mexico Rodriguez-Santiago (2002);
Morales-Serna et al. (2018)
G,S Mekong River Delta, Vietnam Arthur & Te (2006)
G,S Northern Vietnam Arthur & Te (2006)
G Qena, Egypt Hussein et al. (2012)
G Amapa, Brazil Bittencourt et al. (2014)
S ND, Brazil Ikefuti et al. (2015)
G Bahia, Brazil Padua et al. (2015)
G Ceara, Brazil Péadua et al. (2015)
G Mato Grosso do Sul, Brazil Padua et al. (2015)
G Minas Gerais, Brazil Padua et al. (2015)
G Sao Paulo, Brazil Padua et al. (2015)
G Santa Catarina, Brazil Nunes et al. (2016)
G, S Fish Farm, Minas Gerais, Brazil Valladao et al. (2016)
G, S Fish Farm, Sdo Paulo, Brazil Valladao et al. (2016)
G,S Riyadh, Saudi Arabia Abdel-Baki et al. (2017)

...Continued on the next page
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
G State of Goias, Brazil Rodrigues et al. (2019)
G, S Tabasco, Mexico Rodriguez-Santiago et al.
(2019a)
F, S Villahermosa, Tabasco, Mexico Rodriguez-Santiago et al.
(2019b)
G Huandacareo, Michoacan, Mexico New record CRPH: C0008
F,G,S San Vicente, Buenos Aires Province, New record CRPH: C0009
Argentina
Oreochromis niloticus x G, S Nong Suea Prefecture, Pathumthani Worananthakij &
Oreochromis mossambicus Province, Thailand Maneepitaksanti (2014)
Oreochromis sp. G Cuchujaqui River, Sonora, Mexico Aguilar-Aguilar & Islas-
Ortega (2015)
Tilapia sparrmanii G Boskop Dam, South Africa Basson et al. (1983)
F, S Zambesi River System, Namibia Van As & Basson (1992)
Tilapia sp. G Chupei Fishery Station, Taiwan Basson & Van As (1994)
G Confluence of Nankang and Peikang Basson & Van As (1994)
Rivers, Taiwan
G Lukang Fishery Station, Taiwan Basson & Van As (1994)

Trichodina compacta Van As & Basson

Coptodon rendalli

Coptodon zilli

Oreochromis andersonii

Oreochromis aureus

Oreochromis aureus X
Oreochromis niloticus

Oreochromis mossambicus

E S

E S
FE S
F S

E S
E S

ES
ND
ES
G, S
ND
ES

E S
E S

ES
ES
ND
ND
ES

E S
G, S

Lowveld Fisheries research Station,
South Africa

Amalinda, South Africa
Hartbeespoort Dam, South Africa

Nyl Pans, Mowalakwena River, South
Africa

Orlando Dam, South Africa

Letaba River, Pietersburg Dam, South
Africa

Tompi Seleka Fisheries, South Africa
ND

Zambesi River System, Namibia
Luzon, Philippines

ND, Egypt

Lowveld Fisheries Research Station,
South Africa

Zambesi River system, Zambia
El Rom, Israel

Ginnosar, Israel
Nir David, Israel
ND

ND, Egypt

El Rom, Israel

Lehavot Habashan, Israel

Luzon, Philippines

Basson, ef al. (1983); Van
As & Basson (1989)

Basson et al. (1983)
Basson et al. (1983)
Basson et al. (1983)

Basson et al. (1983)
Basson et al. (1983)

Basson et al. (1983)
Lom & Dykova (1992)
Van As & Basson (1992)
Duncan (1977)
Ghoneim (1998)

Van As & Basson (1989)

Van As & Basson (1992)

Basson et al. (1983); Van
As & Basson (1989)

Van As & Basson (1989)
Van As & Basson (1989)
Lom & Dykova (1992)
Ghoneim (1998)

Van As & Basson (1989)

Van As & Basson (1989)
Duncan (1977)
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
F,G,S Lowveld Fisheries Research Station, Basson et al. (1983); Van
South Africa As et al. (1984); Van As &
Basson (1989)
F, S Amalinda, South Africa Basson et al. (1983)
F, S Hartbeespoort Dam, South Africa Basson et al. (1983)
F, S Nyl Pans, Mowalakwena River, South Basson et al. (1983)
Africa
F, S Orlando Dam, South Africa Basson et al. (1983)
F, S Letaba River, Pietersburg Dam, South Basson et al. (1983)
Africa
F, S Tompi Seleka Fisheries, South Africa Basson et al. (1983)
G,S Hartbeespoort Dam, South Africa Oldewage (1985)
F, S Lisbon Estates, South Africa Van As & Basson (1989)
ND ND Lom & Dykova (1992)
Oreochromis niloticus G,S Luzon, Philippines Natividad et al. (1986)
G,S Luzon, Philippines Bondad-Reantaso & Arthur
(1989)
G,S Santa Catarina, Brazil Ghiraldelli et al. (2006a)
G,S Santa Catarina, Brazil Ghiraldelli et al. (2006b)
G,S Santa Catarina, Brazil Ghiraldelli et al. (2006c)
F,G,S Santa Catarina, Brazil Martins (2008)
G Santa Catarina, Brazil Martins et al. (2010)
G,S Santa Catarina, Brazil Jeronimo et al. (2011)
G Al-Fashn city, Egypt Abd El-Galil & Aboelhadid
(2012)
G,S Sao Paulo, Brazil Zago et al. (2014)
S ND, Brazil Ikefuti et al. (2015)
Santa Catarina, Brazil Nunes et al. (2016)
ND Fish Farm, Minas Gerais, Brazil Valladao et al. (2016)
F, S Santa Catarina, Brazil Steckert (2017)
ND ND, Egypt Abdelkhalek et al. (2018)
G Chattogram, Bangladesh Kibria & Asmat (2019)
F,G,S State of Goias, Brazil Rodrigues et al. (2019)
G,S Tabasco, Mexico Rodriguez-Santiago et al.
(2019a)
G Huandacareo, Michoacan, Mexico New record CRPH: C0010
Oreochromis niloticus x G, S Nong Suea Prefecture, Pathumthani Worananthakij &
Oreochromis mossambicus Province, Thailand Maneepitaksanti (2014)
Tilapia sparrmanii F, S Amalinda, South Africa Basson et al. (1983)
F, S Boskop Dam, South Africa Basson et al. (1983)
F, S Limpopo River System, South Africa Van As & Basson (1989)
F, S Vaal River System, South Africa Van As & Basson (1989)
Tilapia sp. E S Lake Kinneret, Israel Basson et al. (1983); Van
As & Basson (1989)
F,G,S Chupei Fishery Station, Taiwan Basson & Van As (1994)
E S Lukang Fishery Station, Taiwan Basson & Van As (1994)
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
Trichodina cottidarum Dogiel
Coptodon zillii G Euphrates River at Al-Musaib city, [raq  Mbhaisen et al. (2015)
G Euphrates River at Al-Musaib city, Iraq Mhaisen & Al-Rubaie
(2018)
Trichodina domerguei Wallengren
Coptodon zillii G Euphrates River at Al-Musaib city, Iraq  Mhaisen et al. (2015)
G Euphrates River at Al-Musaib city, Iraq  Mhaisen & Al-Rubaie 2018
Oreochromis niloticus G,S Mekong River Delta, Vietnam Arthur & Te (2006)
G,S Northern Vietnam Arthur & Te (2006)
Trichodina equatorialis Kazubski
Tilapia sp. G Lake Victoria, Kenya Kazubzki (1986)
Trichodina esocis Lom
Oreochromis niloticus S ND, Benin Maslin-Leny (1988)
Trichodina frenata Van As & Basson
Oreochromis niloticus S,G Riyadh, Saudi Arabia Abdel-Baki et al. (2017)
Trichodina fultoni Davis
Oreochromis mossambicus G Loiza River, Puerto Rico Bunkley-Williams &
Williams (1994)
Oreochromis niloticus ND Kafr El Sheikh, Egypt Eissa et al. (2013)

Trichodina hypsilepis Wellborn (Note: This species, frequently recorded for teleost hosts as 7. heterodentata, was recently
synonymized by de Jager & Basson (2019))

Coptodon rendalli

Coptodon zilli

F,G,S

F,G,S

EG,S
ES

F,S
G,S
ES
ES
ES
F,S
F,S
F,S
F,S
ND

Lowveld Fisheries Research Station,
South Africa

Basson et al. (1983)

Olifants River, Marble Hall Dam, South  Basson ez al. (1983)

Africa
Tompi Seleka Fisheries, South Africa

Lowveld Fisheries Research Station,
South Africa

Tompi Seleka Fisheries, South Africa
Muioz de Nueva Ecija, Philippines
Bar’am, Israel

El Rom, Israel

Ein HaMifratz, Israel

Ginnosar, Israel

Lake Kinneret, Isracl

Tabgha, Israel

Zaki River, Israel

ND, Egypt

Basson et al. (1983)
Van As & Basson (1989)

Van As & Basson (1989)
Duncan (1977)

Van As & Basson (1989)
Van As & Basson (1989)
Van As & Basson (1989)
Van As & Basson (1989)
Van As & Basson (1989)
Van As & Basson (1989)
Van As & Basson (1989)
Ahmed ez al. (2000)
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
G, S Presa Yosocuta, Oaxaca, Mexico Lagunas-Calvo et al. (2016)
Oreochromis aureus F, S El Rom, Israel Van As & Basson (1989)
F, S Jordan River, Israel Van As & Basson (1989)
F, S Lake Kinneret, Israel Van As & Basson (1989)
F, S Tabgha, Israel Van As & Basson (1989)
F, S Zaki River, Israel Van As & Basson (1989)
Oreochromis aureus x F, S El Rom, Israel Van As & Basson (1989)
Oreochromis niloticus
F, S Lehavot Habashan, Israel Van As & Basson (1989)
F, S Tabgha, Israel Van As & Basson (1989)
Oreochromis mossambicus G, S Muiioz de Nueva Ecija, Philippines Duncan (1977)
F,G,S Amalinda, South Africa Basson et al. (1983)
F, G, S Lowveld Fisheries Research Station, Basson et al. (1983)
South Africa
F,G,S Luphephe Dam, South Africa Basson et al. (1983)
F,G,S Olifants River & Marble Hall Dam, Basson et al. (1983)
South Africa
F,G,S Nyl Pans & Mowalakwena River, South Basson ef al. (1983)
Africa
F,G,S Letaba River & Pietersburg Dam, South  Basson et al. (1983)
Africa
F,G,S Port Elizabeth Dam, South Africa Basson et al. (1983)
F,G,S Seshego Dam, South Africa Basson et al. (1983)
F,G,S Tompi Seleka Fisheries, South Africa Basson et al. (1983)
F,G,S Venda Fisheries, South Africa Basson et al. (1983)
F, S ND, Taiwan Van As & Basson (1986)
F, S Lake Valencia, Venezuela Van As & Basson (1989)
F, S Dzindi Fisheries Station, South Africa Van As & Basson (1989)
F, S Tompi Seleka Fisheries, South Africa Van As & Basson (1989)
F, S Lowveld Fisheries Research Station, Van As & Basson (1989)
South Africa
E S Lukang Fishery Station, Taiwan Van As & Basson (1989)
ND ND Lom & Dykova (1992)
F,G,S Billabong at Bangarang road, Echuca, Dove & O’'Donoghue
Victoria, Australia (2005)
F,G,S Boorolong Creek, New South Wales, Dove & O’Donoghue
Australia (2005)
F,G,S Crayfish Farm, Beenleigh, Queensland, Dove & O Donoghue
Australia (2005)
F,G,S Gum Bend Lake, Condobolin, New Dove & O'Donoghue
South Wales, Australia (2005)
F,G,S Kalinga Park Creek, Queensland, Dove & O'Donoghue
Australia (2005)
F,G,S Lake Burley-Griffin al East Basin Dove & O’Donoghue
Kingston, Australia (2005)
F,G,S Lake Wivenhoe, Queensland, Australia ~ Dove & O’Donoghue

(2005)
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
F,G,S Monsildale Creek, Queensland, Dove & O'Donoghue
Australia (2005)
F,G,S Narrandera Fisheries Centre, New South Dove & O’Donoghue
Wales, Australia (2005)
F,G,S North Pine River, Queensland, Australia Dove & O’Donoghue
(2005)
F,G,S Shoalhaven River at Warri bridge, New = Dove & O'Donoghue
South Wales, Australia (2005)
F,G,S Walkamin Research Station, north Dove & O'Donoghue
Queensland, Australia (2005)
Oreochromis niloticus ND ND, Philippines Natividad et al. (1986)
G,S Bureau of Fisheries and Aquatic Bondad-Reantaso & Arthur
Resources, National Freshwater Fish (1989)
Hatchery, Mufloz de Nueva Ecija
Province, Philippines
G, S Calarian Lake, Zamboanga City, Bondad-Reantaso & Arthur
Zamboanga del Sur, Philippines (1989)
G, S Iwahig Penal Colony, Puerto Princesa, Bondad-Reantaso & Arthur
Palawan, Philippines (1989)
G, S Lake Buhi, Camarines Sur, Philippines =~ Bondad-Reantaso & Arthur
(1989)
G, S Sampaloc Lake, San Pablo City, Bondad-Reantaso & Arthur
Laguna, Philippines (1989)
ND ND Lom & Dykova (1992)
G,S Luzon, Philippines Arthur & Lumanlan-Mayo
(1997)
G, S Mindanao, Philippines Arthur & Lumanlan-Mayo
(1997)
G, S Palawan, Philippines Arthur & Lumanlan-Mayo
(1997)
ND ND, Egypt Ahmed et al. (2000)
G,S Northern Vietnam Arthur & Te (2006)
G,S Mekong River Delta, Vietnam Arthur & Te (2006)
G, S ND, United States Martins et al. (2011)
G Al-Fashn city, Egypt Abd El-Galil & Aboelhadid
(2012)
S Fish Farm, Minas Gerais, Brazil Valladao et al. (2016)
S Sao Paulo, Brazil Valladao et al. (2018)
F,G,S State of Goias, Brazil Rodrigues et al. (2019)
Oreochromis niloticus X G,S Nong Suea Prefecture, Pathumthani Worananthakij &
Oreochromis mossambicus Province, Thailand Maneepitaksanti (2014)
Tilapia sparrmanii F,G,S Amalinda, South Africa Basson et al. (1983)
F,G,S Lowveld Fisheries Research Station, Basson et al. (1983)
South Africa
F, S Lowveld Fisheries Research Station, Van As & Basson (1989)
South Africa
Tilapia sp. F, S Lake Kinneret, Israel Van As & Basson (1989)
F, S Chupei Fishery Station, Taiwan Basson & Van As (1994)
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
F, S Taishi Fishery Station, Taiwan Basson & Van As (1994)
F,G,S Confluence of Nankang and Peikang Basson & Van As (1994)
Rivers, Taiwan
Trichodina kalimbeza Van As & Basson
Coptodon rendalli F, S Zambesi River System, Namibia Van As & Basson (1992)
Trichodina latispina Dogiel
Coptodon guineensis G,S ND, Benin Maslin-Leny (1988)
Oreochromis niloticus G,S ND, Benin Maslin-Leny (1988)
Sarotherodon G,S ND, Benin Maslin-Leny (1988)
melanotheron Riippell
Trichodina linyanta Van As & Basson
Oreochromis andersonii F, S Zambesi River System, Namibia Van As & Basson (1992)
Trichodina magna Van As & Basson
Coptodon rendalli F, S Lowveld Fisheries Research Station, Basson et al. (1983); Van
South Africa As & Basson (1989)
ND ND Lom & Dykova (1992)
S Zambesi River System, Namibia Van As & Basson (1992)
Coptodon zillii G,S Ehamia-Basarta canal station of the Ghoneim (1998)
River Nile, Egypt
G,S El-Aasar Station of the River Nile Ghoneim (1998)
estuary, Egypt
G,S El Sayala Station of Lake Manzalah, Ghoneim (1998)
Egypt
G,S ND, Egypt Ahmed et al. (2000)
G Qena, Egypt Hussein et al. (2012)
Oreochromis andersonii F, S Lisbon Estates, South Africa Van As & Basson (1989)
F, S Lowveld Fisheries Research Station, Van As & Basson (1989)
South Africa
F, S Tompi Seleka Fisheries, South Africa Van As & Basson (1989)
F,G,S Zambesi River System, Namibia Van As & Basson (1992)
Oreochromis aureus G,S Ehamia-Basarta Canal Station of the Ghoneim (1998)
River Nile, Egypt
G,S EL-Aasar Station of the River Nile Ghoneim (1998)
estuary, Egypt
G,S El Sayala Station of Lake Manzalah, Ghoneim (1998)
Egypt
G Trigris River, Iraq Abdul-Ameer & Atwan
(2018)
Oreochromis mossambicus F, G, S Lowveld Fisheries Research Station, Basson et al. (1983); Van
South Africa As et al. (1984); Van As &
Basson (1989)
F,G,S Hartbeespoort Dam, South Africa Basson et al. (1983);
Oldewage (1985)
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Parasite  Host Site Locality Reference

E S Luphephe Dam, South Africa Basson et al. (1983)

F, S Orlando Dam, South Africa Basson et al. (1983)

F, S Lisbon estates, South Africa Van As & Basson (1989)

F, S Tompi Seleka Fisheries, South Africa Van As & Basson (1989)

ND ND Lom & Dykova (1992)

Oreochromis niloticus ND El-serw Fish Farm, Egypt Ali (1992)

G,S River Nile, Tanta City, Egypt El-Din & Naeim (1998)

G,S ND, Egypt Ahmed et al. (2000)

F, S Sinaloa, Mexico Rodriguez-Santiago (2002);
Morales-Serna et al. (2018)

G,S Santa Catarina, Brazil Ghiraldelli et al. (2006¢)

F,G,S Santa Catarina, Brazil Martins (2008)

G, S Blumenau, Santa Catarina, Brazil Martins & Ghiraldelli
(2008)

G, S Ituporanga, Santa Catarina, Brazil Martins & Ghiraldelli
(2008)

G, S Joinville, Santa Catarina, Brazil Martins & Ghiraldelli
(2008)

G Nova Trento, Santa Catarina, Brazil Martins et al. (2010)

G, S Blumenau, Santa Catarina, Brazil Jeronimo et al. (2011)

G,S Ituporanga, Santa Catarina, Brazil Jeronimo et al. (2011)

G, S Joinville, Santa Catarina, Brazil Jeronimo et al. (2011)

G,S Sao Paulo, Brazil Zago et al. (2014)

S ND, Brazil Ikefuti ez al. (2015)

G Santa Catarina, Brazil Nunes et al. (2016)

F, S Santa Catarina, Brazil Steckert (2017)

F, S State of Goias, Brazil Rodrigues et al. (2019)

G Huandacareo, Michoacan, Mexico New record CRPH: C0011

Tilapia sparrmanii F, S Lowveld Fisheries Research Station, Basson et al. (1983); Van

Trichodina maritinkae Basson & Van As

Oreochromis niloticus G, S

Trichodina migala Van As & Basson

Oreochromis aureus X E G, S
Oreochromis niloticus
Oreochromis niloticus ND

G
Tilapia sp. F,G,S

Trichodina minuta Basson, Van As & Paperna

Coptodon zillii G

Oreochromis mossambicus F, G, S

South Africa

Riyadh, Saudi Arabia

Lehavot Habashan, Israel

Fish Farm, Sdo Paulo, Brazil
State of Goias, Brazil

Lake Kinneret, Israel

Las Pocitas, Baja California Sur,
Mexico

Lowveld Fisheries Research Station,
South Africa

As & Basson (1989)

Abdel-Baki et al. (2017)

Van As & Basson (1989)

Valladao et al. (2016)
Rodrigues et al. (2019)
Van As & Basson (1989)

New record CRPH: C0012

Basson et al. (1983)
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Parasite  Host Site Locality Reference

F,G,S Luphephe Dam, South Africa Basson et al. (1983)

F, G,S Orlando Dam, South Africa Basson et al. (1983)

F,G,S Letaba River & Pietersburg Dam, South  Basson et al. (1983)
Africa

F,G,S Tompi Seleka Fisheries, South Africa Basson et al. (1983)

F, G, S Lowveld Fisheries Research Station, Van As et al. (1984)
South Africa

ND ND Lom & Dykova (1992)

Tilapia sparrmanii F,G,S Amalinda, South Africa Basson et al. (1983)

Trichodina mossambicusi Asmat

Oreochromis mossambicus G

G

Trichodina mutabilis Hirschmann & Partsch

Oreochromis niloticus G, S
G,S
F,G,S
Trichodina nigra Lom
Coptodon guineensis S
Oreochromis mossambicus F, G, S
ND
Oreochromis niloticus S
G,S
G,S
F S
G,S
Sarotherodon S
melanotheron
Tilapia sparrmanii F,G,S
Trichodina nobilis Chan
Oreochromis niloticus G
Tilapia sp. F,G,S

Trichodina oreochromisi Asmat & Sultana

Oreochromis mossambicus G

Trichodina orientalis Chen & Hsien
Oreochromis niloticus G, S

ND

Kalyani of Nadia District, India

Sarker Bari culture ponds, Bangladesh

Mekong River Delta, Vietnam
Northern Vietnam

Giza, Egypt

ND, Benin

Luphephe Dam, South Africa
ND

ND, Benin

Mekong River Delta, Vietnam
Northern Vietnam

Sinaloa, Mexico
Tabasco, Mexico
ND, Benin

Amalinda, South Africa

Amapa, Brazil

Lukang Fishery Station, Taiwan

Peerbari pond, Bangladesh

Mekong River Delta, Vietnam
Northern Vietnam

Asmat (2005)
Kibria et al. (2011)

Arthur & Te (2006)
Arthur & Te (2006)
Younis et al. (2009)

Maslin-Leny (1988)
Basson et al. (1983)
Lom & Dykova (1992)
Maslin-Leny (1988)
Arthur & Te (2006)
Arthur & Te (2006)

Rodriguez-Santiago (2002);
Morales-Serna et al. (2018)

Rodriguez-Santiago et al.
(2019a)
Maslin-Leny (1988)

Basson et al. (1983)

Bittencourt et al. (2014)
Basson & Van As (1994)

Asmat & Sultana (2005)

Arthur & Te (2006)
Arthur & Te (2006)
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
Trichodina pediculus Ehrenberg
Coptodon rendalli F, G, S Cidra, Puerto Rico Bunkley-Williams &
Williams (1994)
F G, S Guajataca, Puerto Rico Bunkley-Williams &
Williams (1994)
F,G,S La Plata, Puerto Rico Bunkley-Williams &
Williams (1994)
Oreochromis mossambicus ND ND Lom & Dykova (1992)
F,G,S Cartagena lagoon, Puerto Rico Bunkley-Williams &
Williams (1994)
F,G,S Cidra, Puerto Rico Bunkley-Williams &
Williams (1994)
F,G,S Lucchetti, Puerto Rico Bunkley-Williams &
Williams (1994)
F,G,S Mekong River Delta, Vietnam Arthur & Te (2006)
F,G,S Northern Vietnam Arthur & Te (2006)
Oreochromis niloticus G,S Northern Vietnam Arthur & Te (2006)
E, S Sinaloa, Mexico Rodriguez-Santiago (2002);
Morales-Serna et al. (2018)
G,S Tabasco, Mexico Rodriguez-Santiago et al.
(2019a)
Trichodina siluri Lom
Oreochromis niloticus S Bureau of Fisheries and Aquatic Bondad-Reantaso & Arthur
Resources, National Freshwater Fish (1989)
Hatchery, Muiloz de Nueva Ecija
Province, Philippines
ND ND Lom & Dykova (1992)

Trichodina velasquezae Bondad-Reantaso & Arthur

Oreochromis niloticus

Trichodina sp.

Alcolapia grahami
(Boulenger)

Oreochromis aureus

Oreochromis mossambicus

Oreochromis niloticus

G, S

ND

ND

F,G,S

Visayas Brackishwater Aquaculture
Center, Leganes, Iloilo Privince,
Philippines

ND

Lake Nakuru, Kenya
Lajas, Puerto Rico

Luzon, Philippines

Lowveld Fisheries Research Station,
South Africa

Luzon, Philippines

Isla de los Martires, Isla de Margarita,
Venezuela

Luzon, Philippines

Bondad-Reantaso & Arthur
(1989)

Lom & Dykové (1992)

Ong’ondo et al. (2013)

Bunkley-Williams &
Williams (1994)

Guerrero & Monje (1980)
Van As et al. (1984)

Arthur & Lumanlan-Mayo
(1997)
Moreno et al. (2008)

Guerrero & Monje (1980)
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Parasite  Host Site Locality Reference
G,S Luzon, Philippines Guerrero & Paycana (1981)
G,S Nile Delta, Egypt El-Tantawy & Kazubzki
(1986)
G Visayas Brackishwater Aquaculture Bondad-Reantaso & Arthur
Center, Leganes, Iloilo Privince, (1989)
Philippines
G ND, Saudi Arabia Afifi et al. (2000)
G Maringa, Brazil Vargas et al. (2000)
G Sao Paulo, Brazil Tavares-Dias et al. (2001)
G Parana, Brazil Cavichiolo et al. (2002)
G Floriano, Brazil Vargas et al. (2003)
S Chiang Mai, Thailand Chitmanat et al. (2005)
G Guarapiranga Reservoir, Sdo Paulo, Ranzani-Paiva et al. (2005)
Brazil
G,S Ashanti, Ghana Amoako (2006)
G Santa Catarina, Brazil Azevedo et al. (2006)
G Maringa, Brazil Leonardo et al. (2006)
G,S Floriano, Brazil Braccini et al. (2007)
G,S ND, Malaysia Braccini et al. (2007)
G Kafr El Sheikh, Egypt Noor El Deen & Mohamed
(2009)
G Ismailia, Egypt Salama & Gharib (2009)
F,G,S Giza, Egypt Younis et al. (2009)
G Parana, Brazil Schaedler (2010)
G Amapd, Brazil Pantoja et al. (2011)
F,G,S ND, Uganda Akoll et al. (2012)
F, S ND Jiménez-Garcia et al.
(2012)
G Macapa, Amapa, Brazil Pantoja, et al. (2012)
F,G,S Maros, Indondesia Rahmi (2012)
ND Santa Catarina, Brazil Bortoluzzi (2013)
S El Tal El Kabir-Sharkia, Egypt Mohamed et al, (2013)
G Brejo, Brazil Bezerra (2014)
F, S ND, Indonesia Ginting et al. (2014)
F,G,S Palembang, Indonesia Nofyan et al. (2015)
G,S Bengal, India Saha et al. (2015)
G Lingsar village, Indonesia Supriadi & Janah (2015)
G Kampung Hyung, Menganitu District, Manurung & Gaghenggang
Sangihe Island, Indonesia (2016)
S Yucatan, Mexico Paredes-Trujillo et al.
(2016)
G Sao Paulo, Brazil Silva (2016)
G ND, Saudi Arabia Suliman & Al-Harbi (2016)
G,S Guanacaste, Costa Rica Arguedas et al. (2017)

...Continued on the next page

464 - Zootaxa 4896 (4) © 2020 Magnolia Press

ISLAS-ORTEGA ET AL.
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Parasite  Host Site Locality Reference
G Sao Paulo, Brazil Dias-Neto et al. (2017)
G Santa Catarina, Brazil Steckert et al. (2018)
F,G,S Ponte Vedra, Buenos Aires Province, New record
Argentina
F,G,S San Vicente, Buenos Aires Province, New record
Argentina
Oreochromis niloticus X G, S Florida, United States Xu et al. (2015)
Oreochromis aureus
Oreochromis niloticus x G, S Luzon, Philippines Guerrero & Monje (1980)
Oreochromis mossambicus
ND Amphoe Nong-Sua, Pathum Thani Sriwongpuk (2018)
Province, Thailand
Oreochromis sp. G,S An Giang, Vietnam Arthur & Te (2006)
G,S Binh Duong, Vietnam Arthur & Te (2006)
G,S Ho Chi Minh, Vietnam Arthur & Te (2006)
G Lima, Peru Gonzales-Fernandez (2012)
Tilapia sp. ND ND, Egypt Husien et al. (1997)
ND ND, Egypt Eissa (2002)
ND ND, Egypt Salama & Gharib (2009)
Trichodinella epizootica (Raabe)
Coptodon rendalli G Tompi Seleka Fisheries, South Africa Basson et al. (1983)
Oreochromis mossambicus G Letaba River & Pietersburg Dam, South  Basson et al. (1983)
Africa
G Seshego Dam, South Africa Basson et al. (1983)
G Tompi Seleka Fisheries, South Africa Basson et al. (1983)
ND ND Lom & Dykova (1992)
Oreochromis niloticus G Huandacareo, Michoacan, Mexico New record CRPH: C0013
Trichodinella sp.
Oreochromis niloticus G State of Goias, Brazil Rodrigues et al. (2019)
Tripartiella bulbosa (Davis)
Oreochromis niloticus G.S Mekong River Delta, Vietnam Arthur & Te (2006)
G,S Quang Ninh, Vietnam Arthur & Te (2006)

Tripartiella cichlidarum Basson, Van As & Paperna

Coptodon zilli

Oreochromis aureus

Oreochromis niloticus

G

G
G
G

Tripartiella clavodonta Basson & Van As

Oreochormis
mossambicus

G

Bar’am, Israel

El Rom, Israel

Nir David, Israel

River Nile, Tanta City, Egypt

Hudson-Ntsanwisi Dam, South Africa

Basson et al. (1983)
Basson et al. (1983)
Basson et al. (1983)
El-Din & Naeim (1998)

Basson & Van As (1987)

...Continued on the next page
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
G Klein Letaba River, South Africa Basson & Van As (1987)
G Mogalakwena River, South Africa Basson & Van As (1987)
ND ND Lom & Dykova (1992)
Oreochromis niloticus G Lake Buhi, Camarines Sur, Philippines =~ Bondad-Reantaso & Arthur
(1989)
G Visayas Brackishwater Aquaculture Bondad-Reantaso & Arthur
Center, Leganes, (1989)
Tloilo Privince, Philippines
G Mekong River Delta, Vietnam Arthur & Te (2006)
ND ND Lom & Dykova (1992)
Tripartiella copiosa Lom
Coptodon guineensis G ND, Benin Maslin-Leny (1988)
Coptodon zillii G ND, Benin Maslin-Leny (1988)
Oreochromis niloticus G ND, Benin Maslin-Leny (1988)
Sarotherodon G ND, Benin Maslin-Leny (1988)
melanotheron
Tripartiella kashkovskyi Lom & Haldar
Coptodon guineensis G ND, Benin Maslin-Leny (1988)
Oreochromis niloticus G ND, Benin Maslin-Leny (1988)
Seratherodon G ND, Benin Maslin-Leny (1988)
melanotheron

Tripartiella lechridens Basson & Van As

Oreochromis mossambicus G

ND

Tripartiella leptospina Basson & Van As

Oreochromis mossambicus G

Tripartiella nana Basson & Van As

G
G
ND

Oreochromis mossambicus G

Tripartiella obtusa Ergens & Lom

Oreochromis niloticus

ND

G

Tripartiella orthodens Basson & Van As

Klein Letaba River, South Africa
ND

Klein Letaba River, South Africa
Klipvoor Dam, South Africa
Mogalakwena River, South Africa
ND

Nuanedzi River in the Limpopo River
system, Republic of Venda, South
Africa

ND

Northern Vietnam

Basson & Van As (1987)
Lom & Dykova (1992)

Basson & Van As (1987)
Basson & Van As (1987)
Basson & Van As (1987)
Lom & Dykova (1992)

Basson & Van As (1987)

Lom & Dykové (1992)

Arthur & Te (2006)

...Continued on the next page
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TABLE I. (Continued)

Parasite  Host Site Locality Reference
Coptodon rendalli G Sabie River in the Komati River system, Basson & Van As (1987)
Transvaal, South Africa
ND ND Lom & Dykova (1992)
Oreochromis niloticus G Fish Farm, Minas Gerais, Brazil Valladao et al. (2016)
G Huandacareo, Michoacan, Mexico New record CRPH: C0014
G State of Goias, Brazil Rodrigues et al. (2019)

Tripartiella spatula Van As & Basson
Oreochromis mossambicus ND ND Lom y Dykova (1992)

Tripartiella tilapiae (Duncan)

Coptodon zillii G Central Luzon, State University, Nueva  Duncan (1977)
Ecija, Philippines
Oreochromis niloticus G Visayas Brackishwater Aquaculture Bondad-Reantaso & Arthur
Center, Leganes, Iloilo Privince, (1989)
Philippines
ND ND Lom & Dykova (1992)

New data were also included. A total of 102 tilapia fishes collected from the farm “El Pescadito” Huandacareo,
Michoacan (19° 56’ 24” N, 101° 18’ 36 W; n = 60), and the stream “Las Pocitas” Baja California Sur, (24° 24’
10.5” N, 111°06° 12.9” W; n = 22), in Mexico, and the farms “Ponte Vedra” (34°44°44.1"’S, 58°43754.6""W; n=10)
and “San Vicente” (35°04°00.1"'S, 58°31°01.9""W; n = 10), Buenos Aires Province, Argentina, were analyzed (the
scientific names of these fishes are shown in Table 1). Gills from each host were obtained and placed in Petri dishes
with tap water. Squash slides of gills and skin were made. Fresh skin smears were observed under stereomicroscope
when searching for trichodinids; these slides were impregnated with silver-nitrate using Klein’s (1926) method, as
recommended by Lom (1958), to observe the adhesive disc of trichodinids. Identification was made using special-
ized literature (Basson et al. 1983; Basson & Van As 1987; Kazubzki & El-Tantawy 1986; Van As & Basson 1989;
Basson & Van As 1994; Tavares-Dias et al. 2013; Valladao et al. 2013). New data are indicated in Table 1 as a new
record. Smears with representative specimens of each species were deposited at Coleccion de Referencia Parasito-
Huésped, Laboratorio de Zoologia Acudtica (CRPH), UNAM, Mexico.

Results

The results of this compilation are presented in a parasite-host list (Table 1), and a host-parasite list (Table 2). Both,
trichodinid parasite species and hosts for each trichodinid species are arranged alphabetically. The next category is
the site, followed by the locality. The last category includes the bibliographical reference(s) from which the infor-
mation was obtained. Information that has not been clearly or precisely presented by the authors is presented as not
determined (ND). The host-parasite list shows the diversity of trichodinid species for each tilapia species. A total
of 44 species/taxa of trichodinids are recorded from 15 host species from 162 localities belonging to 29 countries
on four continents and present the first data from Argentina (Table 1). The list includes 371 records for Trichodina
Ehrenberg, which was the most frequently recorded genus, followed by Tripartiella Lom (39), Paratrichodina Lom
(26), and Trichodinella Sramek-Husek (7). The list also includes records for the species Trichodina centrostrigeata
Basson, Van As & Paperna, 7. compacta Van As & Basson, 7. magna Van As & Basson, 7 minuta Basson, Van As &
Paperna, Trichodinella epizootica (Raabe), Tripartiella orthodens Basson & Van As, and Paratrichodina afiricana
Kazubski & El-Tantawy, resulting from the present examination of Oreochromis niloticus or Coptodon zillii (Figs
1,2).
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TABLE II. Host-parasite list of species of Trichodinidae recorded from tilapia

Host Host common name Parasite
Alcolapia grahami Lake Magadi tilapia Trichodina sp.
Coptodon guineensis Guinean tilapia Trichodina acuta

Trichodina latispina
Trichodina nigra
Tripartiella copiosa

Tripartiella kashkovskyi

Coptodon rendalli Redbreast tilapia Trichodina acuta
Trichodina centrostrigeata
Trichodina compacta
Trichodina hypsilepis
Trichodina kalimbeza
Trichodina magna
Trichodina pediculus
Trichodinella epizootica

Tripartiella orthodens

Coptodon zillii Redbelly tilapia Trichodina centrostrigeata
Trichodina compacta
Trichodina cottidarum
Trichodina domerguei
Trichodina hypsilepis
Trichodina magna
Trichodina minuta
Tripartiella cichlidarum

Tripartiella copiosa

Oreochromis andersonii Three spotted tilapia Trichodina centrostrigeata
Trichodina compacta
Trichodina linyanta

Trichodina magna

Oreochromis aureus Blue tilapia Trichodina centrostrigeata
Trichodina compacta
Trichodina hypsilepis
Trichodina magna
Trichodina sp.

Tripartiella cichlidarum

O. aureus x O. niloticus “Hybrid tilapia” Trichodina compacta
Trichodina hypsilepis

Trichodina migala

...Continued on the next page
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TABLE II. (Continued)

Host

Host common name

Parasite

Oreochromis mossambicus

Oreochromis niloticus

Mozambique tilapia

Nile tilapia

Paratrichodina africana
Tichodina acuta
Trichodina canton
Trichodina centrostrigeata
Trichodina compacta
Trichodina fultoni
Trichodina hypsilepis
Trichodina magna
Trichodina minuta
Trichodina mossambicusi
Trichodina nigra
Trichodina oreochromisi
Trichodina pediculus
Trichodina sp.
Trichodinella epizootica
Tripartiella clavodonta
Tripartiella lechridens
Tripartiella leptospina
Tripartiella nana

Tripartiella spatula

Paratrichodina africana
Paratrichodina incissa
Trichodina acuta
Trichodina centrostrigeata
Trichodina compacta
Trichodina domerguei
Trichodina esocis
Trichodina frenata
Trichodina fultoni
Trichodina hypsilepis
Trichodina latispina
Trichodina magna
Trichodina maritinkae
Trichodina migala
Trichodina mutabilis
Trichodina nigra
Trichodina orientalis
Trichodina pediculus
Trichodina siluri

Trichodina velasquezae

...Continued on the next page

TRICHODINIDS OF TILAPIA

Zootaxa 4896 (4) © 2020 Magnolia Press - 469



TABLE II. (Continued)

Host Host common name Parasite

Trichodina sp.
Trichodinella epizootica
Tripartiella bulbosa
Tripartiella cichlidarum
Tripartiella clavodonta
Tripartiella copiosa
Tripartiella kashkovskyi
Tripartiella obtusa
Tripartiella orthodens

Tripartiella tilapiae

O. niloticus x O. aureus “Hybrid tilapia” Trichodina sp.

O. niloticus x O. mossambicus Red tilapia Trichodina centrostrigeata
Trichodina compacta
Trichodina hypsilepis
Trichodina sp.

Oreochromis sp. “tilapia” Trichodina centrostrigeata

Trichodina sp.

Sarotherodon melanotheron Blackechin tilapia Trichodina latispina
Trichodina nigra
Tripartiella copiosa

Tripartiella kashkovskyi

Tilapia sparrmanii Banded tilapia Trichodina centrostrigeata
Trichodina compacta
Trichodina hypsilepis
Trichodina magna
Trichodina minuta

Trichodina nigra

Tilapia sp. “tilapia” Paratrichodina africana
Trichodina acuta
Trichodina centrostrigeata
Trichodina compacta
Trichodina equatorialis
Trichodina hypsilepis
Trichodina migala
Trichodina nobilis

Trichodina sp.
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FIGURE 1. Photomicrographs of representative specimens from each of the populations studied. A. Trichodina centrostrigeata,
Huandacareo, Michoacan, Mexico; scale bar =20 um. B. 7. centrostrigeata, San Vicente, Buenos Aires, Argentina; scale bar =
20 um. C. T. compacta, Huandacareo, Michoacan, Mexico; scale bar = 20 pum. D. 7. magna, Huandacareo, Michoacan, Mexico;
scale bar =20 um. E. T minuta, Las Pocitas, Baja California Sur, Mexico; scale bar = 10 um. F. Trichodinella epizootica, Huan-
dacareo, Michoacan, Mexico, scale bar = 10 um.
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Discussion

The present study is the first publication that is gathering all available information about trichodinid parasites of
tilapia. Tilapia is the common name of a wide spectrum of cichlid fishes but is more commonly used to designate
species extensively cultured for human consumption, which are arranged in the genera Alcolapia Thys van den
Audenaerde, Coptodon Gervais, Oreochromis Giinther, Sarotheron Rippell, and Tilapia Smith (De Silva et al.
2004). Because of their high prolificacy and tolerance to a wide range of environmental conditions, these species
have been selected for aquaculture in order to provide a potentially affordable and high-yield source of protein to
human (Canonico et al. 2005). For these reasons, these fishes are among the most important commercial freshwater
species (Suliman & Al-Harbi 2016), being introduced to numerous countries worldwide, conferring them the cur-
rent global distribution (De Silva et al. 2004).

FIGURE 2. Photomicrographs of representative specimens from each of the populations studied. A. Paratrichodina africana,
San Vicente, Buenos Aires, Argentina; scale bar = 10 um. B. P. africana, Huandacareo, Michoacan, Mexico; scale bar = 10 um.
C. Tripartiella orthodens, Huandacareo, Michoacan, Mexico; scale bar = 10 um.

Among parasites infesting tilapia, there are several species of trichodinids. Ciliates of the family Trichodinidae
(Oligohymenophorea) are considered to be one of the most diverse groups of fish parasites (Valladao et al. 2013),
affecting skin, fins and gills, and less frequently the eyes, mouth, gastrointestinal tract, urinary tract, and gonads
(Van As & Basson 1987; Noga 2010; Valladao et al. 2014). The effects of these unicellular organisms on their hosts
have been widely discussed by various authors, with some conflicting opinions. All trichodinids are considered
to be essentially commensals (Lom & Dykova 1992, Basson & van As 2006), but earlier views works considered
them to be parasitic, stating that host damage was inflicted by the abrasive action of the denticles in the adhesive
disc when these ciliates rotate in one place (see Lom 1973). The same author later discarded this assumption when
it became clear that the pellicle in fact covered the entire body, including the adhesive disc with the denticles. This
pellicle clearly prevents any abrasive action of the denticles. While it is true that host epithelial cells are drawn into
the adhesive disc during attachment when the ciliate is stationary, this disc and its affiliated denticles play no part in
feeding (van As & Basson 1990; Basson & van As 2006). The feeding organelles are situated on the opposite side,
with the adoral spiral of cilia collecting food particles from the surrounding water, i.e. by a filtering action. The col-
lected food particles are then transported via the poly- and haplokineties towards the cytostome, present at the end
of the infundibulum in trichodinids. Trichodinids, furthermore, never occur in large numbers on healthy fish, but in
fish debilitated by others factors, or in fish fingerlings or young fry, the normal repellent ability of the host’s surface
is diminished. Under these conditions, some trichodinid species can proliferate massively. The constant skimming
action or stationary attachment with epithelial cells drawn into the adhesive disc can potentially damage the epithe-
lial and/or epidermal cells of the host, with consequent vacuolar degeneration, hypertrophy, hyperplasia of the gill
filaments, or sub-epithelial oedema of secondary lamellae, and abrasion, ulcers, and other lesions. These actions
normally facilitate secondary bacterial infections (Paperna 1991; Lom 1995; Barker et al. 2002; Abdel-Baki et al.
2011; Valladao et al. 2014; Ovcharenko 2015; Xu et al. 2015; Yokoyama et al. 2015; Meira-Filho et al. 2017; Smith
& Schwarz 2019). According to Lom and Dykova (1992) trichodinids can be considered as true ectoparasites under
these conditions where the adoral cilia transport the disrupted host cells and associated bacterial growth towards
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the infundibulum. For this reason, Yokoyama et al. (2015) and Hashimoto et al. (2016) also consider trichodinids as
facultative/opportunistic parasites, mainly due to their negative effect on individuals or population growth. Either
way, the set of the symptoms caused by infestation with trichodinids is known as “trichodiniasis”, which have fre-
quently been associated with mortality or growth impairment of cultured freshwater fishes in natural and artificial
ponds (Abo-Esa 2008). This fish disease is particularly significant in aquaculture, where it causes a decrease in the
immune response of vaccinated fish, chronic mortality during cage production and changes in vision and swimming
in larvae, culminating in acute mortality (Martins et al. 2011; Valladao et al. 2013, 2014, 2016). The pathogenicity
of trichodiniasis and the occurrence of host mortality depend on factors such as the intensity of the infestation, infes-
tation site, host age, or co-infections, among others (Maciel et al. 2017). Because of their direct transmission, tricho-
dinid ciliates invade their hosts within a short period, especially the fish kept under suboptimal conditions (Lom
1995). In temperate or cold localities, the occurrence of trichodinids in fishes seems to be influenced by seasonality
(Nikoli¢ & Simonovi¢ 1998a; Hossain et al. 2008; Yemmen et al. 2011; Ozer et al. 2015; Maciel et al. 2017).

Several studies reported diverse negative effects associated with the presence of trichodinids, such as hemor-
rhage on the sides, trunk region, fins and scales, increased mucus production, paleness in the gills, congestion or
interlamellar epithelial hyperplasia (Valladdo et al. 2016; Steckert et al. 2018). Therefore, high mortality rates have
been described for tilapia fishes from diverse countries (Noor El Deen & Mohamed 2009; Valladao ez al. 2013; Xu
et al. 2015; Valladao et al. 2016; Steckert et al. 2018), and presumably, trichodinids may be responsible for multiple
unreported cases of tilapia’s mass mortality in most of the regions where these hosts are cultured. However, only
Hassan (1999) and Valladao et al. (2016), carried out on cultured tilapia from Saudi Arabia and Brazil respectively,
specifically used the term trichodiniasis to refer to the symptoms associated with this fish disease as a whole.

The compiled list presented below includes at least 44 species of trichodinids of the genera Trichodina, Tricho-
dinella, Tripartiella and Paratrichodina. There are also numerous records indicated as Trichodina sp., presumably
these belong to a wide species spectrum, which would increase the diversity of species parasitizing tilapia around
the world. This high diversity of species suggests that tilapia represents a desirable living-environment for tricho-
dinids. Among the recorded species of Trichodina genus, T. hypsilepis Wellborn (as T. heterodentata Duncan, see
Table 1) and T. centrostrigeata count more than 50 records (79 and 55, respectively), being also the most widely
distributed, with reports from 12 and 13 countries, respectively (Table 1). Other frequently recorded species of
Trichodina are T. compacta and T. magna.

There is a relatively high number of trichodinid taxa recorded for a relatively small core of host species, as
can be appreciated from the list presented here. Since tilapia is one of the most extensively introduced group of
freshwater fishes (Zambrano et al. 2000), these fishes have also been exposed to numerous interactions with very
diverse aquatic fauna. In this sense, the presumable high diversity of trichodinids parasitizing tilapia could be a
product of a core of species specialists for these fishes from its place of origin, such as Paratrichodina africana,
Trichodina compacta, and T. magna (Bittencourt et al. 2014), and other more generalist components, which have
colonized tilapia in different ways. There are numerous records of trichodinids made from different localities out-
side Africa, such as Trichodina canton Basson & Van As, T. cottidarum Dogiel, T. domerguei Wallengren, T. esocis
Lom, T frenata Van As & Basson, T. latispina Dogiel, T. maritinkae Basson & Van As, T. migala Van As & Basson,
T. mossambicusi Asmat, T. nobilis Chan, T. oreochromisi Asmat & Sultana, 7. orientalis Chen & Hsien, 7. siluri
Lom, T velasquezae Bondad-Reantaso & Arthur, Tripartiella bulbosa (Davis), T. copiosa Lom, T. kashkovskyi Lom
& Haldar, T. obtusa Ergens & Lom, T tilapiae (Duncan), and Paratrichodina incissa (Lom) (Maslin-Leny 1988;
Bondad-Reantaso & Arthur 1989; Van As & Basson 1989; Lom & Dykova 1992; Basson & Van As 1994; Asmat
& Sultana 2005; Arthur & Te 2006; Asmat 2005; Kibria ef al. 2011; Bittencourt et al. 2014; Mhaisen et al. 2015,
Valladdo et al. 2016; Abdel-Baki ef al. 2017; Mhaisen & Al-Rubaie 2018; and the present study), which have never
been reported for tilapia fishes in their native African localities. The new reports from these non-native regions may
be a result of the acquisition of new parasites favored by anthropogenic introduction. The acquisition of native para-
sites by exotic hosts seems to be a frequent but still understudied factor influencing the parasite composition (see
Kelly et al. 2009; Paterson et al. 2012), which occurs due to the global translocations and introductions of fishes
into non-native regions.

As another consequence of the anthropogenic introduction through the fish aquaculture, several of the tricho-
dinid species recorded from tilapia have also been found on other fish hosts from diverse regions around the world.
Origin and host preference of many of these species remain unclear, however, some species such as Trichodina
centrostrigeata or Paratrichodina africana, have been considered to be strongly associated with tilapia (Van As
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& Basson 1989; Paperna 1991; Valladao et al. 2016), being introduced into new areas through the anthropogenic
dispersal of cichlids worldwide (Valladdo et al. 2016). In addition to those African regions where tilapia is native,
current distribution of these species includes other places from Africa, Asia, and North and South America (El-Tan-
tawy & Kazubzki 1986; Kazubzki 1986; Mitra & Bandyopadhyay 2006; Padua et al. 2015; Hashimoto et al. 2016;
Present study). Along with species mentioned above, other species of trichodinids with a more moderate association
with tilapia, such as T hypsilepis (as T. heterodentata, see Table I) and T mossambicusi, have presumably been also
co-introduced with other cichlid hosts (de Jager & Basson 2019; Wilson et al. 2019), while T. acuta Lom, T. muta-
bilis Kazubski & Migala, T. nigra Lom, T. pediculus Ehrenberg, and Trichodinella epizootica, have been confirmed
as co-invader species (as indicated by Lymberry et al. 2014), which have colonized localities outside their natural
distributional area (Africa) along with their intentionally introduced fish hosts (Smit ez /. 2017). Tilapia fishes have
been cultured with other animals living in fresh or brackish water, such as carp, mullet, catfish, prawns, and shrimps
(El-Sayed 2006; Abdel-Baki et al. 2017), possibly causing the transmission of parasites from tilapia to other fish
species (see Van As & Basson 1989). Also, spread of parasites is possible because tlapia frequently escape from the
aquaculture system to natural habitats (Canonico et al. 2005). As a result of these probable co-introductions, most
of these species are now widespread, infesting a wide host range, both cultured and wild.

As suggested above, several factors may explain the high species richness of trichodinids on tilapia, however,
their current diversity could be overestimated due to lack of molecular data. It was shown that members of different
populations show variation in denticle morphology and morphometrics, difficulting the specific discrimination. To
date, several taxonomic assignments remain unconfirmed, hindering further taxonomic identifications, and pro-
moting the proposals of possible diverse synonymies. Morphological taxonomic identification is a difficult task in
trichodinids as characters used for specific descriptions require the use of high-resolution microscopy techniques,
and a relatively specialized knowledge of diagnostical structures in this morphologically conservative group. Tra-
ditional morphometry has been a fundamental tool to distinguish between trichodinid species. However, in many
cases, this is hampered by the high degree of variation that denticles present within a population or even within
the same individual (Marcotegui et al. 2018). Even though the taxonomic analysis of the ciliates usually include
a large number of useful characters helping to discriminate among species, the taxonomy of the trichodinids is
mainly based on the dimensions and shape of denticles in the adhesive disc (Lom 1958; Van As & Basson 1989);
thus, descriptions of some new species may be based on slight differences, which could be a consequence of natural
morphological variations of a single species, artificially increasing the diversity. As a simple example, the current
assignation of specimens to the species Trichodina acuta or T. compacta remains a challenge (Van As & Basson
1989; Ghiraldelli ef al. 2006a). In this sense, taxonomic validity of only-once recorded species exhibiting similari-
ties with other more frequent trichodinids, must be re-interpreted.

Molecular studies using DNA markers have become a common practice in taxonomic investigations of parasitic
organisms, as an approach to solve taxonomic conflicts such as mentioned above (e.g., de Jager ef al. 2019; Lagu-
nas-Calvo ef al. 2019), or to deliberately searching for evidence of cryptic species (Blouin 2002; Pérez-Ponce de
Leén & Nadler 2010; Nadler & Pérez-Ponce de Ledn 2011). Results derived from these works suggest that parasite
species exhibiting low morphological variations actually constitute diverse cryptic complexes (e.g, Simon et al.
2008; Pérez-Ponce de Ledn & Poulin 2018). Although the use of DNA-based taxonomy on trichodinids has been es-
tablished relatively recently (Hertel ef al. 2004; Gong et al. 2006), numerous studies have been published since (e.g.,
Gong et al. 2006; Zhan et al. 2013; Tang & Zhao 2013, 2016; Tang et al. 2013, 2017; Irwin & Lynn 2015; Fariya et
al. 2017; Islas-Ortega et al. 2018; Marcotegui et al. 2018; de Jager et al. 2019; Wang et al. 2020). Although molecu-
lar data are available for many trichodinid species (e.g. Trichodina belloti Marcotegui, Montes, Barneche, Ferrari
& Martorelli, T domerguei, T. modesta Lom, T. ruditapicis Xu, Song & Warren, T truttae Mueller, T. pseudohet-
erodentata Tang, Zhang & Zhao), currently, only a few sequences from tilapia-associated trichodinids have been
published so far (but this have been done for non-tilapia hosts, e.g. Trichodinella epizootica, Trichodina hypsilepis,
and T. nobilis), having only one sequence isolated directly from tilapia hosts, which was obtained for the species
Trichodina compacta (Abdelkhalek ef al. 2018). Conclusions from research on trichodinid species delimitation still
remain unclear, however, further molecular data will contribute to reveal real species diversity of trichodinids.

Finally, we also added new records for trichodinids parasitizing tilapia from two localities in Mexico (North
America) and other two localities from Argentina (South America). Most of the new records corresponded to ciliate
species that have frequently been observed as parasites of cichlids around the world, for this reason, all of them are
only new records of locality, however, the species Trichodina minuta and Trichodinella epizootica are reported here
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for the first time on a new host species. There are reports of Trichodina minuta parasitizing diverse hosts in Africa
(Basson & Cook 2018), while Trichodinella epizootica have been frequently recorded on numerous host species
around the world (Nikoli¢ & Simonovi¢ 1998b; Mitra & Haldar 2004; Aguilar-Aguilar & Islas-Ortega 2015; Saha
& Bandyopadhyay 2016; Basson & Cook 2018); however, present records of these ciliates in Mexico constitute the
first for each species in association with a tilapia host in the Americas. Additional relevance of this study is to provide
the first data about trichodinds parasitizing tilapia in Argentina. Tilapia farming in Argentina started in the last third
of the 20™ century, mainly from the tropical and subtropical provinces of this country (Wicki & Gromenida 1998),
however, this activity is still in its infancy. For this reason, the establishment of tilapia in the wide region of the
Buenos Aires Province has been difficult (Wicki & Gromenida 1998). However, there are a few farms and breeding
facilities where tilapia is produced nowadays. Monitoring of the tilapia culture, detecting the diversity of parasites,
including trichodinids, is necessary to prevent a potential co-introduction of fish parasites to the Argentinian natural
aquatic environments. In this sense, the first data on tilapia-associated trichodininds from Argentina presented here,
result fundamental in the design of future conservation strategies of aquatic ecosystems in that country.

As could be appreciated, there is relatively sound knowledge on trichodinids present on tilapia. However, it is
neccessary to expand the research in those particular regions where tilapia have been introduced but trichodinids
still remain understudied (e. g. Australia, Central America or China). In terms of animal production, the present
work represents a useful piece of information, which must be complemented with similar information from other
parasitic groups, in order to build a general view about some diseases affecting tilapia.
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CAPITULO I
Morfometria geométrica de Trichodina
centrostrigeata en localidades de Argentina,
México y Sudafrica

En este capitulo se presenta el analisis y los resultados de morfometria geométrica de Trichodina

centrostrigeta a través del analisis eliptico de Fourier.

Alrededor de 40 especies de la familia Trichodinidae han sido registradas en el mundo
asociadas a ciclidos (Islas-Ortega et al., 2020), entre ellas se encuentra Trichodina
centrostrigeata, que se considera fuertemente asociada a ciclidos, especialmente a tilapia, lo que
ha provocado que esta especie tenga una amplia distribucién debido a la introduccién de su

huésped.

Aprovechando la amplitud geogréafica derivada de los eventos de introduccion de las
tilapias a distintas partes del mundo, se buscé determinar cuantitativamente la variacion
morfoldgica del ectoparasito T. centrostrigeata en la que se considera su area de distribucion
original (Sudafrica), y en dos nuevas regiones de distribucidn: Argentina y México. Esta variacion,
fue explorada utilizando el novedoso enfoque del andlisis eliptico de Fourier. La aplicacion del
método, en combinacion con la taxonomia tradicional, evidencid6 que la especie T.
centrostrigeata puede agruparse en dos morfotipos separados, el primero (tipo a) de granjas de
acuicultura en Argentina y México y el segundo (tipo b) de un habitat natural en Glen Alpine Dam,

Sudafrica.
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Se propone considerar que el futuro inmediato sobre la taxonomia de la familia
Trichodinidae debe basarse en un analisis morfolégico minucioso como es el método descriptivo
propuesto por van As y Basson (1989), incluyendo herramientas de morfometria geométrica,
especialmente en especies donde la diferenciacién taxondmica es problematica, también en
especies que presentan una amplia distribucién o un amplio rango de hospedadores, para iniciar
el estudio de la posible relacién de la variacién morfoldgica con factores como el hospedador o

el ambiente, complementado con caracterizaciones moleculares cuando sea posible.

La informacién derivada de este capitulo se presenta como el articulo de requisito,
aceptado en la revista Folia Parasitologica, titulado “Comparative exploration of the
morphological plasticity of Trichodina centrostrigeata (Peritrichia: Mobilida), ectoparasite
from the gills of two tilapia species (Oreochromis niloticus and O. mossambicus) in a global

context”
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Abstract: Trichodina centrostrigeata Basson, Van As et Paperna, 1983 from Oreochromis mossambicus (Peters) and O. niloticus
(Linnaeus) from different host populations from Argentina, Mexico and South Africa was reviewed. Although T centrostrigeata has a
distinct denticle structure that makes morphological taxonomic inferences uncomplicated, variation of the denticles within and among
individuals and populations were still observed. While traditional taxonomy of mobilines is heavily reliant on morphometrics, and
recently even more so on molecular analysis, this paper proposes the use of geometric morphometry, specifically elliptical Fourier anal-
ysis, to address morphological conflicts that arise when comparing different populations. By applying this technique, combined with
traditional taxonomy, it was found that 7. centrostrigeata in this study can be grouped into two separate morphotypes, the first (type
a) from aquaculture farms in Argentina and Mexico and the second (type b) from a natural habitat in Glen Alpine Dam, South Africa.
This study supports the validity of geometric morphometry as an additional technique to distinguish not only between species but also

evolutionary plasticity of the same species from different localities and habitats.
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Trichodinid ciliates are common parasites or symbi-
onts of aquatic invertebrates and vertebrates (Van As and
Basson 1989). These ciliates are among the main groups
of fish parasites (Valladdo et al. 2013), affecting the skin,
fins, gills, and less frequently, the eyes, mouth, gastroin-
testinal tract, urinary tract and gonads (Van As and Basson
1987, Noga 2010, Valladao et al. 2014). Around 40 species
from the family Trichodinidae have globally been reported
from cichlid hosts (Islas-Ortega et al. 2020), among these,
Trichodina centrostrigeata Basson, Van As et Paperna,
1983, is considered to have an association with cichlid fish-
es, especially tilapia (Van As and Basson 1989, Paperna
1991, Valladao et al. 2016, Abdel-Baki et al. 2017). Some
of these mobilids have been introduced into new areas
through the anthropogenic dispersal of cichlids worldwide
(Van As and Basson 1989, Valladido et al. 2016).

Traditional taxonomy based on the analyses of morpho-
logical features has been a fundamental tool to distinguish
between trichodinid species. However, these studies could

be hampered by the high degree of variation that denticles
present within a population of some species, or even within
the same individual (Marcotegui et al. 2018). Traditional
trichodinid species’ delimitation is mainly based on the di-
mensions and shape of denticles in the adhesive disc (Van
As and Basson 1989). However, some authors such as
Tang et al. (2017), Islas-Ortega et al. (2018), Marcotegui et
al. (2018) and Wang et al. (2019) considered this alone as
insufficient, leaving several unresolved taxonomic issues,
such as the overlapping of morphological features of dis-
tinctly different species, or vice versa, an overestimation
of the diversity caused by the misinterpretation of small
differences in shape or size, or the developmental stage of
the individual mobilid.

In recent years, molecular identification has helped to
distinguish between remarkably similar species. However,
in many cases, multiple infections occur on the same host,
and often the different species are morphologically similar,
making accurate isolation challenging. In this sense, the
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Table 1. Information of samples of Trichodina centrostrigeata Basson, Van As et Paperna, 1983. Acronyms of scientific collections:
CRPH- Coleccion de Referencia Parasito-Hospedero, Laboratorio de Zoologia Acuatica, Facultad de Ciencias, UNAM, Mexico.
Catalogue number provided refers to single slide considered as representative of the population.

Locality Host No. specimens Scientific Collection
analysed

Aquaculture farm, San Vicente, Buenos Aires, Argentina Oreochromis niloticus 20 CRPH-C0009

“El Pescadito” farm, Hudacareo, Michoacéan, Mexico Oreochromis niloticus 20 CRPH-C0008

Glen Alpine dam, South Africa

Luphephe dam, South Africa

Oreochromis mossambicus

Oreochromis mossambicus 20

20 Laboratory of Aquatic Ecology and Parasitology,
UFS, Bloemfontein, South Africa
Laboratory of Aquatic Ecology and Parasitology,
UFS, Bloemfontein, South Africa

use of the geometric morphometry arises as an alternative
method to provide information regarding changes in the
shape of the anatomical structures, independently of the
size of the analysed individual, and can be used in cases
with multiple infections (Marcotegui et al. 2018). This can
be very helpful when endeavouring to quantify variation
in species that have large size ranges, e.g., as presented
by de Jager and Basson (2019) for Trichodina hypsilepis
Wellborn, 1967.

Marcotegui et al. (2018) differentiated between trichod-
inid species for the first time using geometric morphometry
through elliptical Fourier analysis (EFA), which quantita-
tively describes the variation of denticle shapes by using
a Fourier transformation of a denticle outline to obtain a
set of quantitative variables (called harmonics), each de-
scribed by four coefficients (Bonhomme et al. 2014). The
foundation of the EFA is to separate the x and y coordinates
of the denticle outline and calculate a discrete Fourier se-
ries based on these two periodic functions using the num-
ber (n) of harmonics high enough to capture the satisfac-
tory geometry of the described shape (Bonhomme et al.
2013). These coefficients may then be subjected to multi-
variate statistical methods, primarily principal component
analysis (PCA), which is a statistical method that reduces
the number of variables (dimensions) without much loss of
information. Moreover, EFA combined with PCA allows
visualisation and reconstruction of shapes via inverse Fou-
rier transformation, a powerful tool when considering the
potential taxonomic significance of the shape (Tomasze-
wski and Gérzkowska 2016).

Geometric morphometry is a promising alternative to
address taxonomic conflicts where samples for molecular
biology are not available. Since the ectoparasite 7. cen-
trostrigeata has a wide distribution due to the introduction
of their host (tilapia) to numerous places of the world, this
study aimed to quantitatively determine the morphological
variation of 7. centrostrigeata from this species’ original
region of occurrence (South Africa) and two new regions
of distribution, i.e., Mexico and Argentina. This variation,
which has been modified anthropogenically by recent in-
troductions of tilapia into new geographical habitats, was
revealed by using the novel approach of the EFA.

MATERIALS AND METHODS

Taxonomic morphometrics and denticle description
Four populations of Trichodina centrostrigeata collected from
the gills of Oreochromis niloticus (Linnaeus) from Argentina
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(San Vicente aquaculture facility) and Mexico (Huandacareo aq-
uaculture facility), and Oreochromis mossambicus (Peters) from
South Africa (Glen Alpine and Luphephe Dams, both in the Lim-
popo River drainage system) were measured, using the uniform
characteristics initially proposed by Lom (1958) and later adapted
by Van As and Basson (1989), both based on silver-impregnated
specimens. Taxonomic identification of these populations of the
T. centrostrigeata from Argentina and Mexico was reported by Is-
las-Ortega et al. (2020), and South African specimens by Basson
et al. (1983). Micrographs of 7. centrostrigeata specimens were
obtained using Leica DM500® photomicroscope equipment,
with Leica ICC50 HD® capture imaging system, a microscope
Olympus DP71, and a Zeiss Axiophot compound microscope fit-
ted with an AxioCam ICc 5 digital camera. The measurements of
the populations were acquired from the micrographs, using ZEN
core v3.1 imaging software. All morphometric measurements
are provided in pm and represented as minimum to maximum
(mean + standard deviation), for the number of denticles and
number of radial pins per denticle the mode was used rather than
the arithmetic mean. Body diameter is determined as the adhesive
disc plus the border membrane. Denticles were described using
the method devised by Van As and Basson (1989).

Analysis of geometric morphometry

Analyses were based on the outlines (silhouettes) of 20 ran-
domly selected 7. centrostrigeata denticles per population for
each of the four localities. A summary of the collection data is
given in Table 1. One denticle per individual trichodinid was used
for the analyses and the silhouette of the denticle was then drawn
from micrographs using GIMP (2.10.2) editing software.

Elliptical Fourier analysis (EFA) and statistical analyses
Elliptical Fourier analysis was done through RStudio
(1.3.1056) (RStudio Team 2020) using the Momocs package
(version 0.2-01), dedicated to shape analysis (Bonhomme et al.
2014). Silhouettes were imported into RStudio and denticle out-
lines were extracted into a “Coo” class object as a list of x; y
pixel coordinates. The pixel coordinates were obtained using an
algorithm by Claude (2008) extracted from a black denticle sil-
houette on a white background. An EFA was performed on 80
denticle outlines. Before performing elliptical Fourier descriptor
analysis, an estimation of the number of harmonics to perform
was calculated using the hquant function. The optimal number
of harmonics to reach approximately 99% of the maximum cal-
culated Fourier power was determined from the relationship be-
tween the harmonic numbers and their cumulated power (Fourier
power spectrum). Qualitative analysis of the ability for different
numbers of harmonics to recapitulate the original shape outline
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Fig. 1. Micrographs of Trichodina centrostrigeata Basson, Van As et Paperna, 1983 from Oreochromis niloticus (Linnaeus), San Vi-
cente, Argentina (A, B) and Huandacareo, Mexico (C, D), and from O. mossambicus (Peters), Luphephe Dam, South Africa (E, F) and
Glen Alpine Dam, South Africa (G, H).
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Fig. 2. Diagrammatic drawings of the denticles of Trichodina centrostrigeata Basson, Van As et Paperna, 1983 from Oreochromis
niloticus, San Vicente, Argentina (A, B); from O. niloticus, Huandacareo, Mexico (C, D); from O. mossambicus, Luphephe Dam, South
Africa (E,F); and from O. mossambicus, Glen Alpine Dam, South Africa (G, H).

was performed using the hqual function. Fourier analysis was
performed using the eFourier function, parameters of the first
harmonic were used to normalise coefficients so that they were
invariant to size, rotation and starting point of the outline trace.
Harmonic coefficients from the resulting “Coe” object were used
for subsequent statistical analyses.

All statistical analyses were performed using RStudio
(1.3.1056). Principal Component Analyses (PCA) and multivar-
iate analyses of variance (MANOVA) were used to discriminate
between shape variations and to test for differences. Linear Dis-
criminant Analysis (LDA) on the harmonic coefficient was per-
formed using the LDA function.

RESULTS

Morphological analysis (based on traditional taxonomy):
denticle description for all four populations  (Figs. 1, 2,
Table 2)

Blade shape varies from angular and truncated in most
denticles to roundly spatulate in some, where blades vary
from broad and flattened head (distal part of the blade) ta-

Folia Parasitologica 2022, 69: 022

pering towards central part, to others with narrower head
broadening slightly towards central part (these variations
often within the same population). In some, anterior and
posterior blade edges parallel. Most populations with
narrow blades, varying from none to 18%. Distal surface
ranges from flattened to slightly rounded, very few with
flattened distal edge. Distal surface mostly parallel to bor-
der membrane in some specimens, in others definitely not
parallel to border membrane. In cases where not parallel,
distal surface slopes in anterior direction. Contact surface
of tangent point varies, in some forms short line rather than
point, tangent point situated lower than distal point. Ante-
rior margin varies from curved to angular, some straight.
Apex prominent, less prominent in specimens with
rounded anterior margin than in case of angular and
straight forms. In latter cases anterior blade margin shows
angular, almost triangular shape with apex, as well as distal
and proximal sides of anterior blade. Anterior surface ex-
tends beyond y + 1 axis in some individuals; particularly in
case of angular shaped denticles; whilst touching y + 1 axis
with some close to, but not touching y + 1. Blade apophysis
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Fig. 3. Denticles silhouettes of 7Trichodina centrostrigeata Basson, Van As et Paperna, 1983 utilised with Fourier analysis.
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Fig. 4. Fourier harmonic power spectrum based on elliptical Fourier analysis of Trichodina centrostrigeata Basson, Van As et Paperna,
1983. Harmonics sufficient to reach approximately 99% of the maximum cumulated.

consistently present, never large, but prominent. Posterior
margin forms characteristic deep L-shaped curve, varying
from shallow to deep, with deepest point at lowest end (ad-
jacent to central part), mostly lower than apex of anterior
surface. Posterior projection present, but not prominent in
all specimens.

Blade length varies from 1.8—7.5. Blade connection nar-
row to well developed, but thinner than blade. Central part
conical, some longer and narrower than others that are wid-
er and squatter, small number with almost triangular cen-
tral part. Central part tapering from base to sharply round-
ed point in some, fitting tightly into preceding denticle.
Section above and below x-axis similar in shape. Central
part extends less than halfway to y—1 axis in majority, but
some halfway to y—1 axis. Central part width 1.0-4.8. Ray
connection short, well-developed in some, others of same
thickness or slightly thicker than ray.

Folia Parasitologica 2022, 69: 022

Ray apophysis present in majority, small, situated high
on ray, making contact with tip of central part of following
denticle. Rays straight in vast majority of cases, of varying
thickness, thinner rays tapering gradually to sharp rounded
point, whilst others with broad, well-developed rays end-
ing in rounded tips. Rays run parallel to and between y
axes in most cases, some rays directed in anterior direction
with tips extending past y+1 axis. Some rays lightly touch
y—1 and some y+1 axes. Rays’ length 3.7-6.3. Ridged line
visible and prominent in blade and rays of many speci-
mens, a typical characteristic of this species.

Ridged line in centre of blade, with both anterior and
posterior parts of blade evidently thinner in individuals of
some populations. Centre ridges vary in number, collec-
tively from 10 to 17 (mode 13 in all populations); although
varying in thickness. Mostly strongly developed, more or
less of same thickness as rays. Arrangement of centre ridg-
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Table 2. Morphometric comparison of Trichodina centrostrigeata Basson, Van As et Paperna, 1983 of the type population and the four

populations in this study

Basson et al. (1983) Basson and Van As

Present study

(1994)
South Africa Taiwan Mexico Argentina Luphephe (South ~ Glen Alpine (South
Africa) Africa)
P seudo_crenilabrus OVEOChmmiS mos- O. niloticus O. niloticus O. mossambicus O. mossambicus
philander sambicus
Body diameter 37.7-54.4 38.0-51.0 40.8-56.7 38.7-50.3 41.6-55.0 40.2-51.9
y (44.6+3.8; 100) (43.8+4.4; 16) (47.0 +£4.4;23) (44.1£2.7; 30) (47.9+3.8; 29) (46.0+3.4; 16)
Adhesive disc 31.2-45.8 30.0-45.0 33.2-47.0 32.3-444 33.4-45.7 32.1-43.5
(37.6+3.6; 100) (36.0+4.2; 16) (39.2+4.1; 23) (36.9+2.9; 30) (39.2+3.5;29) (37.8+3.2; 16)
Denticle ring di- 18.7-33.3 18.5-26.0 20.8-28.6 19.9-26.7 19.8-28.2 20.3-27.3
ameter (23.2£2.4; 100) (21.7+£2.4; 16) (23.742.1; 23 (22.7£1.9; 30) (23.34£2.5;29) (23.242.1; 16)
Border membrane 2.0-44 3.0-4.0 2.9-4.8(3.9+0.5; 2.3-5.1 2.9-5.1 3.0-5.3
(3.4+0.4; 100) (3.6+0.5; 16) 23) (3.8+0.6; 30) (4.2£0.6; 29) (4.0£0.6; 16)
2.8-6.4 5.0-6.0 4.7-7.1 (5.8+0.6; 1.8-6.5 4.5-7.5 4.2-6.3
Blade length (5.2+0.7; 100) (5.5+0.5; 15) 23) (52%1.1;30) (6.20.7; 29) (52+0.6; 16)
Central width 1.1-3.0 1.0-1.5 1.2-2.3(1.6+0.3; 1.04.8 1.7-2.8 1429
(1.9£0.3; 100) (1.1£0.2; 15) 23) (2.0£0.8; 30) (2.2£0.5;29) (2.0£0.4; 16)
Ray leneth 3.2-6.0 3.5-5.0 3.7-6.2 (4.8+0.5; 3.8-6.1 4.3-6.3 3.8-5.8
yleng (4.5+0.6; 100) (4.3+0.6; 15) 23) (4.6+0.5; 30) (5.0+0.5; 29) (4.9+0.6; 16)
Denticle span B 10.0-13.0 10.6-14.0 9.7-13.5 11.4-15.6 10.1-14.1
P (11.3+0.9; 12) (12.3+0.9; 23) (11.7+; 30) (13.3+£1.0; 29) (12.0£1.2; 16)
Denticle width 3.0-6.2 3.0-5.0 3.1-4.7 (4.1+04; 2.3-52 3.5-5.0 3.0-5.0
(4.1£0.6; 100) (4.3£0.6; 13) 23) (3.8£0.7; 30) (4.2£0.5;29) (3.9£0.6; 16)
Number of denticles 26-30 24-29 24-29 23-29 23-31 22-28
u (28*;100) (27%;16) (27%; 23) (26*; 30) (25*; 29) (26%*; 16)
Radial pins per 67 7-8 7-14 8-14 8-15 9-15
denticle (7*; 100) (8*;7) (10%; 14) (11%*; 26) (9%; 29) (12%; 15)
Number of central 12-16 13-16 10-14 10-17 10-16 11-14
ridges (14%*; 100) (14%; 12) (13%; 23) (13%; 30) (13%; 29) (13%; 16)

es not symmetrical but fanning out from roughly centre
point. Centre ridges mostly extended rod-shaped, in others
rods of varying lengths, some half length of others, and
some almost circular structures. Presence of centre ridges
constant feature, occurring in immature and adult speci-
mens. Ratio of denticle above x-axis to section below vary
slightly among populations, majority slightly more than
one (1.1-1.4). In one population minimum ratio just less
than one (0.9).

The morphometrics of each population, including the
type population from Pseudocrenilabrus philander (We-
ber) as reference, are provided in Table 2.

Analysis of geometric morphometry (EFA)

The Elliptical Fourier Analysis represents a valid meth-
od to compare the shape of denticles and found significa-
tive differences among populations. In this study, the
analysis provides the evidence of the morphological sim-
ilarities among some populations, but also exhibits statis-
tical differences for one population in relation with others.
Figure 3 presents the 80 denticle silhouettes of Trichodina
centrostrigeata from four populations (20 silhouttes per
population) used in this analysis.

Eight harmonics were found to be sufficient to reach ap-
proximately 99% of the maximum cumulated Fourier pow-
er for the denticles of 7. centrostrigeata (Fig. 4). Results of
the PCA analysis indicate that over 99% of the observed
outline shape variation of 7. centrostrigeata can be repre-
sented on 18 orthogonal principal component axes. Table 3
illustrates the per cent of variance contribution of the prin-
cipal components to morphological variation. To further
assess the variation between the four populations, we per-
formed a linear discriminant analysis (LDA) to determine
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if this variation could be distinguished quantitatively based
on PCA axes 1 to 18.

Based on the LDA, the population of Argentina could
correctly be predicted by 50%, the Mexican population
by 75%, the Luphephe Dam population by 35%, and the
Glen Alpine Dam population by 70% (Fig. 5, Table 4).
PCA scores were analysed under a multivariate analysis of
variance (MANOVA) pairwise. Shapes between Argentina
and Mexico do not present differences, while the rest of the
populations have significant differences (Fig. 6, Table 5).
Based on the LDA and MANOVA results we found two
different morphotypes for 7. centrostrigeata; morphotype
a, mainly found in Argentina and Mexico, and morphotype
b, mainly found in Glen Alpine Dam, South Africa.

Figure 6 shows that populations of Argentina and Mex-
ico are similar but with slight variations in the posterior
margin of the blade. The Glen Alpine Dam population
presents morphological differences in the shape of the ray
and in the general shape of denticle with the Americas and
Luphephe dam population respectively; this last popula-
tion also exhibits morphological differences in the central
part of the denticle with the Americas populations.

Our results suggest that there are two main morphotypes
for T. centrostrigeata, which present detectable variations
in the denticles. Population from the Americas (Argentina
and Mexico) constituted a single morphological group, by
possessing a close similarity in the shape of the denticles.
According to the present results, it is possible to differen-
tiate this morphological group from the Glen Alpine Dam
population, South Africa, which represents a morpholog-
ically separate group characterising the African morpho-

type (Fig. 6).
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Table 3. Principal components analysis scores based on Fourier coefficients from 8 harmonics from Trichodina centrostrigeata Basson,

Van As et Paperna, 1983.

Importance of components:

PCI PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
gta'?d?rd 0.05767 0.03869 0.03622 0.0338 0.02737 0.02228 0.01763 0.01461 0.01274
eviation

5 ;;’g‘r’fcf’“ of 0.33646 0.15147 0.13271 0.1156 0.07581 0.05024 0.03144 0.02161 0.01641
Cumulative 0.33646 0.48794 0.62065 0.7362 0.81204 0.86229 0.89373 0.91534 0.93175
proportion

PC10 PCI1 PCI2 PCI3 PCl14 PC15 PC16 PC17 PCI8
gg}‘;jﬁﬁl 0.01180 0.01010 0.008977 0.00807 0.007425 0.00717 0.006252  0.005696  0.004773
5 ;’g‘r’fg’“ of 0.01408 0.01032 0.008150 0.00659 0.005580 0.00520 0.003960  0.003280  0.002310
Cumulative 0.94583 0.95615 0.964310 0.97090 0.976470 0.98168 0.985630 0.988910 0.991220
proportion

Both morphotypes are described below in the remarks
based on the method proposed by Van As and Basson (1989).

Remarks. Morphotype a (Fig. 1A-D, Fig. 2A-D, Fig. 6)
presents an angular blade, truncated in most denticles. Nar-
row blades occur in 8-9% of all specimens. The distal sur-
face ranges from flattened to slightly rounded, being par-
allel to the border membrane in the majority of cases, with
only small numbers not parallel to the border membrane. In
cases where the distal margin is not parallel, the distal sur-
face slopes in an anterior direction. Blades vary with broad
and flattened heads, tapering towards the central parts in
the vast majority of cases, while these broaden slightly to-
wards the central parts in some with narrower heads. The
contact surface of the tangent point forms a point rather
than a short line, with the tangent point situated lower than
the distal point. The anterior margin varies from curved to
angular, some with a straight margin. In specimens with a
rounded anterior margin, the apex is less prominent than in
cases of angular and straight forms. In the latter cases, the
anterior blade margin shows an angular, almost triangular
shape with the apex, as well as the distal and proximal sides
of the anterior blade. The anterior surface extends beyond
the y+1 axis in most denticles, not just in those with angu-
lar denticles. The blade apophysis is consistently present,
varying from slight to somewhat prominent. The posterior
margin forms a characteristic deep L-shaped curve, with
the deepest point at the lowest end (adjacent to the central
part), mostly lower than the apex of the anterior surface.
The posterior projection is present, but not prominent in all
specimens. The blade connection is narrow in the majority
of cases, while only some possess a well-developed con-
nection. The central part is conical in shape, some longer
and narrower than others that are wider and squatter, but
a small number have almost a triangular central part. The
central part tapers from the base to a sharply rounded point
in some, fitting tightly into the preceding denticle. The
sections above and below the x-axis are similar in shape
and the central part extends less than halfway to the y—1
axis. The ray connection is short, but well-developed in
most; in the majority of cases this connection is of the same
thickness as the ray. The ray apophysis is small, situated
high on the ray, making contact with the tip of the cen-
tral part of the following denticle. Rays are straight in the
vast majority of cases, of varying thickness, with roughly
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40-50% of the specimens having thin rays, where these
taper gradually to sharp rounded points. In the other half
of the cases the rays are broad and well developed, ending
in rounded tips. Rays run along the y axes in most cases,
mostly directed in an anterior direction with the tips ex-
tending past the y+1 axes. A ridged line is visible in both
the blade and ray of many specimens, a typical character-
istic of this species (Fig. 1A,C). The centre ridges vary in
number from 10 to 17 (mode 13), also varying in thickness
most are thick, more or less of the same thickness as the
rays. In some cases, the arrangement of the centre ridges
is not symmetrical, with no clear pattern distinguishable.
These centre ridges are sometimes extended rod-shaped,
fanning out from a rough centre point, in others the rods
are of varying lengths, with some half the length of others.
Some centre ridges are almost circular in structure. The ra-
tio of the denticle above the x-axis to the section below is
slightly more than one (1.2-1.3).

In the morphotype b (Fig. 1G-H, Fig. 2G—H, Fig. 6) the
blade is angular and truncated in most denticles, but round-
ly spatulate in a few. Narrow blades occur in 18% of the
cases. The distal surface is mostly slightly rounded, while
very few have flattened distal edges. The distal surface is
mostly parallel to the border membrane, with only a small
number that are not parallel to the border membrane. In
those cases where the distal surface is not parallel, it slopes
in an anterior direction. The blade shape varies, from those
possessing broad and flattened heads (distal part) that taper
slightly towards the central part, to some with narrower
blades, where the anterior and posterior edges are parallel.
The contact surface of the tangent point forms a short line
rather than a point, with the tangent point situated slight-
ly below the distal point. The anterior margin is angular;
some possess a straight margin. The apex is prominent
with an angular anterior blade margin that forms an almost
triangular shape with the apex, as well as the distal and
proximal sides of the anterior blade. The anterior surface
barely touches the y + 1 axis with a few being close, but
not touching the y + 1. The blade apophysis is not large, but
prominent and is consistently present. The posterior mar-
gin forms a characteristic shallow L-shaped curve, with
the deepest point at the lowest end (adjacent to the central
part), being mostly lower than the apex of the anterior sur-
face. The posterior projection is present, but not prominent
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Table 4. Confusion matrix from linear discriminant analysis (LDA) based on PC1-PC18 axes from Trichodina centrostrigeata Basson,

Van As et Paperna, 1983.

Current identification\pre- San Vicente,  Glen Alpine dam, Luphephe dam, Huadacareo Total o Correct
dicted identification Argentina South Africa South Africa Mexico 0
San Vicente, Argentina 10 5 2 3 20 50%
Glen Alpine dam, South Africa 0 14 4 2 20 70%
Luphephe dam, South Africa 3 5 7 5 20 35%
Huandacareo, Mexico 3 0 2 15 20 75%

N

a3 - @ Argenti

a3 South Africa rgentina

« (Luphephe) @ South Africa (Luphephe)
Mexico phep B South Africa (Glen Alpine)
TN O Mexico
- N
N N
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Fig. 5. Linear discriminant analysis (LDA) of Trichodina centrostrigeata Basson, Van As et Paperna, 1983 using normalised elliptical
Fourier descriptors. Percentages indicate the proportion of the trace captured in each LD component.

in all specimens. The blade connection is narrow in the ma-
jority of cases, with only some showing a well-developed
connection. The central part is conical-shaped, some are
longer and narrower than others that are wider and squat-
ter, the central parts are almost triangular in shape, but in
a small number of cases. The central part tapers from the
base to a sharply rounded point in some specimens, fitting
tightly into the preceding denticle. The sections above and
below the x-axis are similar in shape. The central part ex-
tends either less than halfway, or at least halfway to the
y—1 axes. Ray connections are short, but well-developed
in most denticles, while slightly thicker than the ray in the
majority of cases. The ray apophysis is small but present
in most individuals where it is situated high on the ray,
making contact with the tip of central part of the follow-
ing denticle. Rays are straight in the majority of cases,
with more than 55% having thin rays. Thinner rays taper
gradually to sharp rounded points, whilst well-developed
thicker rays tend to end in rounded tips. Rays run parallel
to y-axes, with none extending past the y-axes, although
some touch the y—1 and some y+1 axes. Ridged lines are
prominent in blades and rays of many specimens, a typical
characteristic of this species (Fig. 1G). Centre ridges vary
in number from 11 to 14 (mode 13); varying slightly in

Folia Parasitologica 2022, 69: 022

thickness, with the majority strongly developed and more
or less of the same thickness as the rays. The centre ridges
in the majority of cases are extended rod-shaped, where
these clearly fan out from a rough centre point. The ratio of
the denticle above the x-axis to the section below is slightly
less to slightly more than one (0.9-1.1).

DISCUSSION

Trichodina centrostrigeata is found associated with a
wide variety of tilapia hosts within a large geographical
range (Islas-Ortega et al. 2020). One of the main morpho-
logical methods of differentiating this species is common-
ly based on the presence of central ridges, although similar
ridges are also found in other species such as Trichodina
miranda Stein, 1979 and Trichodina frenata Van As et Bas-
son, 1992 (Mitra and Bandyopadhyay 2006). Based on tradi-
tional morphological features, the shape and measurements
of the analysed organisms presented minimal variations in
some denticle structures such as blade and ray length and
central width. However, some slight differences are detect-
ed when particular populations are compared. For example,
the blade varies with broad and flattened head tapering to-
wards the central part between trichodinid populations from
Glen Alpine Dam and Mexico. Also, Glen Alpine Dam or-
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Table 5. MANOVA table with the statistics summary of Trichodina centrostrigeata Basson, Van As et Paperna, 1983. DF = degrees of
freedom; Pillai = values of Pillai’s test; AproxF = approximate F-statistic; NumDF = numerator degrees of freedom; Den DF = denom-
inator degrees of freedom; Pr(>F) = P-value.(*** Significance differences).

DF Pillai Aprox F Num DF Den DF Pr(>F)
Argentina — Glen Alpine dam 1 0.7985 4.623 18 21 0.0005693*%**
Argentina — Luphephe dam 1 0.6378 2.055 18 21 0.0576787***
Argentina — Mexico 1 0.5925 1.696 18 21 0.1227139
Glen Alpine dam — Luphephe dam 1 0.7299 3.153 18 21 0.0066018%**
Glen Alpine dam — Mexico 1 0.7720 3.950 18 21 0.0016453%**
Luphephe dam - Mexico 1 0.6873 2.564 18 21 0.0203626%**
Argentina Argentina
= Mexico ) ’ = Luphephedam
\i 7/',;/' W
oAt \‘\\\\:‘,, ”’9")‘:‘3;;’ 7 A
NN 7 S
NN
(8
Argentina Mexico
2 —— GlenAlpine Luphephedam
Y% 1y,
Mexico W Luphephedam
— GlenAlpine = — GlenAlpine

11100 ;0.
s
r114.% -

Fig. 6. Isodeformation lines of Trichodina centrostrigeata Basson, Van As et Paperna, 1983. Red colour — high variation in the shape;
yellow colour — medium variation in the shape; blue colour — low variation in the shape.

ganisms exhibit a slightly more and rounded distal surface
of the blade in comparison with the remaining populations.
Additionally, the Mexican population presents differences in
the tangent point of the blade, which forms a point rather
than a short line like the other populations; and the blade of
Argentine population exhibits a well-developed connection,
but thinner than those of the other populations, and the cen-
tral ridges of the same population are thinner.

The taxonomic work of trichodinid ciliates is based on
the shape and dimensions of the denticles in the adhesive
disc (Van As and Basson 1989). The standard procedure
started with the proposal of Lom (1958) modify by Van
As and Basson (1989), which is based on a series of meas-
urements obtained from the analysis of micrographs of sil-
ver-impregnated specimens. This method seems to be useful
to accurately discriminate genera and species, and because
of its effectiveness, there is not an alternative proposal to re-
place it. Additionally, the difficulties to collect and preserve
these organisms for studies based on DNA-taxonomy, re-
inforce the use of morphological methods described above.
Notwithstanding the universal acceptation of the taxonomic
criteria, some taxonomic issues still make the discrimina-
tion between morphologically similar species difficult due
to the high variation of parasites from different host species,
in morphometric data, and some morphological characters
(Lom 1958, Tang et al. 2017, Islas-Ortega et al. 2018, Mar-
cotegui et al. 2018, Wang et al. 2019). These issues remain
unsolved mainly because of the lack of numerical support
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confirming or discarding each proposal. In this sense, the
use of geometric morphometric arises as a numerical meth-
od, complementing morphological studies. While tradition-
al morphometry uses lengths, width, and angles, geometric
morphometrics uses the shape as a whole, considering all
the geometrical relationships of the input data (Bonhomme
et al. 2014). Geometric morphometric data have the advan-
tage of providing a consistent set of shape variables for hy-
pothesis testing and provide graphic analyses that quantify
and visualise morphometric variation within and between
organisms (Tracey et al. 2006). Elliptical Fourier functions
represent a precise method for describing and characterising
outlines, efficiently capturing shape information in a quanti-
fiable manner (Kuhl and Giardina 1982, Lestrel 1997, Mar-
cotegui et al. 2018).

Some authors have suggested that 7. centrostrigeata
possesses a morphological uniformity (Basson et al. 1983,
Basson and Van As 1994, Mitra and Bandyopadhyay 2006,
Abdel-Bakietal.2017). For this reason, this species is easily
distinguishable for other species of the family. In present
paper, we used EFA to detect the morphological variations
in the shape of the denticles of 7. centrostrigeata associated
with tilapia from geographically separate populations.
This work reveals slight differences among the analysed
populations, which can be attributed to natural variations
in the shape of denticles in this species. These differences
are numerically recorded in traditional morphological
studies, but occasionally, slight differences could be hidden
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by structures with coincident measurements. For example
measurements of the central part and the ray of the denticle
shown in Table 2 exhibit some slight differences, but in
general terms, all of these measurements are in the same
range, hindering to discriminate populations. However,
the analysis of the shape of these structures by EFA helps
to detect some significative differences hidden behind
the numerical values. In this sense, the EFA prevents
confusions derived from comparisons of numerical data,
by an analysis of the shape, where individual silhouettes
are the basis to perform one single silhouette representative
of each population, susceptible to be compared to find
significative differences, indicating the degree of variation
among populations. Once detected, a formal description of
these variations is desirable to objectively unify the criteria
recognising some trichodinid taxa.

Differences between these morphotypes are measurable,
and remarkably one of these is distributed in the Americas,
while the other is confined to a region in South Africa. There
are extensive morphological variations within the Luphephe
dam population, most of the individuals share morphological
denticular traits with the other three populations. The simi-
larity of Luphephe population with those from Argentina is
15%, and 25% respect to Mexico and Glen Alpine Dam; this
prevents its inclusion as a separate morphotype, although fit-
ting within the general description for the species.

Morphotypes suggested in this study are based on re-
sults of the MANOVA, where populations from Argentina
and Mexico do not present any significant differences in
the shape of the denticle. Once detected, the description
of each morphotype follows the proposals by Van As and
Basson (1989).

Some natural factors could be considered to explain the
detected variation. Oreochromis mossambicus and O. nilot-
icus are indigenous to African freshwater environments,
and due to their effective adaption to diverse habitats, it led
to their expansion across the world as a financially viable
food source (Trewavas 1982, Welcomme 1988, Garcia et
al. 2010). In both cases, a wide route of introductions, into
and out of many continents and countries, occurred before
ending up in the aquaculture farms in the Americas from
which the hosts were sampled for this study. Although all
of this happened within a very short time scale, their intro-
duction into these new habitats may have had some effect
on the niche (as defined by Whittaker et al. 1973) of their
protistan symbionts, which could have led to small mor-
phological adaptations to their new environments. Another
important factor is that specimens of 7. centrostrigeata ob-
tained from Argentina and Mexico were collected from the
introduced O. niloticus acquired from aquaculture farms,
meanwhile, the South African populations were obtained
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CAPITULOIII
Morfometria geométrica de Paratrichodina
africana en localidades de Argentina y México

En este ultimo capitulo se presenta la caracterizacién morfolégica y morfométrica de
Paratrichodina africana asociada a Oreochromis niloticus de dos granjas acuicolas de Argentina 'y

México.

Paratrichodina africana, perteneciente a la familia Trichodinidae, fue descrita por primera
vez como ectopardsito de tilapia africana del género Oreochromis (Kazubski y El-Tantawy, 1986),
y desde entonces se ha registrado en Africa, Asia y en diferentes localidades de Brasil, Argentina
y México (Islas-Ortega et al., 2020). El hallazgo de este parasito en el continente americano esta
asociado a la introduccidon antropogénica de las tilapias a través de la acuicultura, lo que ha
promovido la co-introduccidon de estos ciliados a nuevas localidades (van As y Basson, 1989,

Valladdo et al., 2016).

Dos poblaciones de este ciliado recolectadas en las branquias de Oreochromis niloticus de
granjas acuicolas de Argentina y México fueron caracterizadas con morfologia tradicional y con
morfometria geométrica, especialmente usando el analisis eliptico de Fourier. El andlisis mostré
qgue los denticulos de P. africana poseen uniformidad morfoldgica. Este estudio apoya la validez
de la morfometria geométrica como una técnica adicional para caracterizar cuantitativamente y
comparar aquellas estructuras en las que se basa la determinacion taxondmica de los

tricodinidos.
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La informacion se presenta a manera de articulo enviado a la revista Journal of
Parasitology con el titulo: “Morphological characterization of two Latin American populations
of the tilapia’s ectoparasitic ciliate Paratrichodina africana (Peritrichia: Mobilida), trough the

elliptical Fourier analysis”.
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13 ABSTRACT

14  Taxonomy of ectoparasitic ciliates of the family Trichodinidae is mainly based on the

15  dimensions and shape of denticles in the adhesive disc. In this study, a morphological analysis of
16  denticles from two populations of the species Paratrichodina africana, collected from the gills of
17  tliapia Oreochromis niloticus from Argentina and Mexico, was performed and complemented

18  with geometric morphometry, specifically using the elliptical Fourier analysis, in order to

19  provide a characterization of the denticle. By applying this technique, it was found that denticles

20  of P. africana possess a morphological uniformity, exhibiting minimal variations in the shape of
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the central part of the denticle and the blade apophysis. This study supports the validity of
geometric morphometry as an additional technique to quantitatively characterize and to compare

those structures on which the taxonomical determination is based.

KEY WORDS

Ciliates, Geometric morphometry, Elliptical Fourier Analysis

The ciliate species Paratrichodina africana, belonging to the family Trichodinidae, was
described by Kazubski and El-Tantawy (1986) as ectoparasite of African tilapia fishes (genus
Oreochromis), and since recorded from Africa (EI-Din and Naeim, 1998), Asia (Mitra and
Bandyopadhyay, 2006), and from different localities of Brazil, Argentina, and Mexico (Pantoja
et al., 2012; Tavares-Dias et al., 2013, Valladdo et al., 2013; Padua et al., 2015; Rodrigues et al.,
2019; Islas-Ortega et al., 2020). Finding of this species in the Americas is associated to tilapia
fishes anthropogenically introduced through the fish aquaculture, which have promoted the co-

introduction of these ciliates into new areas (van As and Basson, 1989, Valladao et al., 2016).

Taxonomic study of this group of ciliates is mainly based on the dimensions and shape of
denticles in the adhesive disc (van As and Basson, 1989), however, some authors have
considered these as insufficient, and probable cause of still unsolved taxonomic issues, such as
the overlapping of morphological features among different species, or vice versa; an
overestimation of the diversity caused by the misinterpretation of small differences in shape or
size (Tang et al., 2017; Islas-Ortega et al., 2018; Marcotegui et al., 2018; Wang et al., 2019).
Recent advent of DNA-based taxonomy has helped to distinguish between remarkably similar
species, exhibiting some cases of genetic uniformity associated with a wide morphological

variation. However, application of molecular methods in trichodinid ectoparasites is hampered
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by the size of these organisms, which hinder the collection, preservation, and subsequent
analysis, along with the difficulty of recognise among diverse morphologically similar species
involved on multiple infestations occurring on the same host. In this sense, the use of the
geometric morphometry arises as an alternative method to provide information regarding
changes in the shape of the anatomical structures, independently of the size of the analyzed
individual, or the availability of specimens for molecular studies; even, this method can be used
in cases with multiple infections (Marcotegui et al., 2018). Then, geometric morphometry seems
to be a promising alternative to address taxonomic conflicts where samples for molecular
biology are not available. In this study we analyse two populations of the species Paratrichodina
africana from two geographically separated localities in the Americas (one from Argentina, and
another from Mexico), through the approach of the elliptical Fourier analysis (EFA), in order to

characterize the shape and dimensions of denticles in the adhesive disc of this species.

Marcotegui et al. (2018) differentiated between trichodinid ciliates for the first time using
geometric morphometry through elliptical Fourier analysis (EFA), which quantitatively describes
the variation of denticle shapes by using a Fourier transformation of a denticle outline to obtain a
set of quantitative variables (called harmonics), each described by four coefficients (Bonhomme
et al., 2014). The foundation of the EFA is to separate the x and y coordinates of the denticle
outline and calculate a discrete Fourier series based on these two periodic functions using the
number (n) of harmonics high enough to capture the satisfactory geometry of the described shape
(Bonhomme et al., 2013). These coefficients may then be subjected to multivariate statistical
methods, primarily principal component analysis (PCA), which is a statistical method that
reduces the number of variables (dimensions) without much loss of information. Moreover, EFA

combined with PCA allows visualization and reconstruction of shapes via inverse Fourier
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transformation, a powerful tool when considering the potential taxonomic significance of the

shape (Tomaszewski and Gorzkowska, 2016).

MATERIALS AND METHODS

Two populations of Paratrichodina africana were collected from the gills of
Oreochromis niloticus from Argentina (San Vicente aquaculture facility, 35°04°00°’S,
58°31°01’’W) and Mexico (Huandacareo aquaculture facility, 19°56°24°°N, 101°18°36”’W).
Specimens were measured using the uniform characteristics initially proposed by Lom (1958)
and later adapted by van As and Basson (1989), both based on silver-impregnated specimens.
Micrographs of P. africana specimens were obtained using Leica DM500® photomicroscope
equipment, with Leica ICC50 HD® capture imaging system. The measurements of the
populations were acquired from the micrographs, using the Image-Pro Plus® 7.0 software. All
morphometric measurements are provided in um and represented as minimum to maximum
(mean + standard deviation), for the number of denticles and number of radial pins per denticle
the mode was used rather than the arithmetic mean. Body diameter is determined as the adhesive
disc plus the border membrane. Denticles were described using the method devised by van As

and Basson (1989).

Morphometric analyses were based on the outlines (silhouettes) of 30 randomly selected
P. africana denticles per population for each locality (Table 1). One denticle per individual
trichodinid was used for the analyses and the silhouette of the denticle was then drawn from
micrographs using GIMP (2.10.2) editing software. The elliptical Fourier analysis was done
through RStudio (1.3.1056) (RStudio Team) using the Momocs package (version 0.2-01),
dedicated to shape analysis (Bonhomme et al., 2014). Silhouettes were imported into RStudio

and denticle outlines were extracted into a “Coo” class object as a list of x; y pixel coordinates.
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The pixel coordinates were obtained using an algorithm by Claude (2008) extracted from a black
denticle silhouette on a white background. An EFA was performed on 60 denticle outlines.
Before performing elliptical Fourier descriptor analysis, an estimation of the number of
harmonics to perform was calculated using the hquant function. The optimal number of
harmonics to reach approximately 99% of the maximum calculated Fourier power was
determined from the relationship between the harmonic numbers and their cumulated power
(Fourier power spectrum). Qualitative analysis of the ability for different numbers of harmonics
to recapitulate the original shape outline was performed using the hqual function. Fourier
analysis was performed using the eFourier function, parameters of the first harmonic were used
to normalize coefficients so that they were invariant to size, rotation, and starting point of the
outline trace. Harmonic coefficients from the resulting “Coe” object were used for subsequent
statistical analyses. All statistical analyses were performed using RStudio (1.3.1056). Principal
Component Analyses (PCA) and multivariate analyses of variance (MANOVA) were used to
discriminate between shape variations and to test for differences. Linear Discriminant Analysis

(LDA) on the harmonic coefficient was performed using the LDA function.

RESULTS

Paratrichodina africana, denticle description collectively for all two populations (Figure 1,

Table 1).

Blade shape resembles an equilateral triangle where majority of specimens have broad
and flattened head blades (distal part of blade) tapering towards central part, filling the space
between the y and y+1 axes. Distal surface ranges from flattened to slightly rounded, very few
with rounded distal edge (21%). Distal surface mostly parallel to border membrane in some

specimens. The border membrane surrounding the adhesive disc is wide. Contact surface of
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tangent point varies, in the majority forms short line rather than point, tangent point located the
same level or just below the distal point. Anterior margin convex with an apex that in most cases
touches the y+1 axis but never trespassed. Prominent blade apophysis always present, the tip of
the rounded blade apophysis trespassed the y+1 in most individuals (71.9%). Posterior margin
varies from straight to slightly concave. Blade connection elongated and thin in most cases.
Posterior projection not visible. Central part delicate, triangular, some longer and narrower than
others that are wider and squatter, with rounded tips. Central part fits tightly into preceding
denticle. Section above and below x axis similar in shape. Central part extends less than halfway
to y - 1 axis in majority. Ray connection short. Rays shorter than blade, straight in vast majority
of cases, narrow, finger-shaped, with no apophysis. The bases of the blade and the ray are in a
visibly shifted position. Rays presents variations in its orientation, some run parallel to and
between y axes (47.3%), other rays directed in anterior direction with tips extending pasty + 1
axis (26.3%). And some rays directed in posterior direction with tips extending past y - 1 axis

(26.3%).

Analysis of geometric morphometry (EFA)

Silhouettes of 60 denticles of P. africana from the two analyzed populations (30
silhouttes per population) are presented in Figure 2. Nine harmonics were found to be sufficient
to reach approximately 99% of the maximum cumulated Fourier power for the denticles of P.
africana (Figure 3). Results of the PCA analysis indicate that over 99% of the observed outline
shape variation of P. africana can be represented on 17 orthogonal principal component axes. To
further assess the morphological uniformity between the populations, we performed a linear
discriminant analysis (LDA), to detect variations distinguished quantitatively based on PCA axes

1to 17. As result, the generalized silhouette of each population was obtained, which are almost
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overlapped, showing minimal variations, mainly in the shape of the central part of the denticle
and the blade apophysis (Figure 4). We suggest that these silhouettes be considered as the
morphological limits of a representative shape for Paratrichodina africana from the Americas,
which could be used as a basis for taxonomically distinguish this species respect other present on

the tilapia around the world.

DISCUSSION

The species Paratrichodina africana is found associated with a wide variety of tilapia
hosts within a large geographical range (Islas-Ortega et al., 2020). This species exhibits a similar
morphology throughout its native and introduced distribution (see Kazubski and El-Tantawy,
1986; Mitra and Bandyopadhyay, 2006; Tavares-Dias et al., 2013, Valladao et al., 2013). This
morphological uniformity was evident when the measurements of the organisms of the two
analyzed populations were confronted, displaying minimal variations in the blade length, and in

the shape of the central part of the denticle and the blade apophysis (Figure 4).

Most of taxonomical studies of trichodinids around the world are focused on morphology,
therefore, the species identification is mainly based on the morphological techniques, especially
the silver-impregnation (Tang et al., 2017) proposed as standard procedure by Lom (1958) as
well as the use of uniform specific characters. Since within the genus Trichodina, the main
differentiating characteristics are associated with the shape and dimensions of the denticles in the
adhesive disc, van As and Basson (1989) propose an additional system to that of Lom (1958) that

allows a more complete description and measurement to the denticles.

Some trichodinids are morphologically very similar, which easily leads to taxonomic confusions

within intraspecific (i.e., T. rectuncinata) and interspecific groups (i.e., T. koloti and T.
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hypsilepis) (Tang et al., 2017; Islas-Ortega et al., 2018; de Jager et al., 2019). Despite universally
accepted taxonomic criteria, proposed as an effective way to identify, and distinguish
trichodinids, it is still difficult to discriminate between morphologically similar species partly
due to the high variation in host species, morphometric data, and some morphological characters
(Lom, 1958; Tang et al., 2017; Islas-Ortega et al., 2018; Marcotegui et al., 2018; Wang et al.,
2019). While traditional morphometry use lengths, wide, and angles, geometric morphometrics
considers shape as a whole, considering all the geometrical relationships of the input data
(Bonhomme et al., 2014). Geometric morphometric data have the advantage of providing a
consistent set of shape variables for hypothesis testing and provide graphic analyses that quantify
and visualize morphometric variation within and between organisms (Tracey et al., 2006).
Elliptical Fourier functions represent a precise method for describing and characterizing outlines,
efficiently capturing shape information in a quantifiable manner (Kuhl and Giardina, 1982;

Lestrel, 1997; Marcotegui et al., 2018).

In this paper, we used EFA to characterize the shape of the denticles of P. africana associated
with tilapia from geographically separate populations, confirming that this ciliate species exhibits
remarkable morphological similarities in those structures where the taxonomical work is based.
Thus, the populations from Argentina and Mexico constituted a single morphological group, by
possessing a close quantitative similarity in the shape of the denticles. In this sense, EFA seems
to be a useful quantitative method to reliably associate selected morphological features with the
taxonomical work, providing information about the generalized shape of these structures, and
recognizing problematic areas where the greatest variation is found. For this reason, we consider
that the immediate future on the taxonomy of this ciliate group must be based on a meticulous

morphological analysis such as the descriptive method proposed by van As and Basson (1989),



180 including tools of geometric morphometry, complemented with molecular characterizations
181  where possible, all contributing to taking a position about the species characterization and

182  delimitation.
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263  FIGURE 1. Micrographs of Paratrichodina africana from Huandacareo, Mexico (A), and from
264  San Vicente, Argentina (B). Diagrammatic drawings of the denticles of P. africana from

265  Huandacareo, Mexico (C), and from San Vicente, Argentina (D).

266 FIGURE 2. Denticles silhouettes utilized with elliptical Fourier analysis. form Argentinian

267  (white) and Mexican (black) populations.

268  FIGURE 3. Fourier harmonic power spectrum based on elliptical Fourier analysis for the species
269  Paratrichodina africana. Nine harmonics are sufficient to reach approximately 99% of the

270  maximum cumulated.

271 FIGURE 4. Isodeformation lines for denticles of analyzed populations of Paratrichodina

272 africana. Areas tending to red color indicate high variation in the shape.
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Table 1 Click here to access/download;Table;Table 1.docx %

Table 1. Morphometric measurements of Paratrichodina africana from tilapia Oreochromis
niloticus from Argentina and Mexico

Structure Argentina Mexico Both
Body diameter 18.5-25.7 18.6-35.1 185-35.1
y (22.3+4.4,30) (23.8+35,23)  (23.1%4.2, 53)
Adhesive dis 15.2-21.3 15.5-20.4 15.3-21.4
(18.0+3.8,30) (184+1.2,30)  (18.3+2.9, 60)
Denticle ring 8.4-13.0 8.8-12.6 8.4-13.0
diameter (10542.2,30) (10.7+1.1,30)  (10.7+1.8, 60)
Border 1.3-2.6 1.1-4.7 1.1-4.7
membrane (1940.3,31)  (1.8+0.6,30)  (1.9+0.5, 61)
Slade lenath 1.9-3.7 2233 1.9-3.7
9 (2.940.4,31)  (2.7+0.2,30)  (2.8+0.4, 61)
. 0.4-1.0 0.4-1.2 0.4-1.2
Centralwidth 57,01 31)  (0.84#0.1,30)  (0.840.2, 61)
— 0.7-1.9 0.8-1.8 0.7-1.9
y leng (14+0.3,31)  (L4+0.3,30)  (1.4%0.3, 61)
4-6.6
Denticle span 4.4-6.6 4.4-6.1
P (5.3:0.6,31)  (5.1%0.4,30)  (5-20.6,61)
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Discusion y conclusiones

Los retos actuales del conocimiento de la biodiversidad implican que el trabajo
taxondmico se realice de la mejor manera posible. Hasta recientemente el trabajo taxonémico
reconocia, denominaba, clasificaba y cuantificaba la biodiversidad bajo un enfoque
eminentemente descriptivo (Noriega et al., 2015), desligado de otros aspectos de la biologia de
los taxones, y que, al depender de la habilidad de cada especialista, frecuentemente propiciaba
confusiones taxondmicas que a lo largo del tiempo se acumularon y dificultaron un conocimiento
preciso de la diversidad bioldgica. Como una manera de dar mayor certidumbre al trabajo
taxonémico, en las ultimas décadas diversos autores han manifestado la conveniencia de
incorporar fuentes de evidencias complementarias al trabajo descriptivo (Dayrat, 2005; Padial et
al., 2010; Schlick-Steiner et al., 2010). Tales evidencias pueden provenir de fuentes variadas y
requieren la integracién de varias diciplinas; entre las fuentes de informaciéon que son mas
frecuentemente utilizadas, esta la informacidn derivada del andlisis de secuencias de fragmentos
de diversos genes nucleares y mitocondriales (Coleman y Radulovici, 2020) que cada vez con
mayor frecuencia acompafian a los trabajos descriptivos, sin embargo, otras fuentes de
informacién evidencias morfométricas, ecoldgicas, biogeograficas, fisioldgicas, quimicas, de
ultraestructura e incluso comportamentales han cobrado una gran importancia (Martinez-Lépez,

2015; Dupérré, 2020).

La familia Trichodinidade, objeto de este estudio es uno de los grupos bioldgicos que
presentan confusiones taxondmicas. Actualmente, existen especies que presentan variacion

morfoldgica intraespecifica, por ejemplo: T. rectuncinata (Islas-Ortega et al., 2018), o
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interespecifica como T. kolotti, T. hypsilepis (de Jager et al., 2019), T. belloti, T.
pseudoheterodentata y T. paraheterodentata (Marcotegui et al., 2018). También existen casos
en los cuales la morfologia de algunas especies de tricodinidos se considera estable a pesar de
tener multiples hospederos y/o haberse registrado en muchas partes del mundo, como es el caso
de las especies estudiadas en el presente trabajo, Paratrichodina africana y T. centrostrigeata
(Islas-Ortega et al., 2020). En todo caso, es deseable una unificacién de criterios para validar las
hipdtesis taxondmicas vigentes, que corresponda con los preceptos del trabajo taxondmico

contempordneo al incorporar informacidén de fuentes multiples.

En este estudio se analizaron dos especies de la familia Trichodinidae asociadas a tilapias
de localidades geograficamente muy distantes. El andlisis confirmé que los denticulos de
Paratrichodina africana de las poblaciones argentinas y mexicanas poseen una uniformidad
morfoldgica cuantitativamente detectable y estadisticamente significativa, lo que sugiere que
existe una uniformidad en los caracteres en los que se basan las descripciones de las poblaciones,
siempre considerando que no fue posible incorporar en el estudio aquellas poblaciones
provenientes de lo que se considera su area de distribucién natural, localizada en el norte de
Africa (Kazubski y El-Tantawy, 1986). A partir de la informacién generada de este estudio aquellas
variaciones detectadas en futuros andlisis de tricodinidos nominalmente adjudicados a P.
africana deberan de ser comparados con evidencia multiple para probar una eventual

variabilidad en el taxén, o establecer los limites entre distintas especies.

El analisis de Fourier arrojé conclusiones diferentes al analizar a la especie nominal
Trichodina centrostrigeata, cuyas poblaciones fueron agrupadas en dos morfotipos que

representan la variabilidad morfolégica de esta especie. El andlisis no permite establecer el

110



origen de la variabilidad morfolégica. Podemos especular que la variacién morfoldgica estd
relacionada con alguna de tres posibles causas: a) la situacion geogréfica, que se ha identificado
como fuente de variacion en estructura corporales de otros grupos biolégicos, como en el monito
del monte, Dromiciops gliroides (Valladares-Gémez et al., 2017), que exhibe variabilidad en el
craneo alo largo de su distribucién geograéfica, que va del centro al sur de Chile; b) la especificidad
hospedatoria, en donde los morfotipos estarian fuertemente asociados a un huésped particular,
como en el caso de los trematodos de la especie Bivesicula sheni, que tienden a adoptar un
cuerpo un poco mas esférico cuando parasita a peces de la familia Holocentridae que cuando se
encuentran en la familia Serranidae (Cribb et al., 2022), o el trematodo Saccocoelioides lamothei,
gue muestra una plasticidad fenotipica inducida por su huésped, que provoca que los organismos
encontrados en la familia de peces Eleotridae presenten un cuerpo mas ancho que aquellos que
parasitan a la familia Mugilidae, con un cuerpo mads largo, y los que parasitan a la familia
Gobiidae, que presentan testiculos mas pequefios (Gonzdlez-Garcia et al., 2020); c) la tercer
posibilidad implica la combinacién de los factores mencionados, es decir, que la variabilidad esté

en funcién de la adaptacidn de los ciliados a huéspedes y localidades diferentes.

Los analisis geométricos, utilizan la forma como un todo y consideran todas las relaciones
geométricas de los datos (Bonhomme et al., 2014), comUnmente complementan el enfoque
morfométrico en la zoologia y la botanica (Karahan et al., 2014; Tomaszewski y Gorzkowska,
2016; Neto et al., 2019; Krystufek et al., 2021). Existen dos enfoques en la morfometria moderna:
el estudio de landmarks o puntos homélogos y el analisis de contornos y superficies (Bonhomme
et al., 2014). Dado que no es posible identificar puntos homodlogos en los tricodinidos, el método

mas conveniente para su estudio morfométrico y usado en el presente trabajo es el analisis
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eliptico de Fourier, el cual es un método muy poderoso e informativo para la cuantificacién
objetiva de la forma a través de su contorno (Tomaszewski y Gérzkowska, 2016). De acuerdo con
los resultados de ese estudio la aplicaciéon de técnicas avanzadas del analisis morfométrico
proporciona herramientas utiles y poderosas para identificar las diferencias entre las poblaciones
de ciliados, detectar diferencias entre grupos y diferenciar entre las mismas especies, por lo que
su empleo como complemento a la herramientas taxondmicas tradicionales se propone como
una alternativa cuantitativa, que es capaz de solventar las eventuales subjetividades del trabajo

taxondmico meramente descriptivo.

No obstante, el representar un método muy util en términos taxondémicos, a la fecha
existen pocos trabajos de morfometria geométrica en protozoos ciliados. Los andlisis de la forma
han sido raramente usados en el estudio de este grupo (Pecina y Vd’acny, 2020). La primera vez
gue el método fue empleado utilizando como modelo de estudio a los ciliados, se buscé dividir
al género Vorticella en subgrupos morfolégicos que pudieran utilizarse como un medio de
clasificacién de tipos ecoldgicos (Roberts et al., 1983), sin embargo, sus resultados fueron
limitados ya que la variacién de la forma parecia ser mayor dentro de cada uno de los grupos
nominales que entre ellos, y evidentemente su tratamiento no influydé de ninguna manera en la
clasificacién taxondmica del grupo, la cual sigue siendo complicada, por lo que algunos autores
han evidenciado la variacion morfoldgica que existe dentro de las especies de este género (Sun
et al., 2006; Sun et al., 2013; Liang et al., 2019), sin que hasta el momento, alguno de ellos haya
utilizado el analisis de morfometria geométrica para analizar esta variacién. Como es de
esperarse, sugerimos enfaticamente la adicion de la morfometria geométrica, preferentemente

en conjunto con procedimientos moleculares, como la via mas adecuada para elucidar la
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situacién taxondmica de cada especie dentro del género. Por otra parte, el método fue utilizado
por Pecina y Vd’acny (2020) para para evaluar la consistencia de la delimitacion de las especies
de la familia Clevelandellidae, simbiontes del intestino de cucarachas. Este trabajo se enmarca
por completo dentro del contexto de la taxonomia integrativa, pues ademas de contrastar las
observaciones morfoldgicas con morfometria, incorpora datos provenientes de la biologia
molecular, mostrando que en esta familia hay una variacion molecular mayor que la detectada
con caracteres morfoldgicos (Pecina y Vd'acny, 2020). El enfoque de la taxonomia integrativa
para resolver situaciones taxondmicas en ciliados también fue utilizado con éxito por Marcotegui
et al (2018), en la descripcidn de la especie Trichodina belloti mediante morfologia descriptiva,
analisis de secuencias y andlisis morfométrico de Fourier. Este trabajo junto con dos
mencionados anteriormente muestran que el método proporciona una fuente de evidencia
cuantitativa y estadisticamente determinable que debe ser tomada en cuenta como evidencia
complementaria para soportar las propuestas taxondmicas en un grupo de dificil resolucién
como el phylum Ciliophora. Se espera que, a partir de la difusidn de los resultados de este trabajo,

se incrementen los estudios que incorporen métodos cuantitativos.

Reiterando, el empleo de la morfometria geométrica en ciliados de la familia
Trichodinidae es muy deseable porque complementa los estudios morfoldgicos tradicionales al
proporcionar informacién sobre los cambios de la forma en el denticulo, independientemente
del tamafio del individuo, y por otra parte, también puede utilizarse en casos de multiples
infecciones, lo que se ha detectado como obstaculo a la hora de realizar andlisis moleculares, ya
gue a menudo las diferentes especies no pueden distinguirse entre si para un aislamiento

adecuado (Marcotegui et al., 2018). Las funciones dentro del analisis eliptico de Fourier
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representan un método preciso para describir y caracterizar los contornos de los denticulos,
capturando eficientemente la informacidn de la forma de manera cuantificable (Kuhl y Giardina,

1982; Lestrel, 1997; Marcotegui et al., 2018).

Los obstaculos en la taxonomia de diversos grupos bioldgicos se han debatido
ampliamente en la literatura cientifica en las ultimas dos décadas (Karanovic et al., 2018). Las
soluciones propuestas e iniciativas practicas van desde ligeras modificaciones al método
descriptivo tradicional, hasta la inclusién de novedades tecnolégicas como los avances en la
secuenciacion del ADN o el uso de softwares para el procesamiento de datos morfoldgicos
(Warren et al., 2017, Abraham et al., 2019; Goémez-Diaglo y Dawson, 2019). Actualmente, en la
mayor parte de los grupos bioldgicos las filogenias moleculares desempefian un papel central en
la investigacidon destinada a la delimitacién de especies (Padial y de la Riva, 2007; Davis et al.,
2016; Gémez-Diaglo y Dawson, 2019) y es innegable la importante contribucién de los datos
moleculares en la elucidacion de multiples propuestas taxondmicas. Sin embargo, es
recomendable evitar la tentacidn de confiar en los datos moleculares para resolver la totalidad
de problemas taxondmicos, lo que ha conducido al extremo de postular el empleo de
exclusivamente datos moleculares para delimitar miles de especies que permanecen aun sin una
descripcién formal (Brower, 2010; Johnson et al., 2015; Karanovic et al., 2018). En el contexto de
la taxonomia integrativa, la relevancia de una solos fuente de informacion es desalentada, para
fomentar una resolucidn a los problemas taxondmicos a través de distintas herramientas; ante
esto, existe la propuesta de reexaminar con morfometria geométrica aquellas especies

conflictivas y describirlas formalmente (Karanovic et al., 2016).
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Comprender la evolucidn de la forma de los organismos es un objetivo primordial de la
biologia comparada, por lo que inferir la historia filogenética del cambio de forma es, por tanto,
una preocupacion central (Klingenberg y Gidaszewski, 2010). La morfologia geométrica
constituye una herramienta grafica para la visualizacion y cuantificacién de la variaciéon
morfoldgica en diferentes contextos ecoldgicos y evolutivos (Adams y Rohlf, 2000; Alibert et al.,
2001; Benitez y Puschel, 2014). Los datos de la morfometria geométrica tienen la ventaja de
proporcionar un conjunto consistente de variables de la forma (Tracey et al., 2006; Benitez y
Plschel, 2014), y de la caracterizacién de la diversidad fenotipica en especies estrechamente
emparentadas, lo que es esencial para comprender su interaccion con el medio ambiente (que
los datos moleculares no proporcionan por si solos) y la razén de la divergencia de las especies
(Viacara et al., 2021). Estudios recientes demuestran que los andlisis de morfometria geométrica
de los fenotipos pueden proporcionar tanta resolucién (o mds) como los datos moleculares
(Karanovic et al., 2016, 2018), por lo que podemos considerarla como una excelente fuente de
informacién biolégica. Por otro lado, otra ventaja del uso de la morfometria geométrica en
estudios taxondmicos es el costo, que es mas bajo en comparacidon con los que implican
procedimientos moleculares. Los marcadores morfolégicos siguen siendo menos costosos, mas
faciles de usar, no requieren instrumentos sofisticados, ni un alto nivel de experiencia técnica
(Gémez, 2014; Henriques et al., 2020). Dadas estas ventajas, cuando los rasgos morfoldgicos
ofrecen una resolucidon taxondmica que va mas alla del nivel de la especie, permitiendo la
deteccion de una estructura genética fina, podrian utilizarse para identificar poblaciones que

puedan estudiarse posteriormente con marcadores moleculares (Henriques et al., 2020).
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El enfoque taxondmico actual pretende aprovechar al mdximo los avances tecnolégicos
combinandolos con los enfoques tradicionales (Andjuar et al., 2014; Warren et al., 2017;
Abraham et al., 2019). Este enfoque ha sido util en varios grupos de organismos, entre ellos
algunos grupos de ciliados como los heterotrichios, euplotidos o peritrichios (Gentekaki y Lynn,
2010; Boscaro et al., 2014; Przbos et al., 2015; Shazib et al., 2016; Zhao et al., 2018), sin embargo,
existen organismos en donde hasta el momento no ha sido posible tener un enfoque integrador.
Este seria el caso de los ciliados de la clase Karyorelictea, organismos con una gran importancia
como consumidores en los ambientes intersticiales de las costas arenosas marinas. Estos
organismos han sido poco estudiados, en gran parte por los problemas metodoldgicos que los
rodean, por ser células muy fragiles y tener una predisposicidon a contraerse muy rdpido, hasta
hace relativamente poco se establecié un protocolo efectivo para su estudio morfoldgico basado
en la impregnacién con Protargol (Foissner, 1995; Andreoli et al., 2009). Otro problema
importante es que son incultivables, a excepcién de la especie de vida libre Loxodes. Esto no
supone un obstaculo para estudios de taxonomia tradicional, pero si para los analisis
moleculares, ya que muchas técnicas suelen necesitar poblaciones clonales para caracterizar el
marcador molecular de interés (Andreoli et al., 2009), por todo esto, es poco lo que se conoce de
esta clase a nivel molecular. Un enfoque para abordar la caracterizacién molecular de estos
organismos ha sido trabajar con células aisladas, o con un nimero pequefio de ellas (Dyal et al.,
1995; Yuasa et al., 2006; Carpenter y Keeling, 2007; Andreoli et al., 2009), como consecuencia de
esto podemos tener secuencias moleculares, pero sin estar asociadas a la morfologia de los
organismos. En sintesis, el empleo de enfoques moleculares se dificulta en aquellos organismos

gue presentan infestaciones mixtas y son dificiles de aislar. Tal es el caso del ciliados de la familia
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Trichodinidae objeto de este estudio, A la fecha existen muy pocos trabajos moleculares en
relacidn con la gran diversidad de especies (Fariya et al., 2017; Tang et al., 2017; Abdelkhalek et
al., 2018; Wang et al., 2019, 2020; Wiroonpan y Purivirojkul, 2019), lo que cual probablemente
se debe a la dificultad de aislamiento sin comprometer su correcta descripcion morfoldgica. Al
respecto, se reitera la ventaja actual que sobre los analisis moleculares tienen los andlisis de
morfometria geométrica, que permiten tener una descripcién precisa de los organismos, evaluar
similitudes y diferencias de caracter morfoldgico y ecoldgico entre poblaciones y/o especies,

delimitar especies y/o hacer estudios de variaciones intraespecificas entre tricodinidos.

En conclusidn, para reducir la incertidumbre taxondmica que acompafia a los tricodinidos,
se debe realizar una revision exhaustiva de los taxones insuficientemente descritos mediante un
enfoque integrador, es decir, utilizando una combinaciéon de observaciones morfolégicas
detalladas, informacioén ecoldgica y métodos moleculares modernos (Rataj y Vdacény, 2021). Este
proyecto propone el uso de la morfometria geométrica, en especial el andlisis eliptico de Fourier,
como un analisis adicional para caracterizar cuantitativamente y comparar aquellas estructuras
en las que se basa la determinacion taxondmica de la familia Trichodinidae, asi como para
abordar los conflictos morfolégicos que surgen al comparar diferentes poblaciones y especies

con conflictos taxonomicos.
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