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Resumen

Las-alteraciones en las trayectorias de desarrollo de los peces ocurren como respuesta
a cambios” genéticos o del ambiente, especialmente durante periodos sensibles de
desarrollo déneminados ‘ventanas criticas de desarrollo’. En esta investigacion se utiliz0
a la ontogenia temprana del pejelagarto Atractosteus tropicus como modelo para estudiar
la supervivencia, crecimiento y desarrollo de la especie para ampliar el panorama sobre la
biologia de los peces, €specialmente de aquellos que respiran aire. Se analizaron
caracteristicas morfolégicas (masa, longitud y factor de condicién), fisiolégicas (ritmo
cardiaco, ventilacion branquial y ventilacion aérea) y moleculares (expresion de genes) en
funcidn de tres estresores como4datemperatura, la disponibilidad de oxigeno y la salinidad.
Asi mismo, se analiz6 el tiempo.-de- ocurrencia de eventos morfoldgicos (eclosion,
alimentacion exdgena, absorcion del yvitelo, nado libre y cambio en la forma del hocico) y
fisioldgicos (latidos del corazon, movimientos operculares y respiracion aérea) clave para
el desarrollo de la especie, denominado ‘heterokairy’. Los ensayos se realizaron durante
tres periodos importantes en el desarrollo: 1) fertilizacion a eclosion, 2) 1 a 6 dias post
eclosion (dpe) y 3) 7 a 12 dpe. Los resultados de.esta investigacion demostraron que el
pejelagarto es un pez modelo para estudios.en etapastempranas de desarrollo. Del mismo
modo, los resultados sugieren ventanas criticas identificables para cada una de las
variables, observando que en general los periodes de fertilizacion a eclosion y 1-6 dpe son
los mas sensibles desde perspectivas morfoldgica, fisiologica y:molecular, mientras que
el periodo que comprende los 7-12 dpe se mostr6 como el més.resiliente. Este trabajo
contribuye al conocimiento sobre la ecomorfofisiologia y biologia‘molecular de las etapas
tempranas de los peces y las interacciones entre individuos X estresores x tiempo de
exposicién. Por otro lado, los resultados generados en la presente investigacién sugieren
pardmetros importantes bajo los cuales puede favorecerse el larvicultivo de la especie y
mejorar los sistemas de produccion en el sureste del pais, promoviendo una<mayor

supervivencia y crecimiento de los peces en sus primeras etapas de vida.
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Introduccidn

Laplasticidad en el desarrollo es la habilidad de los organismos en sus etapas
tempranas#de modificar su fenotipo en funcién de fatores intrinsecos (genéticos) o
extrinsecos ambientales (Burggren, 2019; Burggren y Reyna, 2011; Hutchins, 2011). Las
modificaciones_en. las trayectorias de desarrollo como resultado de la plasticidad
fenotipica tienen la capacidad de alterar caracteristicas en los adultos, las cuales pueden
ser adaptativas o perjudiciales (Vehaskari et al., 2011; Morgan et al., 1998; Sallout y
Walker, 2003). Algunas alteraciones en ciertas caracteristicas de los organismos en
desarrollo ocurren durante-periodos de tiempo especifico, las cuales se conocen como
ventanas criticas. Las ventanas-efiticas se definen como periodos sensibles en el desarrollo
donde el fenotipo puede alterarse"por.diferentes factores (Pinkerton y Joad, 2000; Hogan
et al., 2008; Burggren y Reyna, 2011;Buggren y Mueller, 2015).

La mayoria de los estudios que han\analizado ventanas criticas en el desarrollo se han
centrado en el efecto de un solo factor (estresor) en diferentes tiempos de desarrollo (e.qg,,
Dzialowski et al., 2002; Chan y Burggren, 2005; Liu y Wong-Riley, 2010; Tate et al.,
2015). Sin embargo, un disefio experimental para véntanas criticas que es ‘multifactorial’
(e.g., multiples factores variando simultdneamente) ofrecen un panorama de
circunstancias mas realista que permite entender y visualizar la interaccion del desarrollo,
la dosis de los estresores y la respuesta en caraeteristicas fenatipicas de interés (Burggren
y Mueller, 2015; Mueller et al., 2016).

Ademaés de determinar el efecto de los estresores en las ventanas criticas de ciertas
caracteristicas, es importante analizar como esos factores pueden alterar las trayectorias
de desarrollo de los organismos, especialmente en cuanto al inicio y tiempo de ocurrencia
de eventos en el desarrollo (anatémicos, fisiologicos, etc,). Las modificaciones en estas
caracteristicas de los individuos se denominan ‘heterokairy’, que se define como °...la
plasticidad en el tiempo de inicio de diferentes eventos en el desarrollo & nivel de
organismos’ (Spicer y Burggren, 2013). Del mismo modo, ‘heterokairy’ puedé\ser
evidente en cambios que ocurren entre poblaciones de una misma especie.

Con base en lo anterior, las larvas de los Lepisosteidos presentan desarrollo
embrionario y larval rapidos, lo cual los convierte en modelos ideales para el estudio de
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etapastempranas de desarollo (Burggren et al. 2016). El pejelagarto Atractosteus tropicus
Gill'1863 es una de las siete especies existentes de los Lepisosteii y se distribuye desde el
Sur de México hasta América Central (Barrientos-Villalobos y Espinoza de los Monteros,
2008; Bussing»1998; Miller et al., 2005). Esta especie se encuentra en masas de agua con
movimiento lento.como rios, lagos, lagunas y remansos. El pejelagarto puede sobrevivir
en ambientes con haja saturacion de oxigeno y moderada alta temperatura (Mora et al.,
2015). Ademaés de Ia funcion ecoldgica de la especie en su habitat, A. tropicus representa
importancia socioecongmica y cultural en Tabasco y areas aledafias con costumbres de
civilizaciones Olmeca y Maya«Por ejemplo, el pejelagarto es un alimento popular debido
a su alta calidad nutrimental a bajo precio. Del mismo modo, se venden como mascotas,
se realizan joyas con su piel y‘eseamas y organismos completos son preservados como
souvenirs. Ademas, el pejelagarto‘es una de las cinco fuentes pesqueras y de cultivo en
México y es una especie importante en”la industria de la pesca recreacional (Barrientos-
Villalobos y Espinosa de los Monteros, 2008; Bussing, 1998; Miller et al., 2005).
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Antecedentes

Supervivencia y crecimiento

La supervivencia de los organismos puede afectarse por numerosos factores y su
efecto combinado. Por ejemplo, cambios en la salinidad y oxigeno disuelto estan aunados
a incremento en la temperatura del agua debido al cambio climatico y actividades
antropogénicas (Breigtburg et al., 2018; Diaz, 2001). Varios estudios han demostrado
como la temperatura‘y_el oxigeno disuelto disminuyen la supervivencia (especialmente
durante la incubacién) en,Teledsteos y Holosteos (e.g., Comabella et al., 2014; Del Rio et
al., 2019; Eme et al., 2015;*Hassell et al., 2008; Hou et al., 2019; Levesque et al., 2019;
Mueller et al., 2011a). En el caso/de los Lepisosteidos, las larvas y jévenes de Lepisosteus
oculatus presentaron supervivencia.diSminuida al exponerse a altas concentraciones de
oxigeno (hiperoxia), mientras que en‘bajas concentraciones (hipoxia) la supervivencia no
presentd diferencias significativas con les peces mantenidos en normoxia (Rimoldi et al.,
2016).

Con respecto a la salinidad, yvarias especies de peces primitivos pueden tolerar
salinidades superiores o inferiores que la/osmolalidad de su plasma. Sin embargo, existe
muy poca informacion sobre la salinidad 'y las etapas tempranas de vida de los peces (Allen
et al., 2011; Allen y Cech, 2007; Beamish,'£980; McDowall, 1988; Richards y Beamish,
1981; Schwarz y Allen, 2014). Un factor importante es que los peces recién eclosionados
carecen de la capacidad de tolerar salinidades facilmente toleradas por los adultos, ya que
las branquias son el principal 6rgano para iono/osmorregulacion-en larvas de peces y de
su madurez depende el éxito de este proceso y, por consecuencia, la supervivencia de los
peces (Brauner y Rombough, 2012; Kupsco y Schlenk, 2016; Kwan et al';, 2018; Melo et
al., 2019; Tresguerres et al., 2020).

El crecimiento de los Leposisteii se caracteriza por un desarrollo embrionario rapido
(~72 horas), un incremento de talla significativo antes de la metamorfosis. Por otro, lado,
después de la metamorfosis la tasa de crecimiento disminuye durante la transicionen el
tipo de alimentacion. Este patron es dependiente de la temperatura y se ha descrito ‘para
Atractosteus tristoecus (Comabella et al., 2014), A. spatula (Mendoza et al., 2002), L.
osseus (Pearson et al., 1979) y L. oculatus (Simon y Tyberghein, 1991). Por otro lado,
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algunes Teledsteos no muestran relacion entre las temperaturas de incubacion y la masa 'y
longitud.al momento de eclosionar (Jonassen et al., 1999; Keckeis et al., 2001; Mendiola
et al., 2007,Person-Le Ruyet et al., 2006).

Del misme modo, la disponibilidad de oxigeno tiene un efecto directo sobre el
crecimiento de. 1os peces en desarrollo. Una reduccion en el crecimiento puede suceder
debido a la respuesta compensatoria de los embriones para priorizar otras actividades en
funcion de la disponibitidad de oxigeno (Rombough, 1988). Ademaés, los peces menor
crecimiento presentan menores posibilidades de supervivencia, especialmente debido a
que presentan natacion lenta,”baja competitividad, pueden presentar deformidades y
mayor riesgo de depredacion (Del Rio et al., 2019; Hassell et al., 2008; Mason, 1969;
Pepin, 1991).

Ademas, la tasa de crecimienio de los peces puede incrementar en salinidades
tolerables debido a la reduccion en ellos'costos de osmorregulacion. Sin embargo, cuando
los peces se exponen a concentraciones mMas altas, los costos de osmorregulaciéon pueden
interferir con el crecimiento (Boeut.y-Payan;2001). Por ejemplo, las larvas de Cyprinus
carpio incrementan su masa corporal’si)se exponen a salinidades entre 5.0 y 20.0 (Malik
et al., 2018), en contraste, su longitud nojse'modifiea. Algunos estudios han mostrado que
larvas de peces incubadas y criadas en mayores salinidades que en sus ambientes naturales
presentan una reduccion en su longitud total (Hernandez<Rubio y Figueroa-Lucero, 2013;
Vetemaa y Saat, 1996). Las variaciones en la masa corporal odongitud han sido atribuidas
a diferencias en el contenido de agua de las especies (Holliday, 1969), los cuales dependen
de la permeabilidad de las branquias y la superficie corporal al agua’y sales en el ambiente
(Eddy y Handy, 2012). Con relacion a los Lepisosteiformes se conoce que existe una
relacién entre el crecimiento, la respiracion aéreay la salinidad en peces jovenes (Schwarz
y Allen, 2014; Smatresk y Cameron, 1982), sin embargo, no se han descritordatos en
embriones y larvas. Incluso cuando la temperatura se combina con la salinidadyel efecto
de la temperatura sobre la absorcion del vitelo y la utilizacion de la energia sonamucho
mayores que aquellos de la salinidad (Alderdice y Velsen, 1971; Collins y Nelson, 2993;
Hart y Purser, 1995; May, 1974).
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Desarrollo y heterokairy

oS Lepisosteidos y otras especies de peces con desarrollo indirecto deben atravesar
una etapa de eleuteroembridn y pasar cierto tiempo adheridos al sustrato para madurar
(Batty, 1984)~EIl tiempo de ocurrencia de los diferentes eventos clave (morfologicos y
fisiologicos) en“el desarrollo de los peces (incluso después de la eclosion) puede verse
afectado por la accion de diversos factores y tener consecuencias a largo plazo en los peces
(Eddy y Handy, 20247°Eme et al., 2015). A medida que se desarrollan los peces, el
presupuesto de energia~proveido por el saco vitelino disminuye, el metabolismo
incrementa y las larvas en(desarrollo deben buscar presas para compensar sus demandas
energéticas (Regnnestad et al; 2013). Por ejemplo, temperaturas mayores a las que se
presentan de manera natural pueden_acelerar su desarrollo, lo cual no en todos los casos
es favorable, ya que un desarrolle” agelerado requiere de un incremento en el gasto
energético (Camacho et al., 2011; Dou et al., 2002, 2005). Por otro lado, se ha descrito
que la variacion en la disponibilidad.de oxigeno y la salinidad pueden retrasar el desarrollo
(Del Rio et al., 2019; Massa et al.~1999; Polymeropoulos et al., 2017; Roussel et al.,
2007) dando como resultado peces dexmenor tamafio y mas susceptibles a las demandas
del ambiente (Del Rio et al., 2019; Hassell'etal., 2008; Mason, 1969; Pepin, 1991). Estas
alteraciones pueden limitar el desempefio de los peces y«disminuir su supervivencia. Por
ejemplo, un evento crucial en el desarrollo_de los peCes-es el inicio de la natacion
(Voesenek et al., 2018) que puede verse afectado por la hipoxia y la salinidad, ya que
ambas retrasan el desarrollo y disminuyen la actividad de los peCes (Holliday, 1969). El
desarrollo lento incluye una disminucion en la tasa de absorcion del vitelo (Del Rio et al.,
2019; Massa et al., 1999; Polymeropoulos et al., 2017; Roussel et al.,”2007), la cual provee
la energia necesaria para forrajear (Moteki et al., 2001; Williams et*al’, 2004) y para
competir por recursos (Coughlin, 1991; Makrakis et al.,2005).

En el caso de los Lepisosteidos, las diferencias en el tiempo de.desarrollo
(especialmente el inicio temprano de la alimentacion exogena) promueven el canibalismo
una alta variacion en la relacion masa-longitud (Aguilera et al., 2002; Marquez-Couturier
et al., 2015; Burggren et al., 2016). Ademas, las diferencias también pueden observarse

en el tiempo de la apertura de la boca entre especies de este grupo. (Aguilera et al., 2002),
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donde“A. spatula exhibe crecimiento alométrico del hocico en proporcion al tamafio de los
adultes’en tallas y edades menores que A. tropicus. Esta caracteristica esta relacionada con
la rdpidasmetamorfosis de A. spatula que mejora la oportunidad de cazar, capturar presas
y la aparicién-temprana del canibalismo (Busch, 1996; Dabrowski and Bardega, 1984;
Hecht y Pienaary 1993).

Respuesta moleculary,disponibilidad de oxigeno

Los animales acuaticos tienen acceso relativamente menor al oxigeno en su ambiente,
comparado con animales terrestres (Eddy y Handy, 2012; Jonz et al., 2016). Debido a ello,
los peces han desarrollado una serie de adaptaciones que les permite explotar diferentes
habitats y satisfacer sus demandas.de oxigeno, tales como modificaciones en las branquias
o la piel, y la habilidad de consumir‘oxigeno atmosférico (Damsgaard et al., 2020; Eddy
y Handy, 2012; Gardufio et al., 2020;Jenz et al., 2016). Sin embargo, existe muy poca
informacion que relacione los procesos ‘respiratorios de los peces con los mecanismos
moleculares que los regulan. Actualmente “existen mas estudios que relacionan ambas
caracteristicas como respuesta a la hipoxia en péces con respiracién acuatica (e.g., Chen
et al., 2012; Davies et al., 2011; Geng et al.,»2014; Kodama et al., 2012; Rimoldi et al.,
2012; Terova et al., 2008) que en peces con respiracién.aérea (Chi et al., 2013; Huang et
al., 2015a, 2015b; Rimoldi et al. 2016).

El mantenimiento del equilibrio de oxigeno en organisaios, acuaticos es un proceso
importante, cuya respuesta involucra factores de transcripcionscomo las proteinas Hif
(Chen, et al., 2020; Kaelin y Ratcliffe, 2008; Schofield and Ratcliffe, 2004; Whitehouse
y Manzon, 2019). Las proteinas Hif (hif-/a y hif-2o por ‘menCionar las mas
representativas) presentan una ruta conservada desde elasmobranchios.hasta tetrapodos
para la respuesta fisiologica a la disminucion de oxigeno en el medio (Prabhakar y
Semenza, 2015; Rytkonen et al., 2011; Semenza, 2010). Ademas, estas proteinas regulan
la expresion de otros genes relacionados con procesos como la glucolisis, metabolismo
del hierro, contraccion muscular, asi como el inicio de a respuesta a bajos niveles e
oxigeno (Porporato et al., 2011; Semenza, 2000). En el caso de los Lepisosteidos, (L.

oculatus muestra un incremento en los niveles de expresion de proteinas Hif (hif-2a) como
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respuesta a 71 dias de exposicion a bajas concentraciones de oxigeno (Rimoldi et al.,
2016)+°Sin embargo, la expresion es variable entre las diferentes especies de peces que
respiranaire (Huang et al., 2015a, 2015b).

La actividad transcripcional de hif-7a pueden regularse por el inhibidor del factor de
induccion devhipoxia fih-1 (Lando et al., 2002). Por ejemplo, la tilapia del Nilo
(Oreochromis niloticus) y el bagre de canal (Ichtalurus punctatus) presentan un
incremento en la expresion de fih-1 después de someterse a estrés hipdxico (Feng et al.,
2019; Geng et al., 2014:-Li et al., 2017). Aunado a lo anterior, el estrés hipoxico puede
promover un consumo branquial y transporte de oxigeno ineficiente debido a la acidosis
en el plasma y la reduccion de la.afinidad de la hemoglobina al oxigeno (efecto Root). Las
branquias son 6rganos multifunciomales responsables del intercambio de gases, el balance
acido-base, asi como la iono- y osmorregulacion (Evans et al., 2005; Laurent and Perry,
1991). Desde esta perspectiva, las protefnas Hif pueden participar en el transporte de iones
a través del epitelio ya que la hipoxia alterata homeostasis y hif-/a esta involucrado en la
remodelacion de las branquias bajo’estrés hipéxico (Nilsson, 2007). Ademas, las proteinas
Hif pueden regular la expresion de intercambiadores ionicos para mediar el flujo de Na*
0 K* a cambio de iones H* a través de“las-membranas_(Brauner y Baker, 2009; Evans et
al., 2005). Una de las mayores afectaciones ocurre”cuando el intercambio de iones
transepitelial disminuye durante eventos de @acidosis, lo“cual limita la capacidad de las
branquias para regular el pH extracelular, lo cual puede disminuir el desempefio e incluso
la supervivencia de los peces (Brauner y Baker, 2009; Shartau y.Brauner, 2014).

De igual forma, las proteinas Hif puedne desencadenar la expresion de otros genes
como respuesta a la variacion en la disponibilidad de oxigeno, incldyendo aquellos
relacionados con la eritropoyesis, mediada por la eritropoyetina. La eritropoyetina (epo)
es una glucoproteina bien descrita para mamiferos (Haase 2010, 2013; Semenza'1999), en
contraste, su funcion en los peces es poco conocida. Son pocos los estudios que deseriben
el incremento en la expresion de epo en peces como respuesta a la hipoxia (Chou et al.
2004; Chu et al. 2007; Paffet-Lugassy et al. 2007; Pierron et al. 2007) y su funciénno
solo se limita a la produccion de globulos rojos, sino que participa en procesos como da

neo-vasculararizacion (Ribatti et al., 1999), la morfogénesis cardiaca (Wu et al., 1999), la

12
Martinez-Bautista, 2021



proliferacion de mioblastos (Oglivie et al., 2010) y capacidades regenerativas (Buemi et
al., 20609).

Respuestafisiologica a cambios en la disponibilidad de oxigeno, la salinidad y la
temperatura

La mayoria de_los estudios realizados en peces con respiracion aérea se han enfocado
en etapas adultas (Little},2009; Milsom, 2012; Perry et al., 2001; Randall et al., 1994;
Randall et al., 1981; Randall e Ip, 2006; Shartau y Brauner, 2014). De acuerdo con Lefevré
et al. (2014) existe una“necesidad urgente de estudiar la fisiologia (especialmente
respiratoria) de los peces que-tespiran aire, en particular de aquellos empleados en
proyectos de acuacultura. La mayoria de estos estudios se han enfocado en descripciones
morfolodgicas y el valor nutrimental dedas especies (Blank, 2009; Blank y Burggren, 2014;
Burleson et al., 1998; Echelle y Rigs, 1972; Gonzélez et al., 2010; Long y Ballard, 2001;
Méndez-Sanchez y Burggren, 2014;sMendoza et al., 2007; Ramos et al., 2013), muy pocos
en su bioquimica o su biologia celttar’y molecular (Ahmad y Hasnain, et al., 2005; Arias-
Rodriguez et al. 2009; Frias-Quintana et al., 2015, rick et al., 2007; Guerrero-Zéarate et
al., 2014; Revol et al., 2005). En contraste,.muy poces\estudios se han llevado a cabo en
etapas tempranas, las cuales son las mas vulnerablesen el desarrollo de los peces
(Burggren and Bagatto, 2008; Johnson et ak#2010; Rudneva, 2014). Dentro de estas
investigaciones destacan trabajos que describen las respuestas metabdlicas en funcion del
ambiente, incluyendo el efecto de la hipoxia, del desarrollo per_se, y los costos de este
proceso (Blank, 2009; Liem, 1981; Mendez-Sanchez, 2015; Méndez-Sanchez et al., 2014;
Mueller et al., 2011a; Mueller et al., 2011b).

En el caso de los Lepisosteidos, particularmente jévenes y adultos, existen diversos
estudios que describen su morfologia y fisiologia con respecto a la toxicidad (Boudreux
et al., 2007), tasa de ventilacion (Burleson et al., 1998), respiracion aérea (De Roth{1973;
McCormack, 1967; Rahn et al., 1971; Renfro, 1967; Saksena, 1967, Wiston; 1967),
locomocion (Hill et al., 1973), estructura y funcion branquial (Landolt y Hill, 1975),
funcion respiratoria de la vejiga gaseosa (Potter, 1927), crecimiento e inoregulacién

(Schwarz y Allen, 2014); respuestas a cambios en la temperatura e hipercapnia (Smatresk,
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1982)srespuestas quimio-receptivas (Smatresk et al., 1986; Smatresk y Cameron, 1982),
morfelOgia e inervacion del corazon (Zaccone et al., 2011) y osmorregulacién (Zawodny,
1975).

Con relacion a la fisiologia cardio respiratoria en el pejelagarto durante sus etapas
tempranas de\desarrollo destaca el trabajo de Burggren et al. (2016), donde se muestra
que el ritmo cardiaco(fn) y la ventilacion branquial (fg) incrementan rdpidamente durante
los primeros 5 dias‘después de la eclosion; el fq permanece constante hasta los 30 dias,
mientras que la fc dismiinuye con la edad y la respiracion aérea (fag) incrementa
significativamente a los 15 dias post eclosion. El fy y la fc incrementan después de
actividad forzada mientras que se'mantiene constante fag. Del mismo modo, el fu y la fe
incrementan conforme incrementa” la temperatura del ambiente en todas las edades
menores a los 30 dias posteclosions"Ademas, el fu y la fc se ven afectadas por la baja
disponibilidad de oxigeno. Por un lade,) los peces de menos de 5 dias muestran un
incremento de fe al incrementar la hipoXia:Por otro lado, peces del5 y 30 dias muestran
una disminucion de la fc y un incremento desfag al disminuir el nivel de oxigeno. El f4
también incrementa al exponerse a l@S\peces a ‘estrés hipdxico.

Con relacidn a estudios sobre ventamnas-eriticas gn peces y su relacion con su fisiologia
existen muy pocos estudios. Por ejemplo, Eme et al.(2025) evaluaron el f4 y el consumo
de oxigeno (MOz) en Coregonus clupeaformis durante_tres periodos sensibles en la
incubacion y en funcion de cambios en la temperatura. La disminucion de la temperatura
incrementa el tiempo de cada ventana, mientras que temperaturas mas altas lo reducen.
Del mismo modo, los cambios en la temperatura de incubacion maodificaron el fy y MO>
se observaron incrementos y decrementos en esta caracteristica. De/esta manera, los
autores sugieren que el desarrollo embrionario entre la fertilizacion y.la’ organogénesis
representa una ventana critica de plasticidad fenotipica en embriones y_peces recién
eclosionados. Un ejemplo mas sugiere que los cambios de temperatura en el desarrollo
temprano de los peces pueden alterar el tiempo para la eclosion y la masa seca de lospeces
al eclosionar (Mueller et al., 2015). Asi mismo, la tasa de conversion del vitelo disminuye
y el costo de desarrollo incrementa al incrementar la temperatura. El periodo de
organogeénesis a los primeros movimientos de las aletas se ve afectado por la relacion entre

el desarrollo y la temperatura, lo cual sugiere que este intervalo de tiempo puede
14
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repriﬂar una ventana critica donde sucede el mayor impacto en los procesos

.

ene
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Justificacion

En_peces, especificamente, es relativamente poco lo que se conoce acerca de su
biologia béaSica, respuestas fisioldgicas y moleculares con relacion a las ventanas criticas
de desarrollo, a-pesar de que este grupo ha sido ampliamente utilizado como modelos de
investigacion. Per-etro lado, es poco el conocimiento que se tiene sobre heterokairy como
una variacion a nivelindividual o poblacional y no entre especies (Spicer y Burggren,
2003; Spicer y Rundle, 2007; Spicer et al., 2001; Rundle y Spicer, 2016). La informacion
sobre heterokairy y ventanas criticas en peces con respiracion aérea -tanto Holosteii como
Teleosteii- es limitada. La‘mayoria de los estudios en estos grupos se ha enfocado en la
morfologia y fisiologia de peces adultos (e.g., Lefevre et al., 2016; Little, 1983; Milsom,
2012; Perry et al., 2001; Randalle.lp,-2006; Shartau y Brauner, 2014). Algunos estudios
se han enfocado en embriones y larvas; que son las etapas méas vulnerables y en donde las
presiones selectivas actuan severamente(e.g., Johnson et al., 2010). Esos estudios han
analizado la morfologia y fisiologia de embriones y larvas de Teleosteos (e.g., Blank y
Burggren, 2014; Gonzales et al., 2010; Joss, 2006; Méndez-Sanchez y Burggren, 2014;
Mueller et al., 2011; Smith, 1985)“yvalgunostHelosteos, (e.g., Aguilera et al., 2002;
Burggren et al., 2016; Comabella et al., 2013; Dean,1895; Echelle y Rigs, 1972; Long y
Ballard, 2001; Mendoza et al., 2007). Es por ello por o que la presente investigacion se
enfoca en el estudio de las respuestas fisielogicas, morfolégicas y moleculares en
respuesta a la temperatura, disponibilidad de oxigeno y salinidad durante las ventanas
criticas de desarrollo utilizando como modelo al pejelagarto Atractosteus tropicus. Los
resultados de esta tesis contribuyen al conocimiento sobre la ecomorfofisiologia y biologia
molecular de las etapas tempranas de los peces y las interacciones=entre individuos x
estresores x tiempo de exposicion. Del mismo modo, los resultados sugieren+parametros

importantes que pueden adoptarse para eficientizar el larvicultivo de la especie.
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Objetivos
General

Determinar los efectos fisioldgicos, morfologicos y moleculares promovidos por la
exposicion a alta temperatura, salinidad y diferente saturacion de oxigeno durante los

periodos sensiblesen el desarrollo de Atractosteus tropicus.
Especificos

Evaluar la supervivenCiay algunos parametros de crecimiento (masa, longitud, factor
de condicidn y tasa de crecimiento especifico) en el desarrollo temprano del pejelagarto
durante tres periodos clave ensel desarrollo (fertilizacion a eclosion, 1 a 6 dias post

eclosion (dpe) y 7 a 12dpe) en funcion de los tres factores.

Analizar el ritmo cardiaco, la ventilacian branquial y la ventilacion aérea durante los

tres periodos de desarrollo del pejelagarto.en funcion de los tres factores.

Identificar las ventanas criticas”para la supervivencia, crecimiento, caracteristicas
morfofisioldgicas y moleculares en €l_desarrollo”del:pejelagarto en funcion de los tres

factores

Evaluar la regulacion de la expresion de genes implieades en la tolerancia a la hipoxia
e hiperoxia en embriones y larvas de pejelagarto para cada periedo de desarrollo.

Determinar la variacion en el tiempo de inicio del ritme cardiaco, ventilacion
branquial, ventilacion aérea, eclosion, alimentacion exdgena, absorcién del vitelo, nado
libre y cambio en la forma del hocico, como respuesta a la exposiciéna.alta temperatura,
salinidad y diferente saturacion de oxigeno durante los periodos sensibles en el desarrollo

del pejelagarto.
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Abstract: Alterations® in fish ‘develgpmental trajectories occur in response to
genetic and enviropmental changesgeespecially during sensitive periods of
development (critical Windows). Embryosand larvae of Atractosteus tropicus were
used as a model to study-fish survival, growth, and development as a function of
temperature (28 °C control; 33 °C, and 36 °C)gSalinity (0.0 ppt control, 4.0 ppt, and
6.0 ppt), and air saturation (control ~95%.air, saturation, hypoxia ~30% air
saturation, and hyperoxia ~117% air saturation).during three developmental
periods: (1) fertilization to hatch, (2) day 1 to day.6post hatch (dph), and (3) 7 to
12 dph. Elevated temperature, hypoxia, and hyperoxia_decreased survival during
incubation, and salinity at 2 and 3 dph. Growth increased.in"embryos incubated at
elevated temperature, at higher salinity, and in hyperoxia butdecreased in hypoxia.
Changes in development occurred as alterations in the timing ofshatching, yolk
depletion, acceptance of exogenous feeding, free swimming, and“snout shape
change, especially at high temperature and hypoxia. Our results suggestidentifiable
critical windows of development in the early ontogeny of A. tropicus-and contribute
to the knowledge of fish larval ecology and the interactions of individuals x
stressors X time of exposure.

Keywords: ancestral fish; developmental phenotypic plasticity; heterokairy;
sensitive periods; critical windows
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1. Introduction

Developmental phenotypic plasticity is the ability of an organism in
its early stages to modify its phenotype as a function of intrinsic (genetic)
or extrinsic (environmental) factors [1-3]. Modifications in the
developmental trajectory as a result of phenotypic plasticity have the
capacity to alter traits in adulthood, being either adaptative or detrimental
[4-6]. Alterations in certain characteristics of developing organisms occur
during specific periods of time known as critical windows, which are
sensitive periods during development when phenotype is responsive to
intrinsic or extrinsic factors [1,7-9].

Most studies analyzing critical windows have focused on the effect of
one factor (stressor) at different times in development [10-13]. However,
an experimental design for critical windows that is multifactorial (e.g.,
multiple factors varying simultaneously) offers a more realistic set of
circumstances that affords the opportunity to understand and visualize the
interaction of development, stressor dose, and the response on phenotypic
characteristics of interest [9,14]. Most studies investigating critical
windows have targeted morphological and physiological characteristics,
maturation, metabolism, etc. across the different animal taxa [12,13,15-
17].

In fishes, specifically, relatively little is known about survival and
growth duringecritical windows, even though fish species have long been
used as animal-models. Some examples of studies analyzing critical
windows, survival, and growth described how survival and some growth
parameters are affected by shifting incubation temperature in the lake
whitefish.Coregonus clupeaformis [16] or decreased survival and hatch in
the Japanese medaka. (Ozyrias latipes) exposed to selenomethionine and
hypersaline.~environments. These experiments identified the early
neurulationas'the most suSceptible stage for lethality and morphological
alterations [18].

In addition=to determining the effect of stressors on the critical
windows of a given‘trait, it isqimportant to analyze how these factors can
alter the developmental trajectories.of organisms, especially regarding the
onset and timing of\developmental events. Modifications in the onset and
timing of the different physiological.processes of individuals have been
defined as “heterokairy”, “...the plastieity in the timing of the onset of
developmental events at the level of an indiyidual during its development”
[19]. However, heterokairy can also besfevident in changes occurring
between populations of a given species. Ouriunderstanding of heterokairy
as variation at the individual or populationaldevel and not between species
remains meager [19-22]. Information on heterokairy and critical windows
in air-breathing fishes—either Holosteans or Teleosteans—is especially
incomplete. Most studies of these groups have focuséd.on the morphology
and physiology of the adult forms of the species [23+28]. Some studies
have focused on embryonic and larval air-breathing fishes, which are the
most vulnerable and where selective pressures act heavily” [29]. Those
studies have focused on larval and embryonic morphology and_physiology
of Teleosteans [30-35] and some Holosteans as Lepisosteids[36-42].

Lepisosteid larvae exhibit rapid embryonic and larval development,
making them tractable models for studying early stages of fishes [37]. The
tropical gar Atractosteus tropicus Gill 1863 is one of the sevemextant
Lepidosteid species and is distributed from Southern Mexico to Central
America [43-45]. This species occurs in slow moving waters such as rivers,
lakes, lagoons, and backwaters. The tropical gar can survive to low oxygen
levels and moderately high temperatures [46]. In addition to the ecological
role of the species in its habitat, A. tropicus represents socioeconomic and
cultural significance in Tabasco (Southern Mexico) and surrounding areas
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with Olmec and Mayan cultures. For example, A. tropicus is a popular food
item, especially because of its high nutritional quality at a low price. This
species is also sold as pets, jewelry is made with their skin and scales, and
whole fish are preserved as souvenirs. Moreover, A. tropicus is one of the
five main fishery resources and cultured species in Mexico and it is an
important species in the recreational fishing industry [43-45].

Our study has focused on the effect of gradients of temperature, air
saturation, and salinity on survival, growth, and timing to key
developmental events in embryos and larvae of the tropical gar. We
employed a critical windows design comprising three early developmental
periods, which we hypothesize could be developmental phases when
characteristics of embryos and larvae change as a function of the dose of
the stressor and the time of exposure. Furthermore, we also hypothesize
that the stressors will have their greatest effects during egg incubation,
which can lead to long-term affectations in the fish since embryos and early
larvae are the most vulnerable stages in fish development [16,47,48]. We
identified the major critical windows for survival and growth as a function
of temperature, oxygen saturation, and salinity. We additionally assessed
how~the onset of hatching, yolk depletion, acceptance of exogenous
feeding, free swimming, and snout shape change is altered by the different
stressorssapplied during different developmental periods and treatments.
The data'generated by the current research contribute to the knowledge and
understanding of the ecology and physiology of larval fishes and the
interaction between stressors, time of exposure, and individual response.

2. Results
2.1. Survival as a Funetion of Stressor
2.1.1. Temperature

The highest survival rates at the end of the experimental period
occurred in the.control group (84%), followed by larvae from experimental
groups P2-33 °C, P3-33 °C,'P2-36-<C, and P3-36 °C (76-81%; p < 0.001).
In contrast, fish from-experimental groups P1-33 °C and P1-36 °C showed
lower survival (59% and 52% of.surwvival, respectively) and CE-36 °C the
lowest (46%; p < 0.001; Rigure 1a).

2.1.2. Air Saturation Level

Survival at the end of the hypoxia experiment ranged from 79% to
83% in the fish from the control and experimental groups P2-hypoxia, P3-
hypoxia, P2-hyperoxia, and P3-hyperoxia. These values were significantly
higher (p < 0.001) compared to larvae from experimental groups P1-
hypoxia, P1-hyperoxia, CE-hypoxia, and CE-hyperoxia (55% to 59%;
Figure 1b).

2.1.3. Salinity

Major differences in survival occurred (p < 0.001).due to the high
mortality in experimental groups P2-4.0, P2-6.0, CE-4.0, and*CE-6.0. At
the end of the experiment, larvae from experimental group P1-6:0 exhibited
the lowest survival (52%) and the rest of the experimental groups showed
no significant differences (p > 0.05), with percentages between=68%, and
74% (Figure 1c).

2.2. Survival as a Function of Development Stage
2.2.1. Period 1 (P1)—Fertilization to Hatch

e  Temperature. Control larvae exhibited the highest survival (95%; p <
0.001) followed by larvae from experimental groups P2-33 °C, P3-33
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°C, P2-36 °C, and P3-36 °C (74% to 89%). Lower survival (p < 0.001)
was registered for fish from experimental groups P1-33 °C and P1-36
°C at 68% and 63%, respectively. The lowest survival (p < 0.001)
occurred in larvae from experimental group CE-36 °C (49%; Figure
1a).

Air saturation. Control larvae and those from experimental groups P2-
hypoxia, P3-hypoxia, P2-hypeoxia, and P3-hyperoxia exhibited
survival of 85-88%, which significantly differed (p < 0.001) from
experimental groups P1-hypoxia, P1-hyperoxia, CE-hypoxia, and
CE-hyperoxia (61-64%; Figure 1b).

Salinity. No significant differences occurred in survival (p > 0.05),
which ranged from 75% to 85% in the different groups (Figure 1c).

2.2.2. Period 2 (P2)—From 1 to 6 dph

Temperature and air saturation. No significant differences were found
(p > 0.05). Survival was >90% in both experiments (Figure 1a,b).
Salinity. The highest salinity-induced mortality events occurred in
this intermediate period (p < 0.001). By 2 days post hatch (dph), all
larvae from experimental groups CE-4.0 and CE-6.0 had died. By 3
dph, the<fish from experimental groups P2-4.0 and P2-6.0 had also
died. SFhe rest of the experimental groups showed no significant
differences (p > 0.05; survival 90% to 97%; Figure 1c).
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2.2.3. Period 3 (P3)—From 7 to 12 dph

e  Developmental period 3 was the most resilient to stressors. No
significant differences were found between experimental groups in
any experiment (p > 0.05): temperature 91-98% survival, hypoxia-
hyperoxia 92-98%, and salinity 93-97% (Figure 1a—c).
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Figure 1. Survival of embryos and larvae of Atractosteus tropicus during each
experimental condition. (a) Temperature, (b) air saturation, (c) salinity.
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Differences in survival between groups for each experiment are represented by
lowercase letters (p < 0.001). Black arrows indicate the corresponding survival
percentages for each group. Dashed arrows in (c), indicate groups where all larvae
died. n = 1350 fertilized eggs (150 per treatment) at the beginning of each
experiment.

2.3. Body Morphology and Growth as a Function of Stressors and Stage
of Exposure

2.3.1. Body Mass (BM)

Temperature. At the end of developmental period 1, the control larvae
displayed the lowest body mass (16.1 = 0.6 mg), while larvae hatched
in 33 °C and 36 °C exhibited the highest (BM ~19-23 mg; p < 0.001;
Figure 2a). For developmental period 2, the highest BM was
registered for larvae from experimental groups P1-33 °C (34.9 £ 3.9
mg) and CE-36 °C (39.2 = 3,7 mg; p < 0.001; Figure 2a). By the end
of developmental period 3, larvae from experimental groups P1-33
°C, P1-36 °C, CE-33 °C, and CE-33° showed higher BM (~38-43
mg) compared to the rest of the experimental groups (BM ~30 mg; p
<70.001; Figure 2a). Figure 2d illustrates how BM increased
immediately after hatching in all the experimental groups, especially
in CE:33 °C and CE-36 °C. At the beginning of developmental period
3, a@light increase in BM occurred in larvae from experimental
groups P3-33 °C and P3-36 °C. However, after 2-3 days BM
decreased to'control values. The groups that exhibited the highest BM
at the end of the experiment started increasing BM at ~9 dph.

Air saturation. Larvae from experimental groups P1-hypoxia and CE-
hypoxia displayedsthe lowest BM (~12 mg) at hatching (p < 0.001;
Figure~2b). By developmental period 2, larvae from experimental
groups P1-hyperoxiay”P2-hyperoxia, and CE-hyperoxia exhibited the
highest.BM(~42 mg, p<.0.001; Figure 2b). By developmental period
3, fish from=the_controlfand P3-hyperoxia exhibited the lowest BM
(~45 mg); cenversely,” individuals from experimental groups P1-
hyperoxia and/P2-hyperoxia showed the highest (BM ~64-73 mg; p
< 0.001; Figure 2b). Figure 2e’shows high variation in BM for all
groups since the beginning of .developmental period 2. Fish from
experimental groups with the highest BM at the end of the experiment
started showing differences at ~9+dph (p < 0.001). Body mass of
larvae from experimental group P3-hyperoxia showed little variation
through developmental period 3.

Salinity. In developmental period 1, fish\from experimental groups
P1-6.0 and CE-6.0 showed the highest BM (18.12 + 1.3 mg and 19.4
+ 1.6 mg respectively; p < 0.001; Figure 2¢). At the end of
developmental period 2, no significant differences in BM occurred
between any of the five surviving groups (BM 3237 mg; p > 0.05).
By developmental period 3, larvae from experimental groups P1-4.0
and P1-6.0 exhibited higher BM (48.2 = 4.1 mg and 56.8 + 6.1 mg,
respectively) than the control and the rest of the grotups (z37-40 mg;
p < 0.001; Figure 2c). Figure 2f shows the BM to increase)in P1-4.0
and P1-6.0 at ~7 dph and continued by the end of thetexperiment,
while fish from the control and experimental groups P3-4.0.and P3-
6.0 remained constant.

In summary, body mass was significantly increased by ‘higher

temperature during the three developmental periods, decreased in hypexie
groups during incubation and increased in hyperoxic experimental groups
exposed during developmental periods 1 and 2, and increased at the end of;
the salinity experiment in fishes incubated at either 4.0 ppt and 6.0 ppt of
salinity.
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Figure 2. Body mass (BM) of Atractosteus tropicu$ at the end of’each developmental period for (a)
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2.3.2. Total Length (Ly)

Temperature. Larvae exposed to either 33 °C 0rs36%°C during
incubation exhibited higher total length (Lt) (~10-12 mm),compared
to the controls (9.1 + 0.36 mm; p < 0.001; Figure” 3a). For
developmental period 2, the highest Lt was observed in‘larvae from
experimental groups CE-36 °C (22.9 + 1.3 mm; p < 0.001; Figure 3a).
By developmental period 3, larvae from experimental groups P1-33
°C, P1-36 °C, CE-33 °C, and CE-36 °C showed higher Lt (~20£22
mm) than the control larvae (19.1 £ 0.7 mm; p < 0.001; Figure-3a):
The interaction of all variables during the complete experimentis
presented in Figure 3d. Total length from fish from experimental
groups P1-33 °C and CE-36 °C significantly increased from
incubation through 12 dph, compared to the rest of the groups (p <
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0.001). However, larvae from experimental group P1-36 °C showed
increased Lt by hatching, but during developmental period 2, the
values were closer to the control larvae (~19 mm).

Air saturation. No significant differences were observed in fish Lt by
developmental period 1 (Lt ~9 mm; p > 0.05; Figure 3b). In
developmental period 2, larvae from experimental groups P1-
hyperoxia and P2-hyperoxia showed higher Lt (19.6 £ 0.9 mm; 19.7
+ 1.2 mm, respectively) compared to the rest (Lt ~18.5 mm; p <
0.001; Figure 3b). For developmental period 3, Lt was higher in
larvae from experimental groups P1-hyperoxia (24.8 £ 1.6 mm), P2-
hyperoxia (23.6 + 2.3 mm), CE-hyperoxia (23.8 + 2.2 mm), and CE-
hypoxia (23.3 £ 1.3 mm; p < 0.001) compared to the control (20 + 1.8
mm; Figure 3b). Figure 3e shows the interaction of development, L,
and time of exposure to hypoxia and hyperoxia throughout the
experiment. All treatments showed a similar tendency in the Lt
increase from incubation to ~9 dph. However, at this point, Lt of
fishes from experimental group P1-hyperoxia, P2-hyperoxia, CE-
hyperoxia, and CE-hypoxia showed major increase in Lt than the fish
in'the rest of the groups.

Salinity=By the end of developmental period 1, larvae from
experimental groups P1-4.0, CE-4.0, P1-6.0, and CE-6.0 showed
highersL (~9.6-10 mm) compared to fish from the control and
experimental groups P2-4.0, P3-4.0, P2-6.0, and P3-6.0 (LT ~9.2 mm;
p < 0.00%; Figure 3c). No significant differences in Lt were observed
at developmental period 2 between experimental groups (Lt ~19.2
mm;p > 0.05; Figure 3c). At the end of the experiment, only larvae
from_experimental” groups P1-4.0 and P1-6.0 showed significantly
higher'Ls values (+20.3-21-8 mm) compared to the control and larvae
from experimental groups P3-4.0 and P3-6.0 (~19.7 mm; p < 0.001;
Figure 3c). The interactionrof L+, development, and the groups during
the whole gxperiment @s presented in Figure 3f. From incubation to
~9 dph, all' groups showed similar patterns of increase L. Right after
this point, fish fram experimental groups P1-4.0 and P1-6.0 showed
higher values 0f/Lt\(~21 mm).than the control (19.2 + 1.1 mm; p <
0.001), which continued through'the experiment.
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Figure 3. Total length (Lt) of Atractosteus tropicus at the end ofseach developmental period for the
experiments with (a) temperature, (b) air saturation, and'(c) salinity. Means £ SEM are presented. Lowercase
letters represent differences between experimental groups from each develepmental period (p < 0.001).
Capital letters indicate differences within developmental time for each experimental group (p < 0.001).
Panels (d-f) show the relation between development, treatments, and effect on theitotal length of the fish in
the whole experiments for temperature, air saturation, and salinity, respectively. Centrol conditions: 28 °C,
0.0 ppt of salinity, normoxia (95% air saturation); treatments 1: 33 °C, hypoxia (=30% air saturation), or 4.0
ppt of salinity respectively to each experiment; treatments 2 (independently for €ach experiment): 36 °C,

hyperoxia (117% air saturation), or 6.0 ppt of salinity respectively to each experiment#Black crosses (X) in
the salinity experiment represent groups where all fish died. n = 20 for each treatment.

In summary, total length was increased by “higherqtemperature,
especially during continuous exposure. Hyperoxia during developmental
periods 1 and 2, and continuous hypoxia and hyperoxia increased Lt
increased Ly at the end of the experiment. Salinities of 4.0 pptand 6.0 ppt
during incubation increased L at the end of the experiment.

2.3.3. Specific Growth Rate (SGR)

e  Temperature. During developmental period 1, fish from the ¢ontrol
and experimental group P2-33 °C showed the lowest specific growth
rate (SGR) (~0.7% d-1), while the highest SGR was observed'in

larvae from experimental group CE-36 °C (1.3 £0.2% d-1; p < 0.001;
Figure 4a).
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Figure 4. Specific growth rate (SGR) of Atractosteus tropicus. (a) Temperature, (b) air saturation, and (c)
salinity experiments at the end of each developmental period. Means + SEM are presented. Lowercase letters
represent differences between experimental groups from*each developmental period (p < 0.001). Capital
letters indicate differences within developmental time for each experimental group (p < 0.001). Panels (d-f)
show the relation between development, treatments, and effect on the specific growth rate of the fish in the
whole experiments for temperature, air saturation, and salinity, respectively. Gontrol conditions: 28 °C, 0.0
ppt of salinity, normoxia (95% air saturation); treatments 1: 33 °C, hypoxia (~30% air saturation), or 4.0 ppt
of salinity respectively to each experiment; treatments 2 (independently for each experiment): 36 °C,

hyperoxia (117% air saturation), or 6.0 ppt of salinity respectively to each experiments#Black crosses (X) in
the salinity experiment represent groups where all fish died. n = 20 for each treatment.

In developmental period 2, the highest SGR was observed in the
control (3.15 + 0.1% d') and experimental group CE-36 °C«(8.17 + 0.3%
d™), and the lowest by experimental groups P1-36 °C, P2-36 °C, and CE-
33°C (~2.1-2.3% d'; p < 0.001; Figure 4a). At the end of developmental
period 3, the highest SGR was registered in larvae from expefimental
groups P1-33 °C (3.7 £ 0.3% d') and the lowest in larvae from
experimental group P2-36 °C (SGR = 2.2 + 0.2% d'; p < 0.0014~Figure
4a). Figure 4d shows the interaction of temperature, time of exposure, and
SGR. High variation can be observed in most groups compared to the
control. Larvae from P2-36 °C (lowest SGR) showed low increases in SGR
since the beginning of developmental period 2 (p < 0.001). Larvae from the

group with highest SGR (P1-33 °C) at the end of the experiment started
increasing its values at ~10 dph.
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Air saturation. At the end of developmental period 1, fish from
experimental groups P1-hyperoxia and CE-hyperoxia showed the
highest SGR (0.74-0.86% d-1; p < 0.001; Figure 4b). By
developmental period 2, fish from experimental groups P1-hyperoxia,
P2-hyperoxia, and CE-hyperoxia exhibited the highest SGR (~4.5%
d-1) and the lowest was registered in larvae from P3-hyperoxia (3.5 =
0.4% d-1), which did not present significant differences compared to
the control (3.9 £ 0.2% d-1; p > 0.05; Figure 4b). At the end of the
experiment, fishes from experimental groups P1-hyperoxia and P2-
hyperoxia showed the highest SGR values (6.1 + 0.4% d-1 and 5.4 £
0.8% d-1 respectively; Figure 4b). Figure 4e shows the overall
interactions in this experiment. From ~6 dph, larvae from
experimental group P3-hyperoxia showed no increase in SGR
throughout 12 dph. Fish from groups with the highest SGR (P1-
hyperoxia and P2-hyperoxia) increased their SGR at ~9 dph. For the
rest of the groups, a continuous but lower increase than P1-hyperoxia
and P2-hyperoxia occurred (p < 0.001).

Salinity. By developmental period 1, SGR in experimental groups P1-
6°0 (1.28 £ 0.1% d-1) and CE-6.0 (1.53 + 0.2% d-1) was significantly
higher_than larvae from the control (0.73 + 0.1% d-1; p < 0.001;
Figure 4c). During developmental period 2, no significant differences
(p > 0405) were observed (SGR ~3.4-3.9% d-1; Figure 4c). By
developmental period 3, higher SGR was observed in experimental
groups P1-4:0(4.8 + 0.6% d-1) and P1-6.0 (5.3 + 0.8% d-1) compared
to the restfithe fish (SGR ~3.9-4.2% d-1; p < 0.001; Figure 4c).
Figure 4f shows similar values of SGR in all the groups by hatching
and/1 dph for the;seven surviving populations. The control group and
the four survivingygroups show a similar pattern in SGR along the
experiment. However, by 8 dph, fish from P1-4.0 and P1-6.0 started
to show:higher SGR.values (p < 0.001).

In summary, specific grfowth rate was increased by higher temperature

during developmental periods(1 and 2 and slightly increased by the end of
the experiment in continuous expostie groups and fish incubated at 33 °C.
Hypoxia during developmental periods 1 and 3 slightly increased SGR at
the end of the experiment, while”hyperoxia increased SGR during
developmental periods 4 and 2, whieh was constant at the end of the
experiment. Salinities of 4.0 ppt and 60 ppt increased SGR at the end of
the experiment in fish incubated under these conditions.

2.3.4. Fulton’s Condition Factor (K)

Temperature. In developmental period 1, Jarvae from the control
group and experimental groups P2-33 °C and«P3-33 °C showed the
highest Fulton’s condition factor (K) values (2.13 + 0.3) and the
larvae from experimental group CE-33 °C presented the lowest (1.32
+0.2; p<0.001; Figure 5a). No significant differences were exhibited
by developmental periods 2 and 3 (p > 0.05; Figuré 5a). Figure 5d
shows the interaction of K values, temperature, and time*ofiexposure.
Condition factor decreases in all the groups as development
progresses. Peaks in experimental groups P3-33 °C, P3<86 °C, and
CE-33 °C occurred at different times of development (7 dph~9"dph,
and 4 dph respectively). However, by the end of developmental
periods 2 and 3, no difference was observed (p > 0.05).

Air saturation. In developmental period 1, larvae from the control and
experimental groups P2-hypoxia, P3-hypoxia, P2-hyperoxia, and P3-
hyperoxia showed higher K values (K~2.1) than the larvae incubated
in hypoxia and hyperoxia (K~1.8; p < 0.001; Figure 5b). No
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significant differences in K occurred in developmental periods 2 and
3 and K values occurred as ~0.57 (p > 0.05; Figure 5b). Figure 5e
shows how K values decreased in most of the groups from hatch to 5
dph. Two peaks were registered at 2 dph and 3 dph for experimental
groups P1-hypoxia and P2-hypoxia, respectively. However, one day
later K decreased to values close to the control group (K = 1.2 £ 0.1).
Salinity. At the end of developmental period 1, the control and larvae
from experimental groups P2-4.0, P3-4.0, P2-6.0, and P3-6.0 showed
higher K values (~2.1) than larvae incubated in higher salinity (K
~1.7-1.9; p < 0.001; Figure 5c). No differences in K occurred by
developmental periods 2 and 3 (K ~0.5; p > 0.05; Figure 5c¢). Figure
5f shows how K values decreased from hatching to 5 dph and

remained constant for the rest of the experiment in the five surviving
groups.

In summary, Fulton’s condition factor was decreased by the three

strgssors during incubation. However, no differences occurred in
developmental periods 2 and 3 for any experiment.
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Figure 5. Fulton’s condition factor (K) of Atractosteus tropicus at the end of each developmental period. (a)
Temperature, (b) air saturation, and (c) salinity experiments. Means + SEM are presented. Lowercase letters
represent differences between experimental groups from each developmental period (p < 0.001). Capital
letters indicate differences within developmental time for each experimental group (p < 0.001). Panels (d-f)
show the relation between development, treatments, and effect on condition factor of the fish in the whole
experiments for temperature, air saturation, and salinity, respectively. Control conditions: 28 °C, 0.0 ppt of
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salinity, normoxia (95% air saturation); treatments 1: 33 °C, hypoxia (~30% air saturation), or 4.0 ppt of
salinity respectively to each experiment; treatments 2 (independently for each experiment): 36 °C, hyperoxia
(117% air saturation), or 6.0 ppt of salinity respectively to each experiment. Black crosses (X) in the salinity
expefiment represent groups where all fish died. n = 20 for each treatment.

2.4. Timing of Developmental Events as a Function of Stressors and
Exposure Stage

The experimental treatments resulted in significant changes in the
timing of developmental events (Table 1).

Table 1. Time of @ccurrence (hours post fertilization) of key developmental events in Atractosteus tropicus.
Mean + SD are presented. n = 30 fish per experiment.

Treatment 1 (33 °C, Hypoxia, or Salinity =4 Treatment 2 (36 °C, Hyperoxia, or Salinity =

ppt) 6 ppt)
Event Experiment Control Pl Po- Pa- CE- 1. Po. P3. CE-
Treatment Treatment Treatmemt Treatment Treatment Treatment Treatment Treatment
1 1 1 1 2 2 2 2
Temperature 6342 48 2% 63 +3° 62 + 32 48+1° 36+1° 62£2? 61+22 36/+1°
Hatching Oxygen 60+1% 50+1° 6142 61+1° 49+1° 67+2° 60£12 61+1°2 67+2°¢
Salinity 64+1% 72+3° 63442 62+1% 72+£3° 78+3% 64%1° 63+1% 78+3P
Temperature 116 +5° 98+3° 111468 ) 109+5% 88+2P 92+2P 94+4P 112+5% 82%1°
Eéggg?ﬁ;s Oxygen 122+3% 122+3% 121+3%=421+3° 123+2° 123+2% 121+3% 122+3% 123+3°
Salinity 122+3?% 122+1& - 121 +12 - 122 + 2% - 123+1°% -
Temperature 124 +1° 118+1° 120+2° 125+2% , 96+1° 96+1° 115+2° 124+3* 88=+1¢
YOIK Oxygen 126+2% 132+2° 12643%) 126438 #25+2% 125428 125432 127+1°% 127+1%
Depletion
Salinity 125+2?% 126+3°% - 127+ 2° - 127 + 3% - 126 + 3° -
Temperature 140 +2° 125+2° 125+1° (438#2% 105%1f% 102+1°¢ 126+1° 140+2* 96=x1¢
s Free Oxygen 130+3% 136+3% 132+2° 132+23 130+3&" 136+2° 131+3% 13247 131+2°
wimming
Salinity  142+3?% 152+3% - 143 £+ 2° - 154 #3° - 145 + 3* -
Temperature 168 +3% 156+2° 140+2°¢ 168+2% 126+19 1554#4%) 152+2° 168+4% 118+1¢
S”g;’;fgh:pe Oxygen 172+3° 183+1° 172+3% 171+1° 173+3% 171+3%172+2° 171+2° 172+3°
Salinity 174+4?% 174+3% - 174 £ 42 - 174 + 4% - 173 + 4% -

ad Sjgnificant differences between groups from every experiment.
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2.4.1. Time to Hatching

Time to hatching was significantly decreased sby “increasing
temperature (p < 0.001). Embryos incubated at 28 °C hatched,at«+63 h post
fertilization (hpf), while embryos incubated in 33 °C and 36'°Crhatehed at
~48 hpf and ~36 hpf, respectively (Table 1). Temperature sensitivity for
hatching showed higher Q1o values between 33 °C and 36 °C (@1 =.2.5)
while lower values were exhibited by intervals 28-33 °C (Q1o = 1.5.+0:24)
and 28-36 °C (Q1o = 0.89 + 0.09; p < 0.001; Table 2).

Hypoxia decreased the time to hatch compared to the control (50-hpf
and 60 hpf respectively), while hyperoxia delayed it (~67 hpf; p < 0.001;
Table 1). Salinities of 4.0 ppt and 6.0 ppt delayed the timing of hatching (p
< 0.001) approximately 8-14 h compared to the control (~64 hpf; Table 1).
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Table 2. Temperature sensitivity in key developmental events in the tropical gar
in the temperature experiment. Mean + SD are presented. n = 30 fish per group.

Temperature Intervals

Event
Q1o (28-33 °C) Q10(33-36 °C) Q1o (28-36 °C)
Hatching 1.5+0.22 3.1+0.3° 0.9+0.1¢
Exogenols.Feeding 1.5+0.32 3.1+04° 09+0.1°
Yolk Depletion 1.6+0.22 3.1+0.3° 09+0.1°
Free Swimming 1.5+042 3.1+06° 09+0.1°
Snout Shape Change 15+£03¢% 3.1+06° 09+0.1°

¢ Significant differences between temperature intervals for each developmental event.
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2.4:27Time to Exogenous Feeding

In_sthe temperature experiment, larvae from the control and
experimental, groups P2-33 °C, P3-33 °C, P2-36 °C, and P-36 °C began
exogenousfeeding at ~109-116 hpf. The larvae from experimental groups
P1-33 °C, CE-33.°C, P1-36 °C, and CE-36 °C started feeding significantly
earlier (~ 82-98 hpf; p < 0.001; Table 1). The largest temperature
sensitivity occurred between 33 °C and 36 °C (Q1o = 3.1; p < 0.001; Table
2), with _primarily temperature insensitivity at the highest temperature
range./All'larvae in the air,saturation experiment showed no differences in
the onset-of xogenousfeeding (~122 hpf; p > 0.05; Table 1). Fish from the
control and the surviving Jarvae in the salinity experiment did not exhibit
significant differences inithesonset of feeding (~122 hpf; p > 0.05).

2.4.3. Time to YolkDepletion

Larvae that hatched in 33*°C and 36 °C depleted the yolk sac in ~118
hpf and ~96 hpf, respeetively, which was significantly sooner than the
control (~ 124 hpf; p.<+0.001; Table™t). Individuals from experimental
groups P2-33 °C, P3-33,°C, P2-36 °C,.and CE-36 °C depleted the yolk at
~122 hpf (Table 1). Temperature sensitivity was observed only between 33
°C and 36 °C (Qio = 3.05; p < 0.001Table 2). In the air saturation
experiment, yolk sac depletion was significantly delayed in larva from
experimental groups P1-hypoxia and CE-hypoxia (~132 hpf; p < 0.001;
Table 1). However, fish from experimental group P2-hyperoxia exhibited
the shortest depletion time (125 + 2.5 hpf). No significant differences were
observed in the salinity experiment (p > 0.05), with@time to yolk depletion
of ~126 hpf (Table 1).

2.4.4. Time to Free Swimming

In the temperature experiment, time to free swimming.in“the control
was ~140 hpf and differed from fish from experimental group.CE-6°0 (~96
hpf; p <0.001). Individuals from experimental groups P1-33 °G{ P2:33 °C,
P2-36 °C, and P3-36 °C started swimming significantly earlier“than, the
control (~102 hpf to ~96 hpf; p < 0.001; Table 1). Large temperature
sensitivity only occurred between 33 °C and 36 °C (Q10 = 3.05; p >0.001;
Table 2). In the air saturation experiment, larvae from the control started
swimming at ~130 hpf and individuals from experimental groups Pl-
hypoxia and P1-hyperoxia started swimming ~6 h later (p < 0.001; Table
1). In the salinity experiment, larvae from the control and experimental
groups P3-4.0 and P3-6.0 started swimming at ~144 hpf, while P1-4.0 and
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P1-6.0 started later at ~152 hpf and ~154 hpf, respectively (p < 0.001; Table
1).

2.4.5. Time to Snout Shape Change

Change in the shape of the snout in larvae from the control occurred
at ~168 hpf in the temperature experiment, at ~152 hpf in those from
experimental groups P2-33 °C and P2-36 °C, and at ~120 hpf for the larvae
in continuous exposure to 33 °C and 36 °C (p < 0.001; Table 1).
Temperature sensitivity was exhibited primarily between 33 °C and 36 °C
(Quo = 3.12; p < 0.001; Table 2). In the air saturation experiment, snout
shape change occurred at ~172 hpf in the control group and almost all the
experimental groups (183 + 1.3 in larvae from P1-hypoxia; p < 0.001;
Table 1). No differences were observed for time to snout shape change in
the salinity experiment (~174 hpf; p > 0.05; Table 1)

3. Discussion
3.1. Critical Windows for Survival

Organismal survival is affected by numerous factors and their
combinedeffects. For example, changes in salinity and dissolved oxygen
come together with water warming because of climate change and
anthropogenics activities [49,50]. In the present study on Atractosteus
tropicus, there were highly differential effects of environmental stressors.
High temperature, hypoxia, and hyperoxia decreased survival during
incubation; salinities of 4.0 ppt and 6.0 ppt after hatching killed all larvae
(during developmental period 2). These data suggest that critical windows
for survival vary with stressor type, as well as stressor dose. Moreover, the
incubation-period in early development of A. tropicus represents a critical
window for_temperature, hypoxia, and hyperoxia in contrast to a critical
window of the/first two daysspost hatch for salinity. Several studies have
demonstrated..how temperature and dissolved oxygen affect survival
(especially during incubation)n~T-eleosteans and Holosteans [34,51-55].
When fish are incubated in high'temperatures, survival can be affected
because the yolk conversion efficiency can be reduced, and the cost of
development increaseS with increasing.temperature. Moreover, surviving
individuals may show leng-term altefations [16]. Furthermore, temperature
acts as a lethal factor when the tolerancef individuals is exceeded [56].
Temperatures used in the current research-did not reach the maximum
temperature of 38 °C tolerated by A. tropicus,{37]. However, a temperature
of 36 °C may be lethal for embryos of the tropical gar in the current study
since 50% of the individuals died before hatching, suggesting that 36 °C
can represent the incipient lethal level for embryos of this species.
Moreover, air saturation may act as a limiting factar, and can become lethal
if severe enough [56]. Decreased survival in hypoXic jtreatments of the
current study could have occurred since embryos’ oxygen supply depends
on oxygen diffusion pressure, and the rate of flow [56]: Moreover,
decreased survival in hyperoxic treatments could be related to oxidant-
related damage and/or minor gas bubble trauma [57,58].

Numerous primitive fishes can tolerate environmental _salinities
higher or lower than their plasma osmolality. However, there is little
information regarding salinity and their early life stages and awvailable
information exists only for juveniles and adults [59-64]. Lack of maturity
of their ionoregulatory and osmoregulatory organs likely explainstwhy
newly hatched larvae in the present study could not cope with
environmental salinities that could be easily tolerated by adults, since gills
are the principal organ for iono/osmoregulation in larval fishes [65-68].
Atractosteus tropicus has visible gills at hatch, but regular gill ventilation
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did not start until ~5 dph [37]. Gill maturation was likely not complete at 5
dph, leading to the high mortality in the hatchlings.

3.2. Growth

Growth in the developing tropical gar was shaped by all three
experimental stressors, but the growth responses differed with stressor dose
and time of exposure. Generally, a major increase in BM, TL, and SGR
tended to occur from fertilization to 6 dph. However, slow growth was
observed during 7-12 dph, which corresponds to the period of the complete
transition to exogenous feeding [51]. A similar growth pattern to A.
tropicus occurred in A. tristoechus [51], A. spatula [42], Lepisosteus osseus
[69], and L. oculatus [70], suggesting that this pattern is conserved among
Lepisosteid species. These findings suggest that the period of transition
from lecithotrophy to exotrophy could represent a critical window not just
for growth but also for survival, especially when the young larvae must
cope”with the changing environment and the development of feeding
Strategies [71].

Temperatures close to the upper thermal limit (38 °C) [37] of A.
tropigds during 1-6 dph drastically reduced SGR (Figure 4a), which
suggests'that this period may represent a critical window for growth at high
temperatures: Despite the differences in BM, Ly, and SGR, Fulton’s
condition factor, was constant from 1-12 dph for A. tropicus in the current
study. Similar results were reported for A. tristoechus [51]. In contrast with
our results, same Teleosteans show no significant relationship between
incubation temperature and mass and length at hatch [72—75].

Growith ratevof freshwater fishes can increase in tolerable salinities
due to"reduced osmoregulatory costs [76]. However, when exposed to
higher concentrations, osmoregulatory costs can interfere with growth rate.
This conjecttre is consistent with the findings of the current study, where
larvae incubatedjin low salinity,showed higher SGR (~5 dph). There is a
relationship between growth; air breathing, and salinity in juveniles of
spotted gar and _alligator gar [64,77], but no data are available for
embryonic or larval gars. In the”present study, BM, L+, and SGR were
larger in larvae incubated at salinity of 6.0. A similar result was observed
in larvae of the common/carp (Cyprinus carpio), where higher salinities
(5.0 to 20.0) increased BM but notibody. length [78]. In contrast, some
studies showed that larval fishes incubated, and raised in higher salinity
decreased body length, e.g., Gymnocephalus cernuus [79] and two endemic
Mexican silversides, Chirostoma humboldtiahum and C. riojai [80]. These
findings of either increased or decreased{ mass or length have been
attributed to differences in water content of the'species [81], which depends
on the permeability of gills and body surface to water and salts in the
environment [82].

In the current study, several differences in grewth rate occurred
depending on the oxygen levels in the water and time of exposure. The
incubation period in A. tropicus can represent a critical window,for growth
in fishes exposed to either hypoxia or hyperoxia. Our results suggest that
(1) low oxygen during incubation causes a reduction in size aof post hatched
larvae, as described in other studies [83,84]; and (2) high oxygen,during
incubation and in pre-metamorphic larvae of the tropical gar faversgrowth.
However, after metamorphosis high oxygen levels actually decreased
growth. In the first case, a reduction in growth can occur due tosa
compensatory response of the embryos to prioritize other organismal
activities as a function of oxygen availability [85]. Moreover, fishes with
decreased growth have lower chances of survival, especially because of
slower swimming, lower competitivity, the presence of deformities, and a
major risk of predation [52,53,86,87].
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3.3. Developmental Events

In the current study, differences in timing of occurrence of five
developmental events occurred as a function of temperature, salinity, and
air saturation level. However, no alterations of the sequence of these
developmental events were observed, as described for mollusks [88].

3.3.1. Time to Hatching

We report that environmental factors altered time to hatch, either
enhancing or delaying the event. This variation in time to hatch
demonstrates that heterokairy is also dependent on stressor dose and type
of stressor [9,14]. In our study, time to hatch was modified by higher
temperature and is consistent with previous studies where individuals hatch
between 36-72 hpf when incubated between 25 °C and 35 °C [89,90]. In
other Lepisosteid species, variations in time to hatch occur in similar
patterns to A. tropicus, suggesting that these responses to changes in
temperature, air saturation and salinity are similar within Lepisosteids
[38,41,42,51,91,92]. Moderate salinity promotes longer periods of
incdbation and can also promote a reduction in the developmental rate by
redirgcting the available energy to osmoregulation and/or as a response to
the ionic/osmotic stress [93]. As in the current study, Gymnocephalus
cernua show an increased incubation time and promoted morphological
alterations, especially in body length [79]. In addition, some fish species
incubated in different air saturations may hatch prematurely whereas
hatching maybe”delayed in others [53]. Premature hatching in hypoxic
conditions occurred=in A. tropicus, as described in other fish species and in
amphibians [34,53,94-96]. Moreover, decreased air saturation also
produces’ a.delay in=developmental rate, resulting in larvae hatching at
earlier stages of development with diminished body mass [34]. These data
are consistent,with the findings in the current study since larvae incubated
as embryos in hypoxia showed decreased BM, which can be correlated with
earlier hatching; Furthermore, these alterations are related to a respiratory
response for coping with environmental hypoxia [34]. This is also relevant
to the assumption that the oxygenlevels shape the onset and maturation of
gill ventilation and air<breathing in Actropicus.

3.3.2. Time to Exogenous Feeding

The onset of exogenous feeding represents a crucial time point in the
development of the fishes and is related tosncreased mortality [97]. As
larvae develop, the energy budget provided )by the yolk decreases,
metabolism increases, and the developing larvae must look for prey to cope
with the body’s energy demands [98]. Exogenousfeeding in A. tropicus
occurs around 5 dph [36], which is when the control/groups in the current
study started consuming prey. However, higher temperature modified the
onset of predation but, surprisingly, salinity and air saturationhad no effect.
Incubation period could represent a critical window for the onset of feeding
at higher temperatures, since treatments P1-33 °C and R2-36 °C showed
decreased time to predation compared to the control group~and without
considering the continuous exposure treatments (Table 1).“Femperature
accelerates fish development, which increases the energy demand of the
organism for survival, growth, and maturation. Moreover, prey capture,and
consumption in the current study occurred when yolk sac was” not
completely absorbed, which prepares the larvae for the exotropic life and
assists digestive tract maturation [99,100]. Lecitoexotrophy has also been
described for A. tristoechus [101]. These yolk reserves provide the
necessary energy of the young fishes for foraging [102,103] and
competition for resources [104,105]. In natural populations of A. tropicus,
an earlier onset of exogenous feeding promotes cannibalism and this
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characteristic is the main reason for the high variation in mass-size
relationship as reported in other studies [36,37,89].

3.3.3. Time to Yolk Depletion

In the present study, variations in the timing to this key developmental
landmark occurred as a function of temperature and air saturation. Hypoxia
and higher temperature during incubation, and higher temperature during
the first days after hatching, could represent critical windows for yolk
depletion, but further research is needed. Temperature is an environmental
factor that promotes faster yolk absorption. However, there is a trade-off
between rapid development and the efficient utilization of the energy
provided by the yolk sac. Most of the species reared at higher temperature
than their optimal face this issue. Even when temperature is combined with
salinity, the effects on yolk absorption and utilization by temperature are
much greater than those caused by salinity [106-108]. In terms of energy
utilization and yolk depletion, indirect observation on the larvae incubated
at 33 °C showed an increase in BM, Lt, and SGR, suggesting that energy
wag efficiently allocated in these larvae. However, weight and/or volume
of theswyolk sac was not measured and this increase in BM could be related
to an advanced developmental stage rather than the control group.

Studies) on salinity concentrations in freshwater fishes and yolk
absorption are~scarce. However, some freshwater fishes (e.g., Salvelinus
fontinalis) ‘arecreared in low salinity where freshwater is not readily
available, increasing yolk absorption efficiency and growth consequently,
but significantly.decreasing survival [109].

Hypoxia promotes a delayed development that can be observed
through the delayed_yelk=absorption in several fish species [52,110-112].
In the present study, this association was partially true because larvae
incubated under hypoxia.and transferred to normoxia showed delayed yolk
absorption. \However, larvae continuously exposed to hypoxia showed
values similar-to=the_controls. ‘These results suggest that it is a greater
challenge for the larvae to cape with the increasing air saturation when
incubated in hypoxia than whenacelimating to longer hypoxic events as
older individuals. This-assertion”is based on the ability of continuously
exposed individuals to_maintain simifar timing for yolk depletion and
growth parameters to the control group.

3.3.4. Time to Free Swimming

A crucial developmental event in fish is thevonset of swimming [113].
Free swimming occurs at 5-6 dph in A. tropicus’[36] and in a period of 4—
10 days for A. tristoechus [101]. Lepisosteids and other species with
indirect development must go through an eleuterogembryo stage and spend
time attached to the substrate for the maturation of swimming structures
[114]. Nonetheless, the onset of free swimming can he ‘affected by several
factors. In the present study, the first and second developmental periods
could represent a critical window for the onset of swimming in‘the current
study when embryos and larvae are exposed to high temperature, salinity,
hypoxia, and hyperoxia. Acceleration in the onset of freesSwimming
occurred due to increased temperature during incubation andsthe second
period of exposure (Table 1). This is explained by the effect ofvincreased
temperature on muscle development, fin differentiation, and the maturation
of other structures that facilitates fish kinematics for swimming [114,115].

Salinities of 4.0 ppt and 6.0 ppt delayed the timing of free swimming
in larvae incubated under these conditions and then transferred to fresh
water. Salinity reduces the activity of larval fish in response to ionic and
osmotic disruption [81]. In A. tropicus, even though activity was not
quantified, larvae that died in the second period appeared to show less
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activity than the rest of the treatments, as well as characteristics such as
bradycardia and ischemic stress.

Hypoxia diminishes activity in larvae and delays the onset of
swimming, while hyperoxia presents little to no effect on swimming onset
[116,117]. In the current experiments in A. tropicus, (1) larvae exposed to
hypoxia during the second period did not show differences in timing to free
swimming in comparison to the control group or the hyperoxic treatments;
and (2) larvae that were incubated in hypoxia exhibited a delay in the onset
of free swimming. The first case can be related to the onset of air-breathing
(which occurred earlier than the control group) that helped the larvae to
offset the aquatic hypoxia demands, which can occur as early as 2.5 dph
[37]. In the second case, future studies are needed to assess the possible
critical windows during incubation that promote these affectations in the
organisms after hatching.

3.3:5: Time to Snout Shape Change

The timing in development of the pronounced snout of A. tropicus in
this: study corresponded to the previous reports of this event at around 7
dph [36,118]. Exposure to higher temperature during incubation and from
1-6 dph; as well as hypoxia during incubation, could represent critical
windows far'the onset of the change in the snout of A. tropicus.

Larvae_ exposed to higher temperature during 1-6 dph displayed the
most rapid snout, change. In contrast, larvae incubated in hypoxia and
transferred to nermoxia experienced a delay in this characteristic. This
finding supportsithe-need to study more specialized critical windows during
incubation’in A. tropicus to understand alterations induced by environment.
Moreover, there is..seant information on this topic, especially for
Lepisosteids: Differences can occur in the timing of some characteristics,
for examplesithe“timing oA mouth opening between species of gars [36].
The alligator.gar)(A. spatula) exhibited the allometric growth of the snout
towards the proportion of the'size of the adults earlier in size and age than
A. tropicus. This characteristic’'was related to the faster metamorphosis of
A. spatula that enhances the opportunity to hunt and catch prey and the
earlier appearance “of ,eannibalism [36,119-121]. However, A. tropicus
shows high rates of cannibalism [37,89}\but larvae in the current study did
not show this behavior due to the feeding, protocol, which can also favor
the larviculture of this species.

4. Materials and Methods
4.1. Ethical Statement

Animals were handled in compliance withythe Norma Oficial
Mexicana NOM-062-ZO0-1999 from Secretaria de Agricultura,
Ganaderia, Desarrollo Rural, Pesca y Alimentacién, the Mexican
standards for good welfare practices of laboratory-animals.

4.2. Fish Acquisition and Maintenance

Eggs and larvae of the tropical gar were obtained \from three
artificially induced spawnings of broodstock in May 2017, May,2018, and
May 2019 carried out in the Laboratorio de Acuicultura Tropical of the
Universidad Judrez Auténoma de Tabasco, Mexico. Each female was
anesthetized with 200 mg L' of tricaine methanesulfonate, MS-222®
(Agent Chemical Laboratories) and then injected with 35 pg kgil) of
luteinizing hormone-releasing analog (LNRHa) to induce egg laying. Each
female and five males were placed for spawning into 2000 L tanks with
artificial substrate for egg adhesion.
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Three major experiments—one with each spawning and employing
different experimental conditions (described below)—were performed to
determine critical windows for survival, growth, and development. Sex
cannot be determined in the embryos or larvae of A. tropicus, so data are
reported assuming random mixing of sexes. Immediately after fertilization,
fertilized eggs (3.08 = 1.2 mm each) were transferred to 27 white 80 L
holding tanks for incubation and development. For each experiment, one
control and eight experimental groups were created (described in the next
section). Each experiment was performed in triplicate (50 larvae per
triplicate, 150 per group) with a total of 1350 fertilized eggs at the
beginning of each experiment.

All tanks housing larvae contained non-chlorinated normoxic water
(~95% air saturation; except in one experiment as described below), pH of
8.0, at ambient temperature (27-28 °C; except when indicated in one
experiment). Photoperiod was 12 h light-12 h darkness and salinity of 0.0
ppt (with the exception of one experiment). After yolk absorption, larvae
were fed ad libitum with nauplii of Artemia sp. every four hours from 8:00
a.m, t0.8:00 p.m. Fifty percent of the water in the tanks was replaced every
two-days and feces and dead artemia were cleaned by siphoning one hour
after every meal.

4.3. Developmental Stages and Experimental Design

Three developmental periods of the tropical gar were examined, based
on a previously‘described scheme [36]: (1) the time from fertilization to
hatching (60-72:h.from fertilization); (2) yolk depletion stage (~from 1 day
post hatch’(dph) to ~6 days post hatch); and (3) pre-juvenile stage (~7-12
days <post hatch)._These three periods correspond to incubation,
metamorphosis of the eleuteroembryo, and pre-juvenile stage, respectively.
These stagesare importantto investigate the effect of environmental factors
on the biology'ofidevelopingfishes because these early stages in fishes are
often the most vulnerable [47,48]. Embryos and larvae were exposed to
control conditions«(28 °C, normoxia, and salinity of 0.0 ppt for the three
controls), to two treatments of a-given stressor described below during each
developmental period (six in total and returned to control conditions after
exposure), and a group continuouslysexposed to each treatment (two per
experiment). This yielded a total of nine groups for each experiment.
Details of the protocol are shown in Figure 6.

The first experiment consisted of & temperature challenge to the
embryos and larvae with temperatures of 33 °C and 36 °C. These
temperatures are near the upper thermal limit§ for larvae of this species [37]
and above its optimal incubation temperature (28-30 °C) [86]. In the
second experiment, fish were exposed to hypoxia (~30% air saturation) and
hyperoxia (117% air saturation; Figure 6), since Liepisosteids can tolerate
environments with variable dissolved oxygen levels\[77,122,123]. The
third experiment consisted of exposure to salinities of'4.0 ppt and 6.0 ppt,
because Lepisosteids can tolerate euryhaline environments, and little
information is available on early life stages under these .conditions,
especially regarding developmental critical windows. Temperature, air
saturation, and salinity switches between developmental Cpefieds (as
required for each experiment) occurred gradually within a ‘three-hour
period (e.g., from 28 °C to 33 °C).
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[ Treatment1 ] | |
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Temperature = 28 °C; Salinity =0.0 ppt, Air saturdtion.= normoxia (~95% air saturation)
Treatment 1 | Temperature = 33 °C, Salinity = 4.0 pptgor Air saturation =-hypoxia (~30% air saturation)

UL Temperature = 36 °C, Salinity = 6.0 ppt, or Air saturation =thyperoxia (~117% air saturation)

Figure 6. Experimental design for determining specific environmental.effects on critical windows for
development in the early ontogeny of Atractosteus tropicus. The first developmental period is from
fertilization to hatching (~72 h), the second from 1 day post hatch (dph) t6 6.dph, and the third from 7 to 12
dph. White boxes indicate control conditions during the experiments; light'gray/boxes represent exposure to

treatments 1 (33 °C, hypoxia

(~30% air saturation) or salinity of 4.0 ppt); darker boxes show exposure to

treatments 2 (36 °C, hyperoxia (117% air saturation) or salinity of 6.0 ppt). Boxes atithe bottom explain the

conditions for control populat
text for details.
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ions and treatments 1/treatments 2 during each independent experiment. See

4.4, Treatment Protocols
4.4.1. Temperature

Water temperature was regulated by a 12 Johnson Controls
Thermostat attached to 12 immersion heaters (Volteck 46307 CAGU-5).
Temperature in the experimental tanks was maintained @at, a constant
temperature of either 33 £ 0.5 °C or 36 £ 0.5 °C. To enhance heat diSpersal,
the immersion heaters were placed immediately above the aeration stones.

Embryos and larvae were exposed to control conditions (control
group), to two temperature treatments (33 °C and 36 °C)“-during
developmental period 1 (experimental groups P1-33 °C and P1-36 °C),
developmental period 2 (experimental groups P2-33 °C and P2-36 °G),
developmental period 3 (experimental groups P3-33 °C and P3-36 °C), and
to continuous exposure to both treatments (experimental groups CE-33 °C
and CE-36 °C) as shown in Figure 6.
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4.4.2. Air Saturation

Two treatments with different water air saturations were employed for
this experiment, hypoxia (~30.2% air saturation) and hyperoxia (~117% air
saturation). Hypoxia was generated by bubbling nitrogen gas directly into
each tank until air saturation decreased to 30.2% of full air saturation and
remained constant for each exposure. Hyperoxia was set at 117% of full air
saturation and was created using a counter current water tower with an
aeration stone for O, gas introduced to at the bottom of the tower. Water
was sent from the tower to the tanks through a water pump and returned to
the tower with a vent tube in the center of the tanks which was high enough
to maintain a constant water level at the same air saturation. The tower
promoted a high concentration of oxygen in the water simulating the
function of a U-tube aeration system without the off-gas recycling
mechanism [124].

Both hypoxia and hyperoxia were constantly measured with two
oxygen meters YSI Pro2030. A 50% water change was performed every
two days, adding water that was pre-equilibrated to the required oxygen
levels,

Embryos and larvae were exposed to control conditions (control
group),-t0 two air saturation treatments (hypoxia and hyperoxia) during
developmental period 1 (experimental groups P1-hypoxia and P1-
hyperoxia), developmental period 2 (experimental groups P2-hypoxia and
P2-hyperoxia),.developmental period 3 (experimental groups P3-hypoxia
and P3-hyperoxia), and to continuous exposure to both treatments
(experimental groups CE-hypoxia and CE-hyperoxia) as shown in Figure
6.

4.4.3. salinity

Water( for the control population has a salinity of 0.0 ppt.
Experimental salinity levels'were set at 4.0 ppt for treatment 1 and 6.0 ppt
for treatment 2, usingsindustrial_sea salt crystals (Grupo Industrial Roche)
that were mechanically dissolved)in the water of the tanks. Salinity was
validated with a YSI Pro2030 multiparametric instrument. Water changes
were made every 48" hsatthe proper validated salinity.

Embryos and larvae were exposed to control conditions (control
group), to two salinity treatments«{(4:.0 ppt and 6.0 ppt) during
developmental period 1 (experimental groups P1-4.0 and P1-6.0),
developmental period 2 (experimental” groups P2-4.0 and P2-6.0),
developmental period 3 (experimental grodps P3-4.0 and P3-6.0), and to
continuous exposure to both treatments (experimental groups CE-4.0 and
CE-6.0) as shown in Figure 6.

4.5. Survival

Each experiment was carried out with 1350 fertilized eggs (150 fish
per group, 50 fish per replicate). The unhatched embryos werg'counted and
the number of dead larvae was recorded daily to calculate survival data.
Sampled embryos for at 1 dph (described below) were notseonsidered in
this analysis.

4.6. Morphological Variables

Data from morphological variables (described below) were measured
daily. However, data for treatments comparison (bars plots) are presented
from measurements at the end of each developmental period (hatch, 6 dgh,
and 12 dph) using 20 individuals per treatment.

Body mass (BM) of the fish (n = 20 from each group) at the end of
each developmental period was determined to the closest milligram with
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an analytical balance (Denver Instruments). All individuals were taken
from the tanks using an aquarium net and carefully deposited in plastic
chambers (5 cm in diameter, 2 cm depth) before weighing. Then, fish were
carefully taken from the chamber with a tip-truncated plastic bulb pipette
and deposited on a tared plastic mesh to allow excess water drainage before
weighing. Larvae were carefully deposited into a different chamber for
taking high resolution photographs (14 megapixels, camera Sony Alpha
350) to measure total fish length (Lt) using Image J Software version 1.50
(NIH, Bethesda, Maryland). Millimeter graph paper underlying the larva
was used to generate a scale on each image. Immediately after being
photographed, individuals were carefully returned to holding tanks.

The specific growth rate (SGR) of the fish of each treatment was
calculated as SGR = ((Ln m¢— Ln m;)xt™1)) x100 [125]; where m; represents
body mass at the end of each critical window, m; the body mass of the
embryos (removed from the chorion) 24 h after fertilization, t the duration
of‘each experiment, and 100 a constant to obtain a percentage of growth.
Fulton’s condition factor was calculated for each organism as K =
100*(mass/length®) [126].

4.7. Developmental Events

The “time of occurrence of five developmental events in the
developmentof the tropical gar was recorded from the three experiments,
for each contrel~and each of the respective groups. The developmental
events were hatching, exogenous feeding, yolk depletion, free swimming,
and snout shape=change. To measure the timing and onset of the five
developmental events, 30 embryos per experiment were identified and
separated from the rest=using a plastic mesh. Data were collected when
100% of the fish had/ hatched, had accepted exogenous food, had
completely absorbed thesyolk sac, had started swimming, and when the
shape of the.snout rapidly_echanged from a typical larval piscine snout to
that characteristic-of gars. These'events were previously described [36] and
are important forstnderstanding)the effect of extrinsic factors in the
development of A. tropicus.

Temperature “sensitivity Coefficient (Qi0) in the temperature
experiment was calculated for all thesdevelopmental events with the data
from the control group and the continuous exposure treatments as Qio =
(R2/R1)AY(T, = 71D where Qo is the factor by which the time to a given
developmental event increases with a risesin temperature; Ry is the time to
a given developmental event at temperatured”(when T1 < T>); Rz is the time
to a given developmental event at temperature 2{where T, > T1); Ty in the
temperature at which Ry is measured; and T is‘the temperature at which R»
was measured.

4.8. Statistical Analyses

Survival data were analyzed with the log-rank Kaplan—Meier method
[127] for the overall experiments (individually) and™ within each
developmental period per experiment. A Holm-Sidak multiple eomparison
test was used to assess differences between groups.

The effect of temperature, salinity, and oxygen availability on body
mass, total length, SGR, and Fulton’s condition factor was analyzed with a
two-way ANOVA, followed by a Holm-Sidak multiple comparison test to
assess differences between fish groups at the end of each developmental
period and across development (n = 20 from every group, 180 fish in‘total
for each experiment). Data on the timing of developmental events and Qg
were analyzed with a one-way ANOVA for each event between groups
from a given experiment (10 fish per replicate, 30 fish from each group,
per experiment). To determine differences between groups at a given
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experiment, a multiple comparison Holm-Sidak test was carried out. All
the analyses were made with the software SigmaPlot Version 11.0 with a
significance level of 0.05.

5. Conclusions

Our results supported the hypothesis that environmental stressors
early in ontogeny would affect key developmental processes.
Developmental periods comprising from fertilization to hatch and 1 to 6
dph were identified as sensitive in the early ontogeny of A. tropicus. The
greatest effects of high temperature, hypoxia, and hyperoxia occurred from
fertilization to hatch, while for salinity occurred from 1 to 6 dph. In
conclusion, developing fishes may exhibit different degrees of functional
responses to stressor type, stressor dose, and time of stressor exposure.
Moreover, the assumption is that if temperature increases in natural fish
populations (either global warming or anthropogenic causes), then their
susceptible stages of ontogeny can be affected. This increase in temperature
¢an come with a decrease in the dissolved oxygen and a slight increase in
the salinity of some brackish water environments that can drastically affect
fishesy” especially during their narrow critical windows for survival,
development,_and growth. In this regard, this study gives the first
information Jintegrating a 3D critical windows design, heterokairy, and
functionalideveloping fish responses to environmental factors. In addition,
A. tropicus offers strong potential as biological model for studying fish
early ontogeny. Nonetheless, identification during narrower developmental
critical windows-in.fish early stages and the effect of intrinsic or extrinsic
factors need further investigation to identify the possible morphological,
physiological, and molecular responses of the fish.
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ABSTFRACT

Agquatic hypoxia is both a naturally-occurring and anthropologically-generated event. Fish
species have-evolved different adaptations to cope with hypoxic environments, including
gill modifications~and air breathing. However, little is known about the molecular
mechanisms involved in the respiration of embryonic and larval fishes during critical
windows of development, We assessed expression of the genes hif-1a, fih-1, nhel, epo,
gr and il8 using the developing tropical gar as a piscine model during three key
developmental periods (fertilization-hatch, 1-6 days post hatch (dph) and 7-12 dph) when
exposed to normoxia (~95% air saturation), hypoxia (~30% air saturation) or hyperoxia
(~117% air saturation). All genes showed higher expression when fish were exposed to
either hypoxia or hyperoxia during the first twe developmental periods. However, fish
continuously exposed to hypoxia showed increased expression of the six genes by
hatching and 6 dph, and by 12 dph only forhif-1a. The'middle developmental period was
the most hypoxia-sensitive, coinciding Wwithy severalschanges in physiology and
morphology. The oldest larvae were the most resilient to gene,expression change, with
little variation in expression of the six genes compared. This isstudy is the first to relate
the molecular response of an air-breathing fish to oxygen availability to developmental
critical windows and contributes to our understanding of some molecular responses of

developing fish to changes in oxygen availability.

Key words: development, critical windows, tropical gar, hypoxia, hyperoxia, gene

expression, hif-1la
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INTRODUCTION

Aguatic animals may experience lower absolute amounts of oxygen compared to
terrestrial animals (Eddy and Handy, 2012; Jonz et al., 2016). Limited oxygen availability
can reduce fish activity and restrict the supply or removal of certain compounds in cellular
metabolic cascades«Fishes have developed a series of hypoxia-related adaptations to
maintain large scopes for.activity and exploit different habitats, including modifications
in the gills, skin and the abiity to consume atmospheric oxygen (Damsgaard et al., 2020;
Eddy and Handy, 2012; Gardufio et.al., 2020; Jonz et al., 2016). Air-breathing is believed
to arise as an adaptation to hypoxia-and.other extreme conditions in the environment (e.g.,
hypercapnia or variations in pH and presence of sulfides in the aquatic environment)
(Brauner et al., 1995; Graham 1997; Randall et-al., 1981; Val and Almeida-Val, 1995).
Air-breathing has evolved ~70 times, in bonygfishes (Brauner and Rombough, 2012;
Graham, 1997; Randall et al., 1981). Avariety of air-breathing organs have evolved for
aerial respiration such as a modified swimming bladder, the gut (stomach and/or
intestines), cephalic/opercular chambers and true lungs in lungfishes (e.g., Affonso and
Rantin, 2005; Belad et al., 2011; Burggren 1988; Burggren et‘al.,~1986; Graham, 1997;
Johansen and Burggren, 1980; Johnson et al., 2010; Lefevre et al., 2011; Lefevre et al.,
2016; Little 2009; Lopes et al., 2010; Milsom, 2012; Oliveira et al., 2004; Perry et al.,
2001, Randall et al., 1981; Shartau and Brauner, 2014). Yet, major gaps Temain in our
understanding of the molecular mechanisms related to respiratory processes and especially
hypoxia tolerance in air-breathing species, with only a few such studies (Chi et al., 2013;

Huang et al., 2015a,b; Rimoldi et al., 2016). compared to those in strictly aquatic fishes
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(e.g.,»Chen et al., 2012; Davies et al., 2011; Geng et al., 2014; Kodama et al., 2012;

Rimoldi‘et al., 2012; Terova et al., 2008).

Compounding our limited knowledge of respiration in air-breathing fishes, we also
know relatively dittle about early developmental stages compared to adults. Filling in this
knowledge gap is not‘only important to understand the basic developmental biology of air
breathing fish, but alse\ because fish embryos and larvae are the most vulnerable
developmental stages, and their biology can be altered by numerous environmental factors
(Burggren and Bagatto, 2008; Jahnson et al., 2010; Martinez-Bautista et al., 2021; Mueller
et al., 2015; Rudneva, 2014). “Understanding the interplay of environment and
development at the molecular/genetic.level is especially important when considering
critical windows of development* those periods,during development when phenotype is
particularly sensitive to changes of intrinsic or¢@xtrinsic factors (Burggren and Mueller,

2015).

The elucidation of tractable animal models_has long“been recognized as essential for
research (Davidson et al., 1987; Flores Santin and Burggren, 2021). The fishes known as
gars, in the family Lepisosteidae, show low rates of speciation and-phenotypic evolution
(Rabowsky et al., 2013) and have several additional characteristics that make them a
useful animal model for developmental studies (Martinez-Bautista et al., 2021). In the
current study, the air-breathing tropical gar Atractosteus tropicus was used to-study gene
expression as a function of environmental oxygen availability during early develepment.
This species inhabits slowly-moving waters from South Mexico to Costa Rica (Barrientos-

Villalobos and Espinosa de los Monteros, 2008; Bussing, 1998; Miller et al., 2005). The

71
Martinez-Bautista, 2021



tropical gar can survive to low oxygen levels and moderately high temperatures (Mora et
al., 1997): Moreover, it is characterized by extraordinarily rapid development (Burggren

et al., 2016;/Martinez-Bautista et al. 2021).

Our objective’in studying the tropical gar was to determine the expression of the genes
hypoxia inducible factor 1-alpha (hif.1a), hypoxia inducible factor inhibitor (fih-1),
erythropoietin (epo), sodium-hydrogen exchanger 1 (nhel), glucocorticoid receptors (gr)
and interleukin 8 (il8) as a'function of hypoxia and hyperoxia during early development.
These genes were chosen because they have important roles in the response to variations
in oxygen availability, including normal development, regulation of ion exchange, stress
and immune responses, and red blood-cell\production (Ayson et al, 1995; Brauner and
Baker, 2009; Evans et al., 2005;"Haase, 2010,-2013; Pelster and Egg, 2018; Semenza,
1999; Tan et al., 2017; Vizzini et al., 2007). We employed a design to reveal
developmental critical windows for hypoxia responses\by investigating gene expression
during three major developmental periods (fertilization to.hatch, 1-6 days post hatch (dph)
and 7-12 dph), as informed by studies on A. tropicus by.Aguilera et al. (2002) and
Martinez-Bautista et al. (2021). Our results provide the firSt.insight into molecular
mechanisms involved in respiration, stress, and immune responses in/@nair-breathing fish

during its developmental critical periods.

MATERIAL AND METHODS

Ethical statement
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Fish were handled in compliance with the Norma Oficial Mexicana NOM-062-Z0O0O-
1999 frem, Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y Alimentacion,

the MexiCan/standards for appropriate welfare practices of laboratory animals.

Fish rearing and care

Embryos and larvae' of “Atractosteus tropicus were obtained from an artificially
induced spawn (1 female and 5 males) in May 2019 from a broodstock held at the Tropical
Aquaculture Laboratory, La UniverSidad Juarez Autbnoma de Tabasco, Villahermosa,
Tabasco state, México. Immediately<after fertilization, 1350 fertilized eggs were
transferred from the breeding tank te experimental tanks in a mix of sexes (sex cannot be
determined in embryos or larvae). One Control group and eight experimental groups were
created as described in the experimental. protocol below. Each group (including the

Control) was carried out in triplicate (50 lafvae per replicate, 150 per group).

Experimental tanks contained non-chlorinated water “at.28°C. Embryos and larvae
were kept in normoxia (~95% air saturation, except when indieated), and with a 12:12 h
photoperiod. Larvae were fed to satiety with brine shrimp (Artemia sp«)~nauplii every four
hours from 8:00 h to 20:00 h. Dead brine-shrimp and feces were siphobed one hour after
every meal. Fifty percent of the water in each tank was replaced every 48 h at the required

oxygen level according to the experimental protocol (see below).

Experimental protocol
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The developmental period from fertilization to 12 days post-hatch (dph) was divided
into three-divisions according to Aguilera et al. (2002) and Martinez-Bautista et al., (2021)
as follows: 1) from fertilization to hatch (-3 days), 2) from ~1-6 dph (yolk depletion), and
3) from ~7-12'dph(pre-juvenile stage). Embryos and larvae in each of these developmental
periods were exposed to three major conditions: normoxia (~95% air saturation), hypoxia
(~30% air saturation)“and.hyperoxia (~117% air saturation). The hypoxia and hyperoxia
levels were chosen on the basissthat Lepisosteids can tolerate variable oxygen availability
in their environments (Hill, et-ale, 1972; Rimoldi et al., 2016; Smatresk and Cameron,
1982). Low oxygen was generated hy bubbling nitrogen gas into the tanks until oxygen
levels decreased to a constant ~30% of/full air saturation. High oxygen was created using
a counter current water tower with*an aeration stone bubbling pure oxygen gas at the
bottom which rose against a downward-flow of'water (e.g., Timmons and Ebeling, 2010).
By adjusting water flow into the tower, this'system produced a constant flow of water with
an air saturation of ~117%. Oxygen levels‘were constantly validated with two oximeters

(YSI Pro2030).

A control group was created for both embryos and larvae in-narmoxia. Of the eight
experimental groups, six were exposed exclusively to hypoxia orshyperoxia during a
specific developmental period (Figure 1). Two additional groups were continuously
exposed to either hypoxia or hyperoxia. The experimental groups were designated as:
normoxia (Control), period 1 hypoxia (P1-hypoxia), period 2 hypoxia (P2-hypoxia),
period 3 hypoxia (P3-hypoxia), continuous hypoxia exposure (CE-hypoxia), period~1
hyperoxia (P1-hyperoxia), period 2 hyperoxia (P2-hyperoxia), period 3 hyperoxia (P3-

hyperoxia), and continuous hyperoxia exposure (CE-hyperoxia). Naming conventions for
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these periods of exposures are from Martinez-Bautista et al. (2021). Before and after the
hypoxie“or hyperoxic exposure (depending on the developmental period) embryos and

larvae were /maintained in normoxia as shown in Figure 1.

Sampling

Hatchlings and larvae of ‘A.tropicus were sampled at the end of each developmental
period (hatching, 6 dph and_12 dph). Nine hatchlings and six larvae from each
experimental group were collected\after 12 h of fasting, rinsed in distilled water,
transferred to Eppendorf tubes with 1.5¢mL of RNA Later (Life Technologies, Carlsbad,
CA, USA) and stored at -80°C. A_sub-sample of fish exposed to hypoxia or hyperoxia
during 1-6 dph were not sampled at*hatching, nor were those exposed during 7-12 dph
sampled earlier, because we assumed that.gene expression was the same as values of the
control population per se — essentially, until their hypoXxi€/hyperoxic exposure, they were

part of the control population.

Molecular procedures

RNA extractions were carried out by the TRIzol Reagent method (Jnvitrogen,
Carlsbad, CA, USA) using pools of 6 hatchlings and 3 larvae per experimental group.
RNA concentration and purity were calculated by 260/280 ratio in a NanoDrop-1000
Spectrophotometer (Thermo Fisher Scientific). Integrity was determined by

electrophoresis on 1% agarose gel using 1 pL sample aliquot mixed with 1 uL of run
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bufferfor each sample at 100 volts for 30 minutes in an electrophoresis Mini SUb Cell
GT chamber (Bio-Rad). Resulting bars were visualized in a Molecular Imagen Gel Doc
XR + Imaging System (Bio-Rad). After RNA integrity validation, aliquots were sampled
from the proper+calculated concentration. In addition, 1 ug of RNA was used for reverse

transcription with\an iSeript™ Select cDNA Synthesis Kit 170-8896 (Bio-Rad).

For gene expression~apalysis, nucleotide sequences for hypoxia-inducible factor 1
alpha (hif-1a), hypoxia-induCible factor 1 alpha inhibitor (fih-1), erythropoietin (epo),
glucocorticoid receptor (gr), sodium/hydrogen exchanger 1 (nhel) and interleukine 8 (il8)
were obtained from the transcriptome of Atractosteus tropicus (Martinez-Burguete et al.,
2021). Specific oligonucleotides for each'gene (Table 1) were designed using Primer3web
version 4.1.0 (Untergasser et «al;, 2012). Oligonucleotide specificity and potential
secondary structures were validated(using OligoAnalyzer version 3.1 (Integrated DNA
Technologies). Expression analysis of the genes were“performed in 96-well thermocycler
(CFX96 Real-Time System Thermal Cycle;#C1000, CA; USA). The reaction mixture
contained 5 puL of Eva Green, 1 uL of cDNA, 3.2 uL of H.Qmilli-Q and 0.40 uL of each

oligonucleotide (total mixture = 10 pL).

Real-time PCRs were performed according to the following conditions: two minutes
at 95°C, consequently in 36 cycles at 95°C for 10 seconds, 64°C for 30 seconds and
extension at 60°C for five seconds. A negative control was included for each test,)with the
components of the reaction using distilled water instead of cDNA. Elongation-factor 1

(efl) was utilized as a housekeeping gene (Jiménez-Martinez et al., 2019). The relative
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expression of the genes was calculated by the delta-delta ct method (Livak and

Schmitigen, 2001).

Statistical analysis

Gene expression._data were tested for normality (Kolmogorov-Smirnov) and
homoscedasticity (Levine)" A, two-way ANOVA on ranks was performed for the
expression analysis of each¢gene as a function of development and the different
hypoxia/hyperoxia exposure groups..A Tukey test for multiple comparison was performed
to assess differences within treatments«All analyses were performed with a significance

level of 0.05 in the software SigmaPlot 11.0.

RESULTS

Gene Expression and Oxygen Levels

The relationships between relative gene expression duringsnormoxia, hypoxia, and
hyperoxia as a function of development are indicated in Figure 2. Figure 3 presents a gene

expression heat map. Specific gene expression patterns will now be desCribed.

Hypoxia-inducible factor 1 alpha (hif-1a)

From fertilization to hatch, hif-1a expression was significantly (P<0.001) increased

when compared to the Control in fish from experimental groups P1-hypoxia and CE-
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hypoxia. Decreased expression was observed in fish from groups P1-hyperoxia and CE-

hyperoxiay(Figure 2a).

From 146-dph, larvae from groups P2-hypoxia and CE-hypoxia exhibited the highest
expression, while"higher expression than the Control occurred in larvae from groups P1-
hyperoxia and P2-hyperoxia (P<0.001). Following the trend of hif-1a expression being
related to ambient oxygen levels, fish from group CE-hyperoxia showed the lowest

expression of hif-1a (P<0.801; Figure 2a).

For 7-12 dph, the highest expression of hif-1a occurred in larvae from group CE-
hypoxia (P<0.001). Higher expression compared to Controls was observed in individuals
from groups P1-hypoxia and CE-hyperoxia-(P<0.001). Lower expression than the Control
was shown by larvae from groups‘P3=hypoxia, P2-hyperoxia, and P3-hyperoxia, and the
lowest was registered by those formP3-hyperoxia (P<0.001; Figure 2a). Fish from the
experimental group CE-hypoxia exhibited a-gradual.increase in the expression of hif-1a

through the experiment (Figure 2a).

Expression of hypoxia-inducible factor 1 alpha inhibitor (fih-1)

From fertilization to hatch, lower expression of fih-1 compared to the eontrol was

observed in fish from groups P1-hypoxia and P1-hyperoxia (P<0.001; Figure.2b).

For 6-12 dph, a significant increase in fih-1 (compared to the Control) was obseryed

in fish from groups Pl-hypoxia, CE-hyperoxia and P1-hyperoxia. Higher expression
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compared to Controls, occurred in larvae from groups CE-hypoxia and P2-hyperoxia,

while the-highest was registered by fish from P2-hypoxia (P<0.001; Figure 2b).

By 7-12.dph, higher fih-1 expression compared to Controls was exhibited by larvae
from groups Pl<hypoxia, CE-hypoxia and CE-hyperoxia (P<0.001). Lower expression
occurred in individuals from groups P1-hyperoxia, P2-hyperoxia and P3-hyperoxia.
However, the lowest eéxpréssion was observed in fish from groups P2-hypoxia and P3-

hypoxia (P<0.001; Figure 2hb).

Expression of sodium/hydrogen exchanger 1 (nhel)

Expression of nhel generally.followed the same patterns as hif-1o and fih-1. Thus, by
hatching, increased expression of nhel(compared to the Control) occurred in fish from
groups P1-hypoxia and CE-hypoxia, while *lower expression in individuals from P1-

hyperoxia and CE-hyperoxia (P<0.001; Figure-2c).

For 1-6 dph, higher nhel expression than Controls was observed in fish from P1-
hypoxia, P2-hypoxia, and CE-hypoxia, while the highest was registered for individuals

from P2-hyperoxia and the lowest for fish from CE-(P<0.001; Figure 2¢).

For 7-12 dph, fish from experimental groups P1-hypoxia and CE-hyperoxia showed
higher expression of nhel than Controls, while the rest of the groups exhibited_lower

expression (P<0.001; Figure 2c).

Expression of erythropoietin (epo)
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Erom fertilization to hatch, epo expression increased in fish from groups P1-hypoxia

and CE<hypoxia by hatching (P<0.001; Figure 2d).

For 1-6dph, larvae from groups P2-hypoxia, CE-hypoxia and P1-hyperoxia showed
higher epo expreSsion than Controls and individuals from P1-hypoxia exhibited lower
expression (P<0.00%). The highest expression in this period was registered for larvae from
group P2-hyperoxia aneh the lowest for fish from experimental group CE-hyperoxia

(P<0.001; Figure 2d).

Lower expression than Contrels was observed for all the experimental groups for 7-
12 dph. However, the lowest expression‘occurred in fish from groups P1-hypoxia and P2-

hypoxia (P<0.001; Figure 2d).

Expression of glucocorticoid receptor (qr)

From fertilization to hatch, gr expression increased«in-individuals from groups P1-

hypoxia and CE-hypoxia compared to Controls (P<0.001; Figure 2e).

For 1-6 dph, higher gr expression than Controls occurred in-farvae from groups P1-
hypoxia, P2-hypoxia and P1-hyperoxia. Highest gr expression ocedtred in fish from
groups CE-hypoxia and P2-hyperoxia, while larvae lower gr expression occurred in group

CE-hyperoxia (P<0.001; Figure 2e).

For 7-12 dph, fish from group P3-hyperoxia showed higher gr expression_than

Controls, and the rest of the experimental groups exhibited lower gr expression
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(P<0.001). The lowest gr expression from 7-12 dph was registered for larvae from group

P2-hypexia (Figure 2e).

Expression of interleukine 8 (il8)

By hatching, fish.from experimental groups P1-hypoxia, CE-hypoxia, P1-hyperoxia
and CE- hyperoxia showed higher expression of il8 than the Control (P<0.001; Figure

2f).

For 1-6 dph, fish from most experimental groups (except from P3-hypoxia and P3-
hyperoxia) exhibited increased expression of 118 compared to the Control and the highest
expression was observed in larvaé from experimental group P2- hyperoxia (P<0.001;

Figure 2f).

For 7-12 dph, all fish in all experimental groups(showed lower expression of il8 than
the Control and larvae from experimental group P2¢hypoxia exhibited the lowest

(P<0.001; Figure 2f).

Gene Expression and Development Periods

Developmental period 1 (fertilization to hatch) resulted to be more sensitive for
hypoxic than hyperoxic treatments compared to Controls. Genes hif-1a, nhel, epo, gr and
i18 showed increased expression in hypoxic groups during this period, while hyperoxic
groups showed increased expression of il8, decreased expression of hif-1«, fih-1 and nhed,

and no differences in expression of epo and gr compared to Controls The developmental
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period”of 1-6 dph was characterized by the highest gene expression of all genes tested.
This was-especially the case in larvae exposed to both hypoxia and hyperoxia on
developmental periods 1 and 2 (P1-hypoxia, P2-hypoxia, P1-hyperoxia and P2-
hyperoxia), and’ larvae continuously exposed to hypoxia (CE-hypoxia) by 6 dph. In
contrast, of all developmental periods examined, the oldest developmental period of 7-12
dph was the least changed by hypoxia or hypoxia, with all tested genes exhibited little

variation compared to Controls:

DISCUSSION

Freshwater fish species inhabit aguatic environments where oxygen availability varies
— sometimes stochastically and often“greatly —across both time and space. Physiological
hypoxia is a commonly occurring phenomenon' fof ‘fishes due to water’s low oxygen
solubility, ineffective mixing in the water column andthe“respiratory processes of aquatic
organisms, coupled with only intermittent plant photosynthetic activity that could alleviate
aquatic hypoxia (Diaz and Breitburg, 2009; Jenny et al., 2016; Val and Almeida-Val,
1995). Environmental oxygen variations can lead to decreased survival and growth.
Survival and growth as a function of ambient oxygen levels haves<been previously
presented for the tropical gar A. tropicus (Martinez-Bautista et al., 2021). By-shatching in
A. tropicus, both hypoxia and hyperoxia decreased survival compared to control oxygen
levels. However, hypoxic or hyperoxic exposure during 1-6 dph and 7-12 dph showed no
differences compared to the Control population. Moreover, there were differences in body

mass, total length, and specific growth rate as a function of hypoxia. In contrast to these
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findipgs, juvenile Lepisosteus oculatus exposed to 71 days of hyperoxia exhibited
decreasethsurvival, but growth was unaffected by either hypoxia or hyperoxia (Rimoldi et
al., 2016). Importantly, these somewhat contrasting previously published results in air
breathing gar'species suggest that sensitivity to variations in oxygen level are dependent

on developmentalstage; which differed between these two studies.

The maintenance of, 'oxygen equilibrium in vertebrates typically involves the
transcriptional factor hypoxia inducible factor (Hif) (Chen, et al., 2020; Kaelin and
Ratcliffe, 2008; Schofield and Ratcliffe, 2004; Whitehouse and Manzon, et al., 2019). Hif
proteins represent an evolutionarily-eonserved pathway (from elasmobranchs to tetrapods)
for the physiological response to hypoxia'(Prabhakar and Semenza, 2015; Rytkonen et al.,
2011; Semenza, 2010). These proteins consist of-two subunits (« and f), where a-units are
hypoxia sensitive while S-subunits are insensitive (Uchida et al., 2004). Hif-a proteins
regulate the expression of other genes invelved in-several processes such as glycolysis,
iron metabolisms and muscle contraction, as' well as initiating the response to low oxygen

levels (Porporato et al., 2011; Semenza, 2000).

The function of hif-1a during development is not limited toythe hypoxia-response
because this transcriptional factor is also crucial for proper._dévelopment and
organogenesis (Pelster and Egg, 2018). For example, in yolk-free Salmo salar, reduction
in hif-1a expression results in reduced vascular endothelial growth factor, implicated in
vasculogenesis and angiogenesis (Vuori et al., 2004). Knockdown hif-1a in the zebrafish
produced morphological alterations (Tan et al., 2017) and changes in the ventilatory

response of larvae (Mandic et al. 2019). In the current study on the tropical gar, hif-1a
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was _upregulated in hypoxic hatchlings and downregulated in hyperoxic hatchlings,
suggesting that increased hif-1a expression is related to ambient oxygen levels. Moreover,
the hypoxi¢ signaling pathway appears to be operational before the onset of
cardiorespiratory activity and hemoglobin-dependent oxygen transport (Burggren et al.,
2016), as suggested by studies in other fish species (Pelster and Burggren, 1996;
Rombough and Dradex;2009). Hif-1a expression in fish embryos varies between species
and developmental stage, (with#increased expression observed as early as 12 hpf in the
zebrafish (Chen et al., 2012; Rytkénen et al., 2013; Santhakumar et al., 2012; Shen et al.,
2010). Collectively, these data suggest that the expression of hif-1a can vary between
species according to the specific times/ofidevelopment and hypoxic response, where Hif
protein levels change to maintain the early individual’s basal physiological requirements

(Pelster and Egg, 2018; Brusselmans et.al., 2001).

To better understand the role of Hif proteins jn\the developing tropical gar, we
evaluated their expression across early developmental stages to differentiate/relate their
importance in development during hypoxic and hyperoxic exposure. Higher expression
levels of hif-1a were observed in hypoxia and hyperoxia in the.1=6 dph developmental
period, similarly to those continuously exposed to hypoxia. For 7-124dph.larvae, only the
continuous exposed group to hypoxia showed increased expression. TThese maintained
high levels of hif-1a expression can result from prolonged hypoxic conditions,.resulting
in a slow-decreasing level of hif-1a as described for other fishes (Kopp et al., 2011;
Rahman and Thomas, 2007; Sollid et al., 2006; Thomas and Rahman, 2009): The
decreased hif-1a expression from fish with the highest expressions registered during 1-6

dph when measured at 12 dph (end of the experiment) are consistent with the assumption
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that inCreased hif-1a levels return to their basal values as soon as 24 h of recovery in
normoxia+(Shen et al., 2010; Terova et al., 2008). These data taken in aggregate suggest
that the peried comprising the first 9 days post-fertilization (developmental periods 1 and
2) represents a.key critical window for the molecular response to hypoxia and hyperoxia
in A. tropicus. During.this critical window, several key developmental events occur in the
tropical gar, including.gill maturation and the onset of gill ventilation, the onset of air
breathing, the transition({ to.-lecitoexotrophy, yolk depletion, metamorphosis, free
swimming, etc. (Aguilera et al.;+2002; Burggren et al, 2016; Martinez-Bautista et al, 2021;
Martinez-Bautista et al., in preparation). In contrast, the last developmental period tested
(7-12 dph) was the most resilient, showing the least variation in gene expression of all
tested genes and the 9 experimental’groups. Moreover, these data show a similar pattern
as described in Martinez-Bautista et_al.<(2021) for morphological characteristics of the

tropical gar, with higher variation during developmental periods 1 and 2.

Despite hif-1a expression not being evaltuated by Rimeldi et al., (2016), their findings
for Lepisosteids suggest that expression levels of Hif proteins'may be similar to those we
have measured in A. tropicus. Juvenile Lepisosteus oculatus showeg increased expression
of hif-2a after 71 days of exposure to hypoxia Rimoldi et al., (2016); which is consistent
with our data for the larval group continuously exposed to hypoxia. In contrast, however,
the expression levels of hif-1a in juvenile Trichopodus microlepis and Trichogaster lalius
did not vary during 72 h of hypoxic exposure (Huang et al., 2015a,b). These findings
suggest that different times of exposure during different periods of time can lead¢to

different responses in hif-1a expression.
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The transcriptional activity of hif-1a can be regulated by fih-1, the factor inhibiting
Hif (Lande et al., 2002). In our study high expression levels of hif-1a at hatching correlate
with low expression levels of fih-1 (Figure 2b). Curiously, high expression levels of fih-1
were observed.in fish exposed to either hypoxia or to hyperoxia during 1-6 dph and also
in the continuously. exposed group. The increased levels of fih-1 could be being expressed
to decrease the high levels of hif-1a in A. tropicus. Consistent with our findings for the
tropical gar, some teleosts suchsas the Nile tilapia, the bighead carp, and the channel catfish
show increased fih-1 expressionafter hypoxic stress (Feng et al., 2019; Geng et al., 2014;
Li et al., 2017). However, fih-1 @xpression levels varied between species and across
developmental stages. This suggests that the activity of fih-1 is tightly coupled with the
activity of hif-1a, because both.show ‘similar expression tendencies under hypoxic

conditions.

Hypoxic stress can lead to less efficient exygen uptake at the gills due to blood acidosis
and the reduction in haemoglobin oxygen-carrying capacity at low pH (Root effect). Fish
gills are multifunctional organs responsible for gas exchange; acid-base balance and ion
and osmoregulation (Laurent and Perry, 1991; Evans et al.;”2005). In fish gills, Hif
proteins can account for the control of ion transport across the epithelitim because hypoxia
disrupts fish homeostasis and hif-1a is involved in gill remodeling under hypoxic stress
(Nilsson, 2007). Uptake and plasma levels of ions such as Na™ can decredse because of
hypoxia (Iftikar et al., 2010; Matey et al., 2008; Wood et al., 2007). In case{of blood
acidosis, fish improve oxygen uptake by regulating intracellular and extracellular
erythrocyte pH through Na*/H" exchangers such as nhe, which basically mediate the flux

of Na* or K" ions in exchange for H* ions across the cell membrane (Evans et al., 2005;
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Brauner and Baker, 2009). nhel expression levels in A. tropicus in the current study were
upregulated in fish from hypoxic groups by the act of hatching, and the greatest expression
levels octurred in fish exposed to either hypoxia or hyperoxia during 1-6 dph. These
expression levels may be related to gill maturation, which occurs at ~5 dph in the tropical
gar (Burggren et ali, 2016; Martinez-Bautista et al., 2021). A reduced size in gill surface
has been associated with.the evolution of an accessory air-breathing organ. Moreover,
reduced transepithelial ign exchange occurs due to the limiting gill capacity for
extracellular pH regulation dufing acidosis (Brauner and Baker, 2009; Shartau and
Brauner, 2014). In bimodal-breathing fish, the evolutionary transition to air breathing
from strictly aquatic respiration createsa shift in acid-base balance with increased arterial
PCO:2 and decreased extracellular pH, driven in part by the reduced gill surface area and
associated reduction in COz elimination,(Randall et al., 1981; Graham, 1997; Shartau and
Brauner, 2014). This phenomenon occurs-in thespotted gar (Smatresk and Cameron,
1982) as well as other facultative air-breathing fisheS (Shartau and Brauner, 2014).
However, in the current study, the nhel expression levels in.7Z<12 dph were similar to those
at hatching or 1-6 dph. Developmental period 2 (1-6 dph) could‘be considered a critical
window for the activity of Na*/H* exchangers because this is the“period where the onset
of air-breathing, gill ventilation and gill maturation occur (Burggren et al., 2016;
Martinez-Bautista et al., 2021) and the role of the exchangers serves to copewith the low

oxygen in the environment.

Hif-1 is important for triggering expression of different genes involved in@post-
hypoxic exposure processes such as iron homeostasis (Long et al. 2015; Shah and Xie

2014), haemoglobin formation and erythropoiesis. Erythropoiesis (production of new red
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blood~cells) is mediated by erythropoietin (epo). Erythropoietin is a well described
glycoprotein hormone in mammals (Haase 2010, 2013; Semenza 1999) although its role
in fish is“poorly understood. In our study, higher expression of epo was registered for
tropical gar exposed to hypoxia at hatching, 1-6 dph and in the continuously exposed larval
population. The upregutation in epo can be related to higher production of red blood cells
as a function of the low-0xygen availability for the tropical gar, consistently with findings
in studies on other teleosts{(Cheu et al. 2004; Chu et al. 2007; Paffet-Lugassy et al. 2007;
Pierron et al. 2007). However;the greatest expression level of epo in the tropical gar
occurred in fishes exposed to hyperoxia during 1-6 dph. Aquatic environments with
supersaturation of atmospheric gases (such as in the hyperoxic treatments in the current
research) can alter the physiology<of fishes, including gas bubble trauma. Gas bubble
trauma promotes the formation of bubbles in the cardiovascular system, super inflation of
internal cavities (swimming bladder, intestines, and“peritoneum), emphysema in muscles,
internal organs and subdermal surfaces and_extracorpereal bubble formation in the gills
(Boyle 1970). These alterations cause blockage in blood.flow and disruption of organ
functions and neural activity (Stroud et al. 1975; Weitkamo and Katz 1980).
Erythropoietin function is not limited to the erythroid linage and has been linked to neo-
vascularization (Ribatti et al. 1999), cardiac morphogenesis (Wu et al’;,1999), mioblast
proliferation (Ogilvie et al., 2010) and regenerative capacities (Buemi et al 2009). For this
reason, it is possible that the highest expression of epo in the tropical gar expesed to
hyperoxia can be related to healing processes of possible damage caused by prolonged

oXygen supersaturation.
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Hif-1a is also involved in mineralocorticoid and glucocorticoid production (Tan et al.,
2017)..Glucocorticoids are pivotal hormones in fish, regulating cell growth, bone density,
metabolism /(especially at first feeding in fish early stages), cardiovascular function,
osmolarity, immune responses, and metamorphosis or direct development from larvae to
juveniles. Glucocorticoids are also mediators of stress-associated responses and are tightly
associated with their receptors (gr) (Charmandari et al., 2005; Vizzini et al., 2007). The
greatest expression levels of grin the developing tropical gar in this study occurred during
1-6 dph, which corresponds to-the metamorphosis stage where important changes occur,
including yolk depletion, change(in.the shape of the snout, lecitoexotrophy and free
swimming (Aguilera et al., 2002; Martinez-Bautista et al., 2021). Consistent with our data,
cortisol levels of the goldlined seabrgam (Sparus sarba) and chum salmon (Oncorhynchus
keta) larvae increased between 1-7 dph-and remain unchanged in the period 7-14 dph (de
Jesus and Hirano, 1992; Deane and Woo, 2003)¢ As gr is an important mediator of
metamorphosis, the highest expression registered instropical gar larvae continuously
exposed to hypoxia, and to hyperoxia from 1-6 dph, suggeststhat the individuals exhibited
some degree of physiological stress. Moreover, the continuously hypoxia exposed fish
showed decreased heart rate, gill ventilation and increased air-breathing frequency at 6
dph, compared to Controls (Martinez-Bautista et al., in preparation), which suggests that
this group of individuals exhibited functional cardiorespiratory responsessto‘cope the

developmental demands and the stress response.

Immunity in fishes is mediated by several molecules including cytokines (Reyes-
Cerpa et al., 2012), and it is possible that their activation could occur via Hif-1, as in

humans (Frede et al., 2006; Zinkernagel et al., 2007), since this molecule is highly
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conserved from elasmobranchs to mammals (Prabhakar and Semenza, 2015; Rytkonen et
al., 202%; Semenza, 2010). Interleukin 8 (il8) is a cytokine associated with the
inflammatory response, wound healing by increasing angiogenesis and the initiating the
oxidative burst in.neutrophiles (superoxide production) (Harun et al., 2008; Mukaida et
al., 1988). In our'study; larvae exposed to hypoxia and hyperoxia during fertilization to
hatching exhibited increased expression of il18 compared to Controls, and larvae exposed
to both conditions during fertilization to hatching and 1-6 dph, as the continuous exposed
group to hypoxia, showed incredsed overexpression of il8 by 6 dph. il8 overexpression is
mainly attributed to bacterial infections (Chen et al., 2005, Sun et al., 2011), so our results
suggests that for the tropical gar under\ypoxia and hyperoxia, il8 overexpression was
related to the oxidative stress promoted by the lack or superabundance of oxygen in the
environment, since these variations-Can.induce the occurrence of reactive oxygen species
(ROS) (Lushchak and Bagnyukova, 2006;-Pelster €t al., 2018). Biomarkers of oxidative
stress, such as the activity of antioxidant_enzymes, have been documented in fishes
(Rudneva, 2014; Rudneva et al., 2010), including Hoplerythrinus unitaeniatus and
Hoplias malabaricus (Pelster et al., 2018), Protopterus annectens (Loong et al., 2008)
and Carassius auratus (Lushchak et al., 2005). However, very little information exists on
the role of hypoxia and hyperoxia and its effect on oxidative stress in fish development,
because most studies have been focused on toxicants and pollutants (Chewdhury and
Saikia 2020). Moreover, there is little information regarding the role of @l8<in the
superoxide production under variable oxygen availability and the current study offers'the

first insight of the relative expression of il8 in a developing fish.
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CONCLUSION

The tropical gar (Atractosteus tropicus) is an excellent piscine model for studying
early development of fishes because of its rapid development and metamorphosis which
occurs at ~9 dpf~Our study suggests variable patterns of gene expression that are
dependent not only.on_the oxygen availability, but also on developmental time and the
time of exposure. Each) developmental period exhibited particularities for gene
expression:1) fertilization teshatch, the hypoxic groups showed increased expression of
almost all genes (excluding fih<1); 2) 1-6 dph, the highest expression of all genes tested
occur, principally in larvae exposedstoboth hypoxia and hyperoxia during fertilization to
hatch, from 1-6 dph and continuous exposed to hypoxia; and 3) 7-12 dph, the lowest
expression occurred for all tested"genes compared to the Controls. Our study on the air-
breathing tropical gar, with its rapid‘development, provides an entry into the molecular
responses to variable oxygen availability using a series'of basic genes for the respiratory,
ionoregulatory, stress and immunity. Moreover,,this manuscript provides guidelines for
future research to increase our understanding of molecular”pathways of air-breathing

ancient fish responses to hypoxia and hyperoxia.
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FIGURE CAPTIONS

Figure 1. A sehematic of the experimental design for assessing gene expression in the air-breathing
tropical gar Atraetosteus tropicus in response to hypoxia and hyperoxia. Three developmental
periods were employed: Period 1= fertilization to hatch; Period 2= 1-6 days post hatch (dph) and

Period 3 = 7-12 dph.

Figure 2. Relative expression levelssof a) hif-1a, b) fih-1, c) nhel, d) epo, €) gr and f) il8, all
normalized to the expression of eflat"the end of each developmental period in the early
development of Atractosteus tropicus.* Lowercase letters indicate differences between
experimental groups within each” developmental-period (P<0.001). Capital letters show

differences across development for each/experimental group (P<0.001).

Figure 3. Heat map summarizing gene expression.in the developing tropical gar in response to
hypoxia and hyperoxia administered according to the critical windows design depicted in Figure
1. Black, green, and red boxes indicate control, upregulated and downregulated gene expression,

respectively.
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Tables1. Oligonucleotides for the hypoxia/hyperoxia response of Atractosteus tropicus.

Oligonucleotide Forward (5'-3") Reverse (3'-5") Ffagme“t Accession Reference
size (pb) number
Elongation factor Jiménez-
g 1) CCTGCAGGACGTCTACAAGATCG  GACCTCAGTGGTCACGTTGGA 121 KT351350  Martinezetal.,
(2019)
Hypoxia inducible "4 7\ cAGAACTCGGAGCGTAG ~ TTTCCATGTGGCGGACTTGA 93 MW810042  Current study
factor 1 alfa (hif-7a)
Hypoxia inducible
factor 1 inhibitor CAACGAGGAACCAGTTGTGC ~ CAGGAACTTGTGGGTTTGCG 133 MW810043  Current study
(fih-1)
Na'/H (ﬁ;(g?;a\nger 1 AGACGTACAGCTCGAAGTCG  TTCATGACGATGCCCTGGTC 142 MW810044  Current study
Erithropoyetin (epo) ~ CTTCAACGAGTGGGAGAGCA  CCTGGGTCAGTAGCCTCAAC 77 MWB810045  Current study
Glucocorticoid
Feceptor (g1) GGCTGATCCTAGCACGTCTTC ~ TTCATCTGAACACACCAGGCA 82 MWB810046  Current study
Interleukin 8 (il8) ATATTCACTGGTGGGCGGAG GTGCGGCCTGAGATTGTTTT 369 MW965456  Current study
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Graphical abstract
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Figure2
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Pinamica Cardio-Respiratoria en el Desarrollo Temprano del Pejelagarto
Atractesteus tropicus a los Cambios en Disponibilidad de Oxigeno, Salinidad y

Temperatura en el Ambiente

RESUMEN

La transicion ‘a’ lasrespiracion aérea en larvas de peces es un fendmeno muy poco
conocido. En el presente“Capitulo se evalud la fisiologia cardio-respiratoria de las etapas
tempranas del pejelagarte’en. funcion de la actividad forzada, disponibilidad de oxigeno,
la salinidad y la temperatura=El estudio se llevé a cabo durante tres periodos del desarrollo
temprano: 1) fertilizacion a eclosion, 2) 1-6 dias post eclosion (dpe) y 3) 7-12 dpe. El
ritmo cardiaco (f4), la ventilacionbranquial (fc) y la ventilacion aérea (fag) de los peces
incrementaron con respecto al tiempo de desarrollo y se vieron afectados por los cuatro
factores, el tiempo de desarrollo y el tiempo,de exposicion. El inicio de las caracteristicas
fisioldgicas se modifico por la expesicion a cambios en la temperatura y disponibilidad de
oxigeno para fy y fec durante la incubacion, mientras que la salinidad solo modifico el
inicio de fas. El presente Capitulo ‘eontribuyeal” conocimiento sobre las alteraciones
cardio-respiratorias y del desarrollo en las.etapas tempranas de los peces con respiracion

bimodal.

Palabras clave: respiracion aérea, tasas metabdlicas, ventanas criticas, heterokairy,

Atractosteus tropicus
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INTRODUCCION

L'as etapas tempranas de desarrollo en los peces son las méas vulnerables a las presiones
selectivas impuestas por el ambiente (Burggren y Baggato, 2014; Rudneva, 2014). Dentro
del desarrolle~temprano existen periodos sensibles en los que el fenotipo puede verse
afectado por una gran variedad de fatores (Burggren y Mueller, 2015; Burggren y Reyna,
2011; Mueller et@l.,'2Q15). De igual importancia es el entendimiento del cambio en las
trayectorias de desarrollo.de los peces en funcion del ambiente, lo cual, cuando sucede
dentro de poblaciones de\una misma especie, o individuos de una misma poblacion, se
denomina heterokairy (Spicer+y Burggren, 2003). Existen pocos estudios que relacionen
ambas caracteristicas, particularmente desde un enfoque multifactorial (e.g., diferentes
dosis de un estresor en diferentes,tiempos de desarrollo), el cual puede proveer un mayor
entendimiento de las interacciones de los individuos con su ambiente (Burggren y Mueller,
2015; Mueller 2015).

El caso de los peces es interesante ya que, como otros organismos acuaticos, tienen
una limitante en su ambiente, ya que pueden gxperimentar niveles de oxigeno menores
que los animales terrestres (Eddy y Handy, 2012;Jonz et al., 2016). Para compensar esta
limitante los peces han desarrollado una Seri€ de adaptaciones, incluyendo modificaciones
en las branquias o la piel y la capacidad de respirar oxigeno atmoférico (Damsgaard et al.,
2020; Eddy y Handy, 2012; Gardufio et al., 2020; Jonz'et al., 2016). La capacidad de
respirar oxigeno atmosférico ha surgido en maltiples ocasiones en ambos Holosteii y
Teleosteii, y se han modificado diferentes estructuras como la'vejiga gaseosa, la piel, el
estdmago, los intestinos o como camaras adaptadas en la cabeza (e.gs~Affonso y Rantin,
2005; Belad et al., 2011; Graham, 1997; Johnson et al., 2010; Lefevre etal, 2011; Lefevre
et al., 2016; Little 2009; Lopes et al., 2010; Milsom, 2012; Perry et al., 2001,,Randall et
al., 1981; Shartau y Brauner, 2014).

La mayoria de los estudios realizados en peces con respiracion aérea se han_enfocado
en etapas adultas (Little, 2009; Milsom, 2012; Perry et al., 2001; Randall, 1994; Randall
et al., 1981; Randall e Ip, 2006; Shartau y Brauner, 2014). De acuerdo con Lefevré ét al.
(2014) existe una necesidad urgente de estudiar la fisiologia (especialmente respiratoria)

de los peces que respiran aire, en particular de aquellos empleados en proyectos de
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acuacultura. En contraste, muy pocos estudios se han llevado a cabo en etapas tempranas.
Algunas_investigaciones describen las respuestas metabdlicas en funcion del ambiente,
incluyendo_el efecto de la disponibilidad de oxigeno, del desarrollo, y los costos de este
proceso (Blank, 2009; Liem, 1981; Méndez-Sanchez et al., 2014; Mueller et al., 2011a-
b).

En el caso particular de los Lepisosteidos existen diversos estudios en jovenes y
adultos que describenssu morfologia y fisiologia (Boudreux et al., 2007; Burleson et al.,
1998; De Roth, 1973; Hill'et al., 1973; Landolt y Hill, 1975; McCormack, 1967; Potter,
1927; Rahn et al., 1971; Renfre, 1967; Saksena, 1967; Smatresk et al., 1986; Smatresk y
Cameron, 1982; Schwarz y Allen, 2014; Wiston, 1967; Zaccone et al., 2011; Zawodny,
1975). Sin embargo, el Unico estudio que describe la fisiologia cardio-respiratoriaen etapas
tempranas deun Lepisosteido (Atragetosteus tropicus) pertenece a Burggren et al. (2016),
donde se describe que el ritmo cardiac0, (f+) y la ventilacion branquial (fc) incrementan
rdpidamente durante los primeros 5 dias después de la eclosion; el fy permanece constante
hasta los 30 dias, mientras que la/fc-disminuye con la edad y la respiracion aérea (fag)
incrementa significativamente a los 15'dfas post e€losion. El fu y la fg incrementan después
de actividad forzada mientras que se mantiene constante fas. Del mismo modo, el fh y la
fe incrementan conforme incrementa la temperatura=del_ambiente en todas las edades
menores a los 30 dias posteclosion. Ademas, el fu y la"fe=se ven afectadas por la baja
disponibilidad de oxigeno. Por un lado, los peces de menos de 5 dias muestran un
incremento de fe al incrementar la hipoxia. Por otro lado, peces.del5 y 30 dias muestran
una disminucion de la fc y un incremento de fag al disminuir elxnivel de oxigeno. El f4
también incrementa al exponerse a los peces a estrés hipdxico.

Con relacidn a estudios sobre ventanas criticas en peces y su relacion.con su fisiologia
existen muy pocos estudios. Por ejemplo, Eme et al. (2015) evaluaron el fryel\consumo
de oxigeno (MO2) en Coregonus clupeaformis durante tres periodos sensibles.en la
incubacion y en funcién de cambios en la temperatura. La disminucion de la temperatura
incrementa el tiempo de cada ventana, mientras que temperaturas mas altas lo reducen.
Del mismo modo, los cambios en la temperatura de incubacion modificaron el fy y M©>
se observaron incrementos y decrementos en esta caracteristica. De esta manera, los

autores sugieren que el desarrollo embrionario entre la fertilizacion y la organogénesis
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represénta una ventana critica de plasticidad fenotipica en embriones y peces recién
eclosienados. Un ejemplo mas sugiere que los cambios de temperatura en el desarrollo
temprane‘de los peces pueden alterar el tiempo para la eclosion y la masa seca de los peces
al eclosionar.(Mueller et al., 2015). Asi mismo, la tasa de conversion del vitelo disminuye
y el costo de“desarrollo incrementa al incrementar la temperatura. El periodo de
organogénesis a les primeros movimientos de las aletas se ve afectado por la relacion entre
el desarrollo y la ‘temperatura, lo cual sugiere que este intervalo de tiempo puede
representar una ventapa critica donde sucede el mayor impacto en los procesos
energéticos.

Con base en lo anterior, el.objetivo de este Capitulo es evaluar el fy, la fc y el fag y su
tiempo de inicio en funcién de la_disponibilidad de oxigeno, la salinidad y la temperatura,
durante tres periodos importantes en“el.desarrollo temprano del pejelagarto Atractosteus
ttropicus: 1) fertilizacion a eclosion, 2)\1+6 dias post eclosion (dep) y 3) 7-12 dpe. Los
resultados de este Capitulo seran de utilidad para entender la interaccion que existe entre
la respuesta cardio-respiratoria delos;peces-ante diferentes condiciones ambientales, el

tiempo de desarrollo y el tiempo de exposicion a'cada estresor.
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MATERIALES Y METODOS

Declaragion ética

Los «organismos se utilizaron y manipularon de acuerdo con lo establecido por la
NOM-062-ZO0-1999 de la Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca
y Alimentacion, que estipula las especificaciones técnicas para la produccion, cuidado y
uso de los animales de laboratorio

Adquisicién y manutencign de organismos

Los embriones y las larvas se obtuvieron de tres desoves inducidos artificialmente en
mayo de 2017, mayo de 2018"y.mayo de 2019 en el Laboratorio de Acuicultura Tropical
de la Universidad Juarez Autonoma-de Tabasco. Cada hembra se anestesié con 200 mg L-
1 de metanosulfonato de tricaind MS-222® (Agent Chemical Laboratories) y
posteriormente se inyectd con 35 de un‘analogo del liberador de hormona leutinizante
(LNRHa). Cada hembra se introddjo con' cinco machos en tanques de reproduccion de
2000 L con sustrato artificial que permitié la adhesion de los huevos.

Se realizaron tres experimentos para determipar das ventanas criticas de desarrollo y
el tiempo de inicio del ritmo cardiaco, la_ ventilacion branquial y la ventilacion aérea. El
sexo de los peces no pudo determinarse, por lo-gue los datos se reportan asumiendo una
mezcla de machos y hembras. Inmediatamente después de la fertilizacion los huevos se
transfirieron a los tanques experimentales para su incubacién-y desarrollo. Para cada
experimento, los huevos se cred un grupo control y ocho tratamientos experimentales.
Cada experimento se realizé por triplicado y se utilizaron 50 hueves fertilizados por
réplica (1350 huevos fertilizados por experimento).

Los tanques experimentales contuvieron agua libre de cloro con pH de 80 y a
temperatura ambiente de 27°C-28°C (con excepcion del primer experimento). Se
mantuvieron en normoxia a 95% de saturacion de oxigeno (excepto en el.segundo
experimento), en salinidad de 0.0 ppt (excepto el tercer experimento) y con un fotoperiodo
de 12 horas luz y 12 horas oscuridad. Después de la absorcion del vitelo se alimentd a
saciedad a las larvas de pejelagarto con nauplios de Artemia sp. cada cuatro horas desde
las 8:00 horas y hasta las 20:00 horas. Se realizaron recambios de agua del 50% en cada
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tanque”(con los requerimientos de cada experimento) cada dos dias y las heces y nauplios

muertes se removieron por sifoneo una hora después de cada alimentacion.

Periodos de desarrollo y disefio experimental

Se examinaremitres periodos en el desarrollo del pejelagarto, basados en lo descrito
por Aguilera et al'(2002), los cuales se identificaron como: 1) tiempo de la fertilizacion a
la eclosion (60-70 horas)y2) completa absorcion del vitelo (~del dia 1 post eclosion (dpe)
a los ~6 dpe) y 3) la etapa prejuvenil (~7-12 dpe). Los embriones y larvas en los tres
periodos de desarrollo seexpusieron a condiciones control, a seis tratamientos en
condiciones experimentales ‘deseritas mas adelante (y posteriormente regresados a
condiciones control) y a dos tratamientos de exposicion continua para cada experimento.

Los detalles del protocolo se muestranen la Figura 1.
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(Exposicidon Continua)

:Contro\: 28°C, normoxia (95% saturacion de aire), sal= 0.0 ppt P1 = Periodo 1 (Fert.-eclo)
!' _!Tratamiento 1: 33°C, hipoxia (~30% saturacion de aire), sal= 4.0 ppt P2 = Perodo 2 (1-6 dpe)
[ _____ ]Tratamlnto 2: 36°C, hiperoxia (~117% saturacion de aire),sal= 6.0 ppt P3 = Periodo 3 (7-12 dpe)

Figura 1. Disefio experimental empleado para evaluar las tasas metabdlicas en el desarrollo temprane’ del
pejelagarto Atractosteus tropicus durante tres periodos importantes: 1) fertilizacion a eclosion, 2) 1-6 dpe, 3) 7-12 dpe.
Las cajas blancas indican condiciones Control (28°C, ~95% saturacion de aire, no salinidad) para cada experimento.
Las cajas grises denotan condiciones del tratamiento 1 (33°C, ~30% saturacion de oxigeno o salinidad de 4.0 ppt). Las

cajas negras indican condiciones del tratamiento 2 (36°C, ~117% saturacion de oxigeno, salinidad de 6.00ppt).
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Elprimer experimento consistio en un desafio de temperatura exponiendo a los
embriones'a 33°C (Tratamiento 1) y 36°C (Tratamiento 2), la cual se encuentra cerca del
limite superior de tolerancia (38°C con base en Burggren et al. 2016; Figura 1). En el
segundo expérimento se expuso a los peces a hipoxia (~30% saturacion de aire;
Tratamiento 1) ‘e hiperoxia (~117% saturacion de aire; Tratamiento 2;) como se observa
en la Figura 1. Paras€l tercer experimento se expuso a los individuos a salinidades de 4.0
ppt (Tratamiento 1) y 6:0 ppt (Tratamiento 2) como se aprecia en la Figura 1. Los cambios
entre las condiciones de lostratamientos ocurrieron gradualmente en periodos cortos de

~3 horas.

Preparacion de tratamientos

Temperatura. La temperatura se reguld con calentadores de inmersion conectados a
termostatos Jhonson Controls A419. La\temperatura de los tanques experimentales se
mantuvo constante a 33+0.5°C 0-36x0.5°C. ‘Para asegurar la dispersion del calor, los
calentadores se colocaron sobre las piedras dé aireacion. Los embriones y larvas se
expusieron a condiciones control (Grupo Gontral),-a-condiciones agudas o cronicas
durante el primer (P1-33°C, P1-36°C respéctivamente)ysegundo (P2-33°C, P2-36°C) y
tercer (P3-33°C, P3-36°C) periodo de desafrrollo y consexposicion continua a ambas
temperaturas (CE-33°C y CE-36°C) como se muestra en la Figura 1.

Hipoxia e hiperoxia. La hipoxia (~30% saturacién de aire, fratamiento 1) se generd

agregando nitrogeno directamente en los tanques y se disperso con una piedra de
aireacion. La hiperoxia se fijo a ~117% saturacion de aire (Tratamiento 2) y se produjo
con una torre de agua contra corriente con una piedra de aireacion que‘liberd,oxigeno en
el fondo de la torre. El agua se envio de la torre a los tanques medianteiha ‘bomba y
regreso a la torre a través de un tubo de ventilacion lo suficientemente alto en‘elcentro de
los tanques para mantener un flujo y una saturacion de oxigeno constante dentre’de, los
tanques. La torre promovid una alta concentracion de oxigeno en el agua simulando’la
funcion de un sistema de aireacion tipo tubo-U excluyendo el mecanismo de reciclaje de

gas (Timmons y Ebeling, 2010). Ambas saturaciones de oxigeno se midieron
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constantemente con dos sondas multiparamétricas YSI Pro2030. Se utiliz6 un grupo
contrel” a lo largo del experimento y los embriones y larvas se expusieron a ambas
condiciones, durante el primer (P1-hipoxia, P1-hiperoxia), segundo (P2-hipoxia, P2-
hiperoxia) y.tercer (P3-hipoxia, P3-hiperoxia) periodo de desarrollo y dos tratamientos de
exposicion continua a ambas condiciones (CE-hipoxia, CE-hiperoxia) como se muestra
en la Figura 1.

Salinidad. La salimidad en el agua del grupo control se midi6 en 0.0 ppt. Los
tratamientos experimentales se fijaron en salinidades de 4.0 ppt (Tratamiento 1) y 6.0 ppt
(Tratamiento 2), utilizanda cristales de sal de mar industrial (Grupo Industrial Roche) que
se disolvieron mecanicamente,en-€l agua de los tanques. Las concentraciones se validaron
con una sonda multiparamétrica.Y.81 Pro2030. Los tratamientos para este experimento se
definieron como un grupo control;;seis tratamientos correspondientes a la exposicion a
ambas condiciones durante cada periodo)de desarrollo (P1-4.0, P1-6-0, P2-4.0, P2-6.0,
P3-4.0, y P3-6.0) y dos tratamientos.expUtiestos durante todo el experimento (CE-4.0, CE-
6.0) como se muestra en la Figura/l.

Variables fisioldgicas
En el presente estudio se evalud el ritmog'Cardiacoy4a tasa de ventilacion branquial y la
tasa de respiracion aérea en funcion de la actividad forzadastemperatura, la saturacion de
oxigeno y la salinidad al final de cada periodo de desarrollo..Se,utilizaron 20 organismos
por tratamiento. Cualquier organismo que mostro actividad constante fue reemplazado.
El ritmo cardiaco, la ventilacion branquial y la ventilacion aéreaSe calcularon en rutina
y después de un minuto de actividad forzada. La actividad forzada se obtuvo a través de

movimientos mecanicos ligeros por ~1 minuto utilizando un tubo de vidrio.

Ritmo cardiaco. El ritmo cardiaco (fn) se determind visualmente bajo un microscopio

estereoscopico (Stemi 305 Lab)- Los peces se colocaron sobre camaras” plasticas
transparentes armadas sobre un vidrio de reloj colocado en una base transparente~(para
permitir la iluminacién) y con un espejo inclinado debajo del vidrio para observar la parte

ventral de los peces. El fu se calcul6 como el nimero de latidos del corazon (observables
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a través de la piel) de cada pez en dos intervalos consecutivos de 15 segundos,

promediando los latidos y multiplicando por cuatro para ajustar el fy a latidos por minuto.

Ventilacion branquial. La tasa de ventilacion branquial (fc) se determind visualmente

a través de les, movimientos del opérculo de los peces utilizando un microscopio
estereoscopico (Stemi 305 Lab). Las larvas se colocaron individualmente en camaras
plasticas transparentes de tamafio apropiado (1-6 cm de diametro, 2 cm de profundidad)
de acuerdo con el tamario“de los peces en cada etapa. La fg se calculé contando el nimero
de movimientos operculares (latidos) en dos intervalos consecutivos de 15 segundos,

promediados y multiplicades’por cuatro para ajustar a latidos por minuto.

Ventilacion aérea. Para calctlar.la tasa de ventilacion aérea (fag) se coloco a las larvas

en las cAmaras pléasticas descritas €nyla seccion anterior. Las larvas y mantuvieron en las
cajas durante una hora, tiempo que fueron grabadas en video para su posterior analisis.
Para calcular la fag se registraron las respiraciones aéreas (caracterizadas por la liberacion
de una burbuja de aire por el operculo) en.des periodos consecutivos de 15 minutos,

promediados y multiplicados por cuatro,para obtener la fag en respiraciones por hora.

Eventos fisioldgicos en el desarrollo

En el presente estudio se cuantificd el tiempa de ocurrencia de tres eventos fisioldgicos
relevantes en el desarrollo del pejelagarto: el inicio de los latides-del corazon, el inicio de
la ventilacién branquial y el inicio de la ventilacion aéreasDichos marcadores se
obtuvieron de grupo de 30 individuos de cada tratamiento utilizades, para registrar el
tiempo de ocurrencia de los eventos morfologicos descritos en el Capitulol. Se considerd
el tiempo de ocurrencia para cada evento cuando el 100% de los individuos presentaron

las caracteristicas fisiologicas correspondientes.

Coeficiente de sensibilidad térmica
El coeficiente de sensibilidad térmica Q1o se calculd para los eventos fisiologicos, asi
como para fu, fe y fas entre el grupo control del experimento de temperatura (28°C) y los

tratamientos de exposicion continua a 33°C y 36°C con la formula Q1o=(R2/R1)"T,Ty),
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donde Q1o, es el factor por el cual el tiempo de un proceso dado incrementa con el aumento
de temperatura; Ry es el valor del proceso dado a la temperatura 1 (donde T1 < T>), R2 es
el valor del proceso dado a la temperatura 2 (donde T > Ti); Tz es la temperatura en que

R1 es medida,y T2 es la temperatura en que se mide R>.

Analisis estadisticos

Se realizaron pruebas”de normalidad (Kolmogorov-Smirnov) y homoscedasticidad
(Levene) al resto de los'datos generados en este trabajo. Los datos que no cumplieron con
dichos postulados se normatizaron previamente a ser analizados. Las variables fisioldgicas
se analizaron mediante un andlisis de varianza de tres vias (factores tiempo, tratamientos
y actividad). Los datos de los eventos,fisiologicos y de sensibilidad térmica se analizaron
con un analisis de varianza de una via."A todos los analisis se les realizd una prueba de
comparacion maltiple de Holm-Sidak ‘paraidenotar diferencias significativas. Todos los
andlisis se realizaron con un nivel/de significancia del 95% en el programa SigmaPlot

version 11.0.
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RESULTADOS

Caracteristicas fisioldgicas

Se observaron diferencias significativas en el ritmo cardiaco (fu), la ventilacion
branquial (fe)~y la ventilacion aérea (fas) de los peces en funcion de los tres factores
ambientales y-lacactividad forzada. Asi mismo, los valores de cada tasa mostraron
diferencias con respecta al tiempo de desarrollo y el tiempo de exposicidn. Los detalles se
describen a continuacion.

Ritmo cardiaco (fu)~El fu de los peces en el experimento de temperatura mostrd

diferencias significativas al evaluarlo en rutina y después de actividad forzada a lo largo
del experimento (P>0.001),. excepto aquellos del grupo experimental P3-36°C al
momento de la eclosién (Figura,2a). En este periodo los individuos de los grupos CE-
33°Cy CE-36°C mostraron mayor fig (160-180 latidos min en rutina y ~180-200 latidos
min! después de actividad forzada) con‘rgspecto al Control y el resto de los tratamientos
incubados a 28°C, mientras que los tratamientos P1-33°C y P1-36°C exhibieron menor f4
(~120-130 latidos min-! en rutind-y==140 1atidos min™ después de actividad forzada;
P>0.001; Figura 2a). Durante 1-6 dpe\los peces del grupo P1-33°C registraron el mayor
fi en rutina (~160 latidos min) comparade con”el.control y el resto de los grupos
experimentales (~150 latidos mint; P>0.001} Figura-2a). En el periodo 7-12 dpe no se
observaron diferencias significativas en fy (P<0.05, Figura-2a).

En el experimento de disponibilidad de oxigeno los peces del grupo P1-hipoxia
mostraron diferencias en el f4 con respecto al control durante les periodos fertilizacion-
eclosion y 1-6 dph (=120 y ~125 latidos min respectivamente (P>0.001; Figura 2b). Los
peces del grupo CE-hipoxia exhibieron fu reducido a lo largo.del experimento,
independientemente de la actividad forzada (P>0.001; Figura 2b).

En el experimento de salinidad, los peces incubados a 4.0 ppt de salinidad mostraron
menor fu que el Control y el resto de los grupos (=100 y ~107 latides.min?,
respectivamente; P>0.001; Figura 2c). Durante 1-6 dpe los peces del grupe-P1-6.0
mostraron menor fy que el Control y el resto de los grupos (~140 contra ~ 150 latidos min

! P>0.001; Figura 2c). Al final del experimento los grupos P3-4.0 y P3-6.0 mostrargn
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mayor‘fy que el Control y el resto de los grupos (~155 y ~149 latidos min’, P>0.001,

Figura’2c).
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Figura 2. Ritmo cardiaco de Atractosteus tropicus expuesto a: a) temperatura (28°C, 33°C y/86°C); b) disponibilidad de
oxigeno (hipoxia e hiperoxia) y c) salinidad (4.0 y 6.0 ppt) durante tres periodos de desarralle (ver el texto para
descripcion). Letras minudsculas denotan diferencias en el ritmo cardiaco entre los diferentes grupos de peces encada
periodo de desarrollo. Letras mayusculas indican diferencias significativas a través del desarrolloparascada grupo
experimental. Las cajas negras indican grupos de peces en los que no se observaron diferencias entre latasajmetabdlica
en rutina y después de habilidad forzada. n = 20 individuos por grupo.

La Figura 3a-c muestra la interaccion del tiempo de desarrollo, los diferentes
tratamientos y el ritmo cardiaco en A. tropicus. En ella se observa un incremento acelerado
de esta tasa metabdlica durante los primeros dias después de la fertilizacion especialmente

en los tratamientos con grupos de peces a mayor temperatura. Del mismo modo, puede
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aprecidrse una meseta para el ritmo cardiaco en rutina y después de actividad forzada a

partir=de,~5 dpe para los tres experimentos. En la figura 3c se aprecian periodos de

bradicardia.de~50% en los grupos de peces que perecieron.
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Figura 3. Interacciones entre el tiempo de desarrollo, los tratamientos empleados y el ritmo cardiaco (a-c), la ventilacion

branquial (d-f) y la ventilacion aérea (g-i) en rutina y después de actividad forzada, a lo largo de les tres experimentos.

Ventilacion branquial (fg). En el experimento de temperatura, se observé un reflejo en
la movilidad de los opérculos al momento de la eclosién, lo cual se consideré para
sensibilidad térmica y no como ventilacion branquial per se debido a la falta de/madurez
de las branquias. La fc de los peces del Control y de los grupos P2-36°C y CE-33°C se
registr6 menor (~70 latidos min™) que en el resto de los tratamientos a los 6 pde (=60
latidos mint; P>0.001; Figura 4a). Para el final del experimento (12 dpe) los peces del
grupo CE-33°C mostraron la mayor fg (~80 latidos min™) y los del grupo P2-36°C la
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menor(~60 latidos min

diferenCias entre fg en rutina y después de actividad forzada para todos los grupos de peces

(P>0.00%; Figura 4a).

; P>0.001; Figura 4a). A lo largo del experimento se observaron
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Figura 4. Ventilacion branquial de Atractosteus tropicus expuesto a: a) temperatura (28°C»33°C y 36°C), b)
disponibilidad de oxigeno (hipoxia e hiperoxia) y c) salinidad (4.0 y 6.0 ppt) durante tres periodes de desarrollo (ver el
texto para descripcion). Letras minGsculas denotan diferencias en el ritmo cardiaco entre los diferentes/grupos de peces
encada periodo de desarrollo. Letras mayusculas indican diferencias significativas a través del desarrollo para cada

grupo experimental. n = 20 individuos por grupo.

En el experimento de disponibilidad de oxigeno, la_fc de los peces de los grupos P3-
hipoxia y CE-hiperoxia se observo significativamente mayor que el Control y el resto de
los grupos (~80 contra ~70 latidos min™, respectivamente, P>0.001, Figura 4b). En
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contraste, los peces del grupo CE-hipoxia exhibieron la menor fg a los 6 (~40 latidos min
1y y 12dpe (~50 latidos min't), comparado con el Control y el resto de los grupos (~70-80
latidos min:Y) en cada periodo (P>0.001; Figura 4b). Todos los grupos exhibieron
diferencias¢significativas en los valores de fc en rutina y después de actividad forzada
(P>0.001; Figura.4b).

En el experimento de salinidad, para el periodo 1-6 dpe, los peces del grupo P3-6.0
mostraron la mayorfg«(=~85 latidos min.1) en comparacion con el Control y el resto de los
grupos (~70-80 latidos min=1; P>0.001; Figura 4c). Para el periodo 7-12 dpe los peces de
los grupos P1-6.0 y CE-6.0 mestraron la mayor fs (~90 y ~105 latidos min'*) comparada
con el Control y el resto de los griipos (~80 latidos min; P>0.001; Figura 4c). Todos los
grupos mostraron diferencias entrefg en rutina y después de actividad forzada (P>0.001;
Figura 4c).

La Figura 3d-f muestra la interaccion del tiempo de desarrollo, los diferentes
tratamientos y la ventilacion branquial del"pejelagarto. Obsérvese la alta variacion que
existe durante 1-6 dpe en el experimento de-temperatura y, en contraste, las mesetas que
se forman en los experimentos de disponibilidadde oxigeno y salinidad. Asi mismo, puede
observarse la aceleracion en la ocurrencia-de esta tasa metabdlica en los grupos expuestos

a hipoxia.

Ventilacion aérea (fag). Ningun grupo de ningin experimento mostré diferencias

significativas entre fag en rutina y después de actividad forzada.(P>0.001; Figura 5). En
todos los grupos, y en todos los experimentos, la fag incrementd,con respecto al tiempo
(P>0.001; Figura 5). En el experimento de temperatura, para el periodo. =6 dpe, los peces
de los grupos CE-33°C y CE-36°C mostraron mayor fag (~9 y ~14'becanadas min.,
respectivamente) comparado con Control y el resto de los grupos (~5 bocanadas min.g;
P>0.001; Figura 5a). Para el periodo 7-12 dpe, los peces del grupo CE-36°C._exhibieron
la mayor fAB (~26 bocanadas min™), mientras que el Control mostr6 la menor (~20
bocanadas min; P>0.001; Figura 5a).

En el experimento de disponibilidad de oxigeno, durante el periodo 1-6 dpe los peces
de los grupos P2-hipoxia y CE-hipoxia mostraron la fas méas alta de todos los grupos

(~7contra ~5 bocanadas mint; P>0.001; Figura 5b). Al final del experimento (12 dpe) los
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peces-del grupo CE-hipoxia mostraron la fas més alta (~26 bocanadas min-1; P>0.001,
Figura5h).
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Figura 4. Ventilacion branquial de Atractosteus tropicus expuesto a: a) temperatura (28°C, 33°C y 36°C), b)
disponibilidad de oxigeno (hipoxia e hiperoxia) y c) salinidad (4.0 y 6.0 ppt) durante tres periodos de desarrollo (ver el
texto para descripcion). Letras minUsculas denotan diferencias en el ritmo cardiaco entre los diferentes grupos de peces
encada periodo de desarrollo. Letras mayusculas indican diferencias significativas a través del desarrollo para cada
grupo experimental. Las cajas negras indican grupos de peces en los que no se observaron diferéncias.entre la tasa

metabdlica en rutina y después de habilidad forzada. n = 20 individuos por grupo.

En el experimento de salinidad, pada los 6 dpe, los peces de los grupos P1-4.0y Pi-
6.0 mostraron la fas mas baja de todos los grupos (~1 bocanada min’t; P>0.001; Figura
5a). Para los 12 dpe no se observaron diferencias significativas entre ninguno de los grupos

sobrevivientes (P<0.05; Figura 5¢).
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La“Figura 3g-i muestra la interaccion del tiempo de desarrollo, los tratamientos
utilizados y la respiracion aérea de los pejelagartos. En general, se observa mayor
variacion” en* la ventilacion aérea de los peces en el tratamiento de temperatura,
especialmente-cuando la edad de desarrollo sobrepasa la edad cronoldgica. En la Figura
3h se observan‘los incrementos en la frecuencia de respiracion aérea de los peces

expuestos a hipoxia, &a partir de los ~7 dpf.

Sensibilidad térmica

Para el fu no se registro sensibilidad térmica entre los intervalos de temperatura ni
entre los periodos de desarrolloA(P<0.05; Tabla 1). Para la fc se observd sensibilidad
térmica durante el periodo de fertilizacion a eclosion, en el intervalo de 28°C a 36°C
(P>0.001; Tabla 1). Del mismo mogdo, Ja fas mostro sensibilidad térmica a los 6 dpe en el
intervalo de 28°C a 36°C (P>0.001; Tabla 1).

Tabla 1. Sensibilidad térmicaspara f., fc y fas €n el experimento de temperatura.

. QiD
Tasa Perido
28-33°C 28-36°C 33-36°C

Ritmo Cardiaco Fert-Eclosion  “4.076/+ 0.0092 1.248 +0.012° 1.04 £0.0072
() 1-6pde 1:004 +0.008 2 17005 + 0.004 2 1.02+0.0122
7-12 dpe 0.991 + 0:006° 1.004£0.002*  0.997 £0.007°
Ventilacién Fert-Eclosion  1.322& 0.097 2 2.84240.137>  1.205+0.049°2
Branquial (fo) 1-6pde 0.983 £10.018? 1.261#0028° 1.103+0.012°
7-12 dpe 1.068 + 0.026° 0.949 + 0:029°  0.945+0.014"

Ventilacion Fert-Eclosion - - -
Aérea (fas) 1-6pde 1.410 £ 0.052% 2.349 +0.099¢ , 1.126 +0.022°
7-12 dpe 1.052 £0.014? 1.231 +0.036% 1.047 £0.008?

abe jndican diferencias entre intervalos para cada periodo de desarrollo,

Tiempo de ocurrencia de las variables fisioldgicas

Ritmo cardiaco (fn). El inicio de los latidos del corazdn comenzé aJas 36,y 24 horas

post fertilizacion (hpf) en los grupos incubados a 33°C y 36°C respéctivamente,
comparado con el Control y el resto de los grupos (~48 hpf; P>0.001; Tabla 2)..La hipoxia
acelero el tiempo de inicio de 4 por 10 h comparado con el Control y el resto de l0osQrupos
(~40y ~50 h respectivamente; P>0.001; Tabla 2), mientras que la hiperoxia no tuvo efecto
(P<0.05; Tabla 2). La salinidad no promovié diferenciasen el tiempo de ocurrencia de
esta variable (P<0.05; Tabla 2).
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Ventilacion branquial (fg). Las temperaturas de 33°C y 36°C durante la incubacién y

de exposicion continua aceleraron el inicio de la fc (~72 y ~60 hpf, respectivamente) con
respectosdel, Control y el resto de los grupos (~96 hpf; P>0.001; Tabla 2). Del mismo
modo, la hipoxia adelantd el inicio de fc (~96 hpf) con respecto del Control (~102 hpf;
P>0.001; Tabla’2), mientras que la hiperoxia no modifico esta caracteristica (P<0.05;
Tabla 2). La salinidad tampoco modifico el inicio de la fc en ningun grupo de peces (~144
hpf; P<0.05; Tabla?2)

Ventilacién aérea (fag)y La alta temperatura modifico el inicio de fag; los grupos de

peces mostraron diferentes tiempos de inicio de esta variable (P>0.001; Tabla 2): CE-
36°C (~96 hpf), P1-36°C (~108 hpf), CE-33°C (~124 hpf), P1-33°C (~128 hpf), P2-36°C
(~144 hpf), P2-33°C (~148 hpt)_y“el control, P3-33°C y P3-36°C mostraron el mayor
tiempo (~152-154 hpf; Tabla 2). Lashipoxia durante la incubacion y de manera continua
aceleraron el tiempo para fAB (~130 y/~122 hpf) comparado con el Control y el resto de
los grupos, incluyendo aquellos expuestos a hiperoxia (~144 hpf; P>0.001; Tabla 2). En
contraste, la salinidad durante la‘inCubacion-retardo el inicio de fag (~212 hpf) comparado
con el resto de los grupos (~192 hpf P>0.001; Tabla 2).

Tabla 2. Tiempo de inicio de fy, fs y fag para cada grupo experimental de cada experimento.
Tratamiento 1 (T1): 33(°C, Hipoxia, 0 Tratamiento 2 (T2): 36 °C, Hiperoxia, 0
Evento Experimento Control Salinidad = 4.0-ppt Salinidad = 6.0 ppt
P1-T1 P2-T1 P3- T1 CE-T1 P1.a12 P2-T2 P3-T2 CE-T2
Temperatura 48+22 36x1° 48+2% 48+2% 36+2° 24+1¢ 4827 48+1% 24%1°
Iniciodefy,  Oxigeno 50+3?% 40+2P 50+2% 50+3% 40+1P 504#3%) 50+2% 50+3% 50%2°2
Salinidad  48+2% 47+1° 48+22% 48+3% 48+1% 47+3% _48+2® 48+2® 48+3*
Temperatura 96+32 72+2° 96+2% 96+2@ 73+1° 60x1% \96+3® 96+2% 60x1°
Inicio de fg Oxigeno 102+12 96+1° 96+2° 102+3% 96%2° 102+23102+22 102+3% 102+2°2
Salinidad 144 +£3°% 144 +1° - 142 £ 22 - 144 £ 22 - 144 £1°2 -
Temperatura 156 +22 128 +2°¢ 148+2° 156+2% 124+1° 10829 144+1% 152+2% 96+1°
Inicio de fag Oxigen 144 +3% 130+2° 144+3% 144+2% 122+1° 144+2% 144%3@N\144+3°% 144+3?
Salinidad  192+2% 208 +3" - 193+2°2 - 216 + 3¢ - 192 + 32 -
abedeindican diferencias significativas entre los grupos experimentales.
Control = 28°C, normoxia (~95% saturacion de aire), salinidad 0.0 ppt.
T1 = Tratamiento 1 (33°C, hipoxia ~30% saturacion de aire o salinidad 4.0 ppt).
T2 = Tratamiento 2 (36°C, hiperoxia ~117% saturacion de aire o salinidad 6.0 ppt).
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DISCUSION

Larespiracion aérea en los peces promueve la obtencién de oxigeno para crear ATP a
través de la fosforilacion oxidativa para mantener las demandas energéticas del
metabolismo.(Bamsgaard et al., 2020). El surgimiento de un 6rgano de respiracion aérea
en los peces cenlleva una serie de cambios en la regulacién de sus sistemas cardiovascular
y respiratorio para explotar eficientemente el nuevo medio rico en oxigeno (Damsgaard et
al., 2020: Graham, 1997; Bayley et al., 2019; Milsom, 2012; Olson, 1994; Wrighty Turko,
2016). En peces con respiracion aérea se ha descrito una reduccién del area superficie de
las branquias y menor cantidad de ionocitos con respecto a los peces con respiracion
acuatica (Hulbert et al., 1978). Otra caracteristica importante es que el ritmo cardiaco
aumenta significativamente durante la respiracion aérea. Este fendmeno puede
incrementar la eficiencia del intercambio gaseoso relacionando las tasas de perfusion y
ventilacién (McKenzie et al., 2007; Piiper y Scheid, 1975). Sin embargo, la respiracion
aérea incrementa el riesgo de depredaciémnen los peces (Damsgaard et al., 2020). En el
caso del pejelagarto, donde la ventilacién aéreaComienza tan pronto en el desarrollo como
alos 2.5 dpe (Burggren et al., 2016),¢€l riesgo esrelativamente menor, ya que los desoves
ocurren en areas con vegetacion, la cual*puede ¢tilizarse como refugio (Chapman y
McKenzie, 2009; Shigles et al., 2005).

Las larvas de peces que respiran aire muestran cierte’grado de similitud con relacion
a su plasticidad morfoldgica, fisiologica, bioquimica, molecular y de comportamiento en
funcion de diversos factores. Aunado a lo anterior, el conocimiento de los periodos
sensibles en el desarrollo es importante para entender las respuestas de los peces ante los
cambios en el ambiente. En el presente Capitulo se describen las posiblesVentanas criticas
para la respuesta fisiologica del pejelagarto a los cambios en el‘ambiente donde,
esencialmente, los periodos més sensibles son de la fertilizacion a la eclosiénvy de 1-6
dpe. Por el contrario, el periodo mas resiliente en la mayoria de las tasas metabolicas fue
d 7-12 dpe, con excepcion del experimento de salinidad, donde los peces expuestos
durante este periodo a 4.0 y 6.0 ppt mostraron un incremento en la ventilacion branquial.
A continuacion, se presenta el rol de cada estresor del presente estudio sobre las tasas

metabolicas del pejelagarto en sus etapas tempranas.
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Rol dela temperatura

Latemperatura es un factor importante que acelera el desarrollo de los organismos
(Muelleret.al., 2015). En el presente Capitulo se muestra que el periodo de incubacion
puede representar una venta critica para el inicio de los latidos del corazén y de a
ventilacion branquial, mientras que los periodos de incubacién y 1-6 dpe representan una
posible ventana critica_para el desarrollo de la ventilacion aérea, todos en funcién del
incremento en la temperatura. Sin embargo, se requiere de periodos de tiempo mas cortos
para determinar de manerajespecifica el periodo en que el inicio de las tasas metabdlicas
es alterado. Con este respecto, Eme et al. (2015) y Mueller et al. (2015) describen ventanas
criticas en el desarrollo embriehario de Coregonus clupeaformis en funcion de la
temperatura. Sus hallazgos muestran que el periodo de organogénesis y primer aleteo son
los mas sensibles y que sus afectaciones pueden promover alteraciones en la vida adulta
de los peces.

En el presente estudio, el ritmo cardiaco y la ventilacion aérea incrementaron al
exponer a los peces a diferentes temperaturas; 10 cual es consistente con lo descrito por
Burggren et al. (2016). En el caso de\la ventilacion branquial, en el presente estudio se
observo que, a pesar de que las branquias-de los peces no son maduras al momento de la
eclosion, presentan un reflejo que es afectado por ta“temperatura durante este periodo
(Tabla 1). Por otro lado, los valores de sensihilidad térmica~(Q1o) para etapas posteriores
permanece por debajo de ~1.5, lo cual es consistente con les\datos de Burggren et al.
(2016). Sin embargo, en Burggren et al. (2016), la mayor sensibilidad térmica se encontrd
en los intervalos de temperatura mas bajos evaluados por los autorées (20°C-25°C y 25°C
a 28°C). Por lo tanto, es necesario conocer el efecto de la exposi€ion continua a
temperaturas menores a las utilizadas en este estudio para evaluar las‘tasas metabolicas
desde una perspectiva de ventanas criticas. Del mismo modo, los resultados de la
evaluacion del ritmo cardiaco en este estudio son consistentes con Burggren et al. (2016),
ya que no se observo sensibilidad térmica en ningun intervalo de temperatura,.el’ritmo
cardiaco se mantuvo muy cercano al limite maximo reportado previamente. Esto puede
deberse a que puede existir un limite superior en que los latidos del corazdn puedan

mantener un llenado constante de sus cdmaras y ejecutar sus funciones de manera
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adecuada, ya que se conoce que el corazon de las larvas de peces late a un pico maximo
de ~200 latidos min a temperaturas mayores a los 30°C (4).

La relacion entre la perfusion y la ventilacion es un componente esencial en el
intercambi@_gaseoso. Consistente con lo descrito por Burggren et al. (2016), los cambios
en el ritmo cardiaco son menores que los que ocurren en la ventilacion branquial al
incrementar la temperatura. Sin embargo, el ritmo cardiaco y la ventilacion branquial no
reflejan por si solas elvolumen de irrigacion y perfusion branquial, debido a que existe
una compleja relacién especie-especifica de la funcidn cardiaca en los peces (Farrel y
Jones, 1992, Korsmeyer et'al.;2997; Shukla, 2009).

Por otro lado, el inicio del ritmo cardiaco y las ventilaciones branquial y aérea, se
acelerd por accion de la temperatura. En este caso, es importante considerar que la
temperatura acelera el desarrollo de*los peces (Mueller et al., 2015). Por esta razén, se
debe tener en cuenta que la aceleracion‘del inicio de las tasas metabolicas funcion de la
temperatura ocurre en tiempo cronoldgdico; sin embargo, para el tiempo de desarrollo
puede mantenerse constante. Esto&e.sugiere-debido a que no se observd un cambio en la
secuencia de aparicion de los eventos\(tanto fisiologicos como anatémicos en el Caitulo

1) como sucede en otros organismos (Tillsetal., 2010).

Rol de la disponibilidad de oxigeno

La baja disponibilidad de oxigeno tiene la capacidad de.aCelerar o retrasar el tiempo
de inicio de las tasas metabolicas (Méndez-Sanchez y Burggren 2014). En el presente
estudio, la aceleracion en la ocurrencia de las tasas metabdlicas ‘ocurri6 en funcion de la
hipoxia., especialmente durante el periodo de la fertilizacion a la eclosién, el cual puede
considerarse una ventana critica para el inicio del ritmo cardiaco y\las ventilaciones
branquial y aérea. Esta aceleracion en el tiempo de inicio puede representar un’mecanismo
de respuesta de los embriones para compensar la demanda de oxigeno necesarias para el
metabolismo (Eme et al., 2015; Mueller et al., 2015). Esta suposicion es apoyada‘por el
hecho de que la hiperoxia no promovié efecto alguno sobre el inicio de lasitasas
metabolicas, comparado con el Control.

La exposicién a la hipoxia en peces de respiracion acuatica se asocia con una

reduccion en el ritmo cardiaco e hiper ventilacion branquial para incrementar la eficiencia
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del intercambio gaseoso en las branquias (Perry et al., 2009). Por otro lado, la respuesta
fisiolégica en los peces de respiracion aérea puede presentar una desventaja, ya que el
organo de respiracion aérea transporta el oxigeno hacia las venas centrales (Bayley et al.,
2019; Olson,.2994), creando una posible pérdida significativa de oxigeno a través de las
branquias, debido.a la hiper ventilacion y bradicardia (Piiper y Scheid, 1975). Por otro
lado, el ritmo cardiaco también puede aumentar en funcion de la hipoxia (Monteiro et al.,
2018; Skals et al., 2006). Al exponer a la especie Synbramchus mamoratus (respiradora
de aire facultativo) a bajas,concentraciones de oxigeno se observa un incremento en el
gasto cardiaco, derivado el aumento del ritmo cardiaco y el volumen sistolico (Skals et
al., 2006). Estos incrementos ocurren al mismo tiempo que aumenta la presion sanguinea,
lo cual sugiere que el sistema venoso y arterial tienen una funcion importante en el llenado
del corazdn y el volumen sistolica-(Skals et al., 2006). Sin embargo, estos postulados
difieren con los resultados del presentegstudio, ya que la hiper ventilacion se observo solo
en peces expuestos a hiperoxia de maneracontinua para los 6 dpe, y una hipoventilacion
y bradicardia fueron evidentes en el grupo expuesto a hipoxia durante todo el experimento.
Con base en lo anterior, es posible gue algunas‘especies como el pejelagarto presenten
menores alteraciones ya que son respiradores de aire obligados, y sus habitats naturales
(Hill et al., 1973; Rimoldi et al., 2016;/Smatresk=y_Cameron, 1982), asi como las
condiciones de cautiverio de los peces en el presente estudio, se encuentran en niveles
bajos de oxigeno. En contraste, la baja disponibilidad de oxigene promueve un incremento
en el ritmo cardiaco del pejelagarto en diferentes tiempos de<desarrollo (2.5-30 dpe,
Burggren et al., 2016). Estos datos difieren de los obtenidos en este Capitulo puesto que
el trabajo realizado por Burggren et al. (2016), los cambios en la dispanibilidad de oxigeno
fueron agudos y rapidos, alcanzado niveles muy bajos. Por lo tanto, es'necesario realizar
estudios con niveles de oxigeno menores a los utilizados en esta tesis y determinar cual es
el efecto de dicha condicion sobre la respuesta cardio respiratoria del pejelagarto.

Una disminucion progresiva en la disponibilidad de oxigeno promueve diferentes
respuestas en diferentes tiempos de desarrollo del pejelagarto (Burggren et al. 2016). Per
ejemplo, peces de menos de 10 dpe muestran in incremento en la ventilacion branquial.
Estas caracteristicas se han descrito para varias especies de peces (Jonz et al., 2005;

Porteus et al., 2014,2015, Shakarchi et al., 2013). Por otro lado, en pejelagartos de 15y
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30 dpe se observa un incremento inicial en la ventilacion branquial, que disminuye
significativamente al disminuir la disponibilidad de oxigeno. En el caso de los peces del
grupo CE-hipoxia en del presente Capitulo, la disminucion en el ritmo cardiaco y en la
ventilaciéndranquial, aunados al ligero incremento en la ventilacion aérea, sugieren que
son parte de un'mecanismo para disminuir la pérdida de oxigeno por las branquias y, al
mismo tiempo, mantener el balance &cido-base en las larvas (Burggren et al., 2016;
Burleson et al., 1998)=Esto sucede debido a que la sangre oxigenada en el érgano de
respiracion aérea llegardirectamente al corazon y es bombeada hacia las branquias,
promoviendo un gradiente contrario de difusion de oxigeno, es decir, de las branquias
hacia el ambiente (Burggrenet al;, 1986, Smatresk y Cameron, 1982). En algunos peces
con respiraciéon bimodal, la sangre se bombea del corazén a los arcos branquiales
posteriores a traves de una derivacion especial (Graham, 1997; Johansen, 1970; Randall
etal., 1981). Los arcos branquiales posteriores en estas especies exhiben una disminucion
en el &rea superficie para disminuir la pérdida de oxigeno. Sin embargo, estas estructuras
no se observan en L. oculatus (Smatresk y-€ameron, 1982), por lo que puede asumirse
que el caso del A. tropicus es similar) A pesar de que el pejelagarto carece de estas
derivaciones, esta especie muestra una‘disminucion en las estructuras branquiales de las

larvas (Burggren et al., 2016).

Rol de la salinidad

La salinidad en el presente estudio no tuvo efecto algunospara el inicio del ritmo
cardiaco ni la ventilacion branquial. En contraste, el tiempo de ocurrencia de la ventilacion
aérea aumento significativamente en peces incubados a 4.0 y 6.0 ppt~Por lo tanto, la
exposicion a la salinidad durante el periodo de fertilizacion-eclosion reveld una posible
ventana critica para el desarrollo de la ventilacion aérea.

El ritmo cardiaco del pejelagarto en el presente estudio presenté_‘s6lo dos
alteraciones:1) esta tasa disminuy0 en peces incubados en salinidades de 4:0-ppt al
momento de la eclosion y a los 6 pde, y 2) el ritmo cardiaco aumentd en peces expuestos
asalinidades de 4.0y 6.0 ppt durante 7-12 dpe. Consistente para los resultados al momento
de laeclosidn, no se observaron diferencias significativas en el rito cardiaco para Fundulus

grandis incubado en salinidades entre 0.4 y 30.0 ppt (Brown et al., 2012). Ademas, esta
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especi€ mostro un incremento en la excrecion de urea y amonio en salinidades de hasta
15.0'ppt..Esta excrecion se regula por los intercambiadores Na*/H* y, consistente con los
resultades del estudio en A. tropicus, la actividad de los intercambiadores incrementa en
peces expuestoes a mayor salinidad (Capitulo 2). Por otro lado, en los grupos de peces que
perecieron se'observo una bradicardia de ~50% (Figura 5c¢). Esto puede deberse a que los
peces no pusieron’ compensar las demandas de iono- y osmorregulacion, ya que las
branquias son el pringipal 6rgano para ambos procesos Y, en el periodo en que murieron
los peces, estas estructuras'no estaban maduras (Brauner y Rombough, 2012; Kwan et al.,
2019; Melo et al., 2019; Tresguerres et al., 2020). Las branquias de los peces en sus etapas
tempranas tienen una funcion mas'relacionada con la iono-regulacion (Rombough, 2007),
ya que obtienen oxigeno del medio a través de difusion por la piel y, de esta manera,
cuando el area superficie es alta se'desarrolla un sistema cardiovascular eficiente antes de
que sea requerido para satisfacer las fecesidades respiratorias de los peces (Pelster y
Burggren, 1996; Kranenbarg et al., 2000)."Incluso algunas especies iono-regulan a traves
de ceélulas ricas en mitocondrionés.-localizadas en la membrana basolateral del saco
vitelino y su funcién cesa al madurar, las branguias (Burnett et al., 2007; Katoh et al.,
2000). En el caso del presente estudio-en.el pejelagarto, la salinidad incremento la
ventilacion branquial en los peces incubades en salinidades de 4.0 y 6.0 ppt, alos 6y 12
pde. En contraste, disminuyé la tasa de ventilacién aérea~en los mismos tratamientos
exclusivamente a los 6 dpe.

Del mismo modo, la disminucion en la ventilacidén branquial.en presencia de salinidad
puede incrementar la presion parcial de COz en el plasma, produeir acidosis y promover
una disrupcion en el balance acido-base (Smatresk y Cameron, 1982). Parotro lado, existe
una relacion entre la respiracion aérea y la salinidad en L. oculatus y Axspatula (Schwarz
y Allen, 2014; Smatresk y Cameron, 1982). Esta relacion se caracteriza por un‘incremento
en la tasa de ventilacion aérea al exponer a los peces a mayor salinidad. A pesar de que
esta caracteristica se describié en peces juveniles, la respuesta es consistente.con los
resultados de esta investigacion. Con base en lo anterior, se sugiere estudiar’ esta
interaccion en etapas tempranas del pejelagarto y ampliar el panorama sobre la respuesta

respiratoria de los peces con respiracion bimodal a los cambios en salinidad.
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Rol de“la actividad forzada

En“el, presente estudio, la actividad forzada increment6 significativamente el ritmo
cardiacory da ventilacion branquial de los peces, y no tuvo efecto alguno sobre la
ventilaciénZaérea, en ningdn tratamiento ni en ningun tiempo de desarrollo. Estos
resultados coineiden con el trabajo de Burggren et al., (2016). En el caso del ritmo
cardiaco, los valores de esta tasa se encontraron por debajo o cerca de los ~200 latidos por
minuto, consistenteporio descrito por (Barrionuevo y Burggren, 1999). Del mismo modo,
el incremento en el ritme-Cardiaco en cualquier periodo de desarrollo del presente estudio
fue mayor con respecto a los valores después de someter a los peces a los otros factores.
Consistente con esto, los efectos-cardiovasculares de la actividad forzada en Lepisosteus
oculatus fueron relativamente bajos’(Burleson et al., 1998).

El incremento en la ventilaciénbranguial de los peces en todas las edades del presente
estudio (en funcion de la actividad forzada), incluso los latidos que se apreciaron al
momento de la eclosion, sugieren, queiexiste un control reflejo para la ventilacion
branquial, incluso a horas de ‘la’_eclosion==ESta informacion es consistente con los
resultados de Burggren et al. (2016)¢'De esta manera, los reflejos ayudan a optimizar el
intercambio de gases, especialmente“porgque el inicio_de la respiracion aérea ocurre
después del inicio de la ventilacién branquial’yy de estamanera se involucran las branquias
y la vejiga gaseosa para satisfacer las demandas.de oxigeno-en los peces (Burggren et al.,
2016).

La actividad forzada aumenta la frecuencia de ventilacion/aérea en adultos de L.
oculatus (Burleson et al., 1998). En el caso de las etapas tempranas del desarrollo del
pejelagarto en este estudio, la ventilacion aérea no se ve afectada par este factor, a pesar
de que las otras tasas se modifican de manera significativa. Para esta caracteristica existen
tres posibles especulaciones sugeridas por Burggren et al. (2016). La primerasSugiere que,
durante las etapas tempranas, la vejiga gaseosa no funciona como un érgane para la
respiracion, sino que provee la flotabilidad a las larvas; asi mismo, puede suceder.gug los
reflejos que controlan la respiracion aérea ocurran después que aquellos de la ventitacién
branquial. La segunda sugiere que los Lepisosteidos anteponen el balance acido-base @l
consumo de oxigeno al experimentar condiciones ambientales adversas (Burggren et al.,

2016; Burleson et al., 1998). De esta manera, la hiperventilacion branquial promovida por
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la actividad forzada en las larvas del pejelagarto puede contribuir a la hipocapnia, lo cual
incrementaria el pH de la sangre. Con base en lo anterior, el incremento en la obtencion
de oxigeno atmosférico promoveria una disrupcion en el balance &cido-base de las larvas.
La tercera eSpeculacion sugiere que, al no haber efecto de la actividad sobre la respiracion
aérea, la respuesta no esté relacionada con procesos cardio respiratorios, sino con

comportamientos,de evasion de depredadores.

CONCLUSION

Las respuestas cardio respiratorias del pejelagarto en el presente estudio indican que
incluso al momento de la eclosion existen reflejos fisioldgicos, lo cual sugiere la presencia
de receptores sensoriales y las estrueturas que modulan los procesos fisioldgicos clave
para la ventilacion y circulacion. Ademas,«los factores utilizados en el presente estudio
mostraron que los periodos de fertilizacion a eclosion y 1-6 dpe son los méas sensibles y
pueden representar ventanas criticas+ara el ritmo cardiaco, la ventilacion branquial y la
ventilacion aérea. Desde otra perspectiva,el pertode que resultd ser el mas resiliente a los
cambios en el ambiente (7-12 dpe), también resultd,en afectaciones para los peces
expuestos a mayor salinidad durante esteperiodo, especificamente para el caso de la
ventilacion branquial, la cual estd fuertemente“ligada a la iono- y osmorregulacion. El
presente Capitulo muestra como se puede alterar el sistema cardio.respiratorio de los peces

con respiracion bimodal y las interacciones entre metabolismo,“desarrollo y ambiente.
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Discusién General

Las-etapas tempranas de desarrollo son las mas vulnerables en el ciclo de vida de los
peces (Burggren y Bagatto, Rudneva, 2014). Durante ellas, el fenotipo y las trayectorias
de desarrollo_pueden modificarse por una gran variedad de factores, tanto intrinsecos
como extrinsecos‘a.los organismos (Burggren y Reyna, 2011; Hutchins, 2011; Burggren,
2019). Estas alteraciones pueden afectar directamente las caracteristicas de los organismos
en la vida adulta (\Vehaskari et al., 2011; Morgan et al., 1998; Sallout y Walker, 2003). El
estudio de las ventanas.criticas de desarrollo, desde un punto de vista multifactorial,
provee un mejor entendimiento de las interacciones de los diferentes factores con el
fenotipo de los organismos en-fdncion del tiempo de exposicién y la dosis de cada factor
(Burggren y Mueller, 2015; Mueller-et al., 2016). En la presente Tesis se evaluaron
aspectos morfologicos, fisioldgicos«y-moleculares en tres periodos de la ontogenia
temprana del pejelagarto Atractosteusvtropicus en funcién de la temperatura, la
disponibilidad de oxigeno y la salinidad.

Lefevré et al. (2014) ha denotado la gran necesidad de estudiar los aspectos
fisiologicos de los peces en sus etapas tempranas; .especialmente de aquellos que son
utilizados en acuacultura. De esta maneragesta Tesis“provee informacion clave para el
entendimiento de diversos procesos durante.el desarrolle temprano de los peces. Desde un
punto de vista meramente fisioldgico, se ha-stigerido la” importancia de utilizar como
modelos peces con aletas radiadas y que respiren aire para estudiar la evolucion de la
respiracion aérea, ya que son grupos que han evolucionado recientemente, comparado con
los peces con aletas lobuladas que divergieron hace millones de afios.(Damsgaard et al.,
2020). Los peces con aletas radiadas proveen un mejor entendimiento-de-las adaptaciones
iniciales asociadas con la evolucion de la respiracion aérea y permiten comparar Si
diferentes grupos en la filogenia de los peces y conocer las diferentes”adaptaciones
(morfoldgicas o fisioldgicas) para resolver los mismos desafios impuestos<por la
respiracion aérea y la terrestrialidad (Damsgaard et al., 2020).

El conjunto de datos de la presente investigacion sugiere que los periodos ‘de
fertilizacion a eclosion y 1-6 dpe pueden considerarse ventanas criticas de desarrollo para
la supervivencia, el crecimiento, la expresion de genes relacionados con la respuesta a la
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hipoxia, las tasas metabdlicas y el tiempo de inicio de los eventos (fisiologicos y
morfelégicos) clave en el desarrollo temprano del pejelagarto. Existen diversos estudios
que hanselacionado los pardmetros evaluados en esta Tesis (citados en los Capitulos 1-
3). Sin embargo, no existen estudios que relacionen de manera conjunta un contexto
general de las\respuestas de los organismos ante el ambiente cambiante.

En contraste, el Gltimo periodo en que se evaluaron las diferentes caracteristicas en
este trabajo se mostro.como el mas resiliente, debido a que se observaron minimos o nulos
cambios en respuesta al-ambiente en el pejelagarto. Al ser un periodo de transicion entre
la lecitoexotrofia y la exotrofia (Comabella et al., 2014), se esperaria que durante este
periodo se observaran alteraciones en las diferentes caracteristicas. Sin embargo, solo la
ventilacion branquial de los pecesexpuestos a 4.0 y 6.0 ppt de salinidad mostraron un
incremento durante los 7-12 dpe. ‘ESta observacion esta mas relacionada con el iono y
osmorregulacion de los peces. Estos procesos son de gran importancia en los peces que
respiran aire debido a las complicacioneS que de ellos surgen, incluso desde el momento
de la incubacion. Los embriones de_los pecesimantienen un balance i6nico y osmotico a
través de células especializadas en la'piel (Burnett et al., 2007; Katoh et al., 2000). Esta
caracteristica disminuye en funcionalidad-amedidaque se desarrollan las branquias. Estos
organos, aparte de la iono- y osmorregulaciényse encargan de la captacion de oxigeno en
el medio acuético (Brauner y Rombough, 2012; Kwan<et-al., 2019; Melo et al., 2019;
Tresguerres et al., 2020). Sin embargo, en peces con respiracion aérea puede surgir una
limitante, ya que, en condiciones de hipoxia, hiperoxia e hipertonicas, un incremento en
la ventilacion branquial conllevaria una pérdida de oxigeno por lasipranquias (Kranenbarg
et al., 2000; Pelster y Burggren, 1996; Rombough, 2007), promoveria una acidosis en el
pH sanguineo (Pester y Burggren, 1996) y, por consiguiente, una disminucion de la
capacidad de la hemoglobina para transportar oxigeno (efecto Root). Esta.condicion se
discute detalladamente en los Capitulos 2y 3.

Por otro lado, al conocer los diferentes aspectos de la biologia basica de los'peces en
desarrollo, en este caso del pejelagarto, ofrece un panorama amplio para conocer~y
entender los mecanismos por los cuales estos peces son tan exitosos en su habitat. Los
sitios de distribucion del pejelagarto pueden contener una alta cantidad de sélidos

disueltos, que pueden incrementar la dureza y salinidad del agua. Al mismo tiempo,
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pueden ser sitios con baja disponibilidad de oxigeno y, al encontrarse en zonas tropicales,
la temperatura del agua se encuentra por encima de los ~28-20°C (Méarquez-Couturier et
al., 2015; Miller et al., 2005; Mora et al.,1997). Es por ello por lo que, futuras
investigacianes deberan enfocarse en diferentes aspectos, con base en diferentes criterios.
Primero, es necesario determinar el efecto de los estresores durante periodos mas cortos
de desarrollo. Por ejemplo, dividir el periodo de incubacion para conocer cual es la etapa
mas sensible y puede afectar la vida adulta de los peces, tal como lo mencionan Mueller
et al. (2015). En segunde_lugar, es necesario evaluar mas aspectos sobre la fisiologia de
los peces en desarrollo, tal cemo la eficiencia en la absorcion del vitelo, el costo de
desarrollo y la pérdida del equilibro homeostatico, etc. (Eme et al., 2015) para dilucidar y
entender de mejor manera los procesos que ocurren en las etapas tempranas de los peces,
su interaccion con el ambiente y las posibles asociaciones de estas adaptaciones con el
entendimiento de la transicion a la terrestrialidad (Damsgaard et al. 2020). En tercer lugar,
es de gran importancia evaluar la interac€ion que tienen més de un factor ambiental sobre
el fenotipo de los peces. Muy pocos-trabajes Conjuntan la interaccion entre dos 0 méas
factores con las respuestas funcionales.de los pecés (Cominassi et al., 2019; Serafin et al.,
2019; Simning et al., 2019; Sswat ‘et -al.,, 2018). 'Finalmente, una vez teniendo el
conocimiento, es posible aplicarlo de diferentes maneras.y con diferentes objetivos. Por
ejemplo, esta Tesis menciona algunas condiciones importantes para el larvicultivo del
pejelagarto que, desde un punto de vista productivo, puede.incrementar la eficiencia de
los peces en los sistemas en que se desarrollan. De igual manera,.este documento contiene
informacion que puede ser util para la conservacion de la ‘especie a traves de la
conservacion de sus habitats naturales ya que, tomando en cuenta el cambio climatico, una
disminucion en la temperatura viene acompafiada de una disminucién en_la disponibilidad
de oxigeno (Breitburg et al., 2018; Diaz, 2001) y probablemente in incremento de la
salinidad y, en este trabajo se han reportado las alteraciones a las que estaysujeta el

pejelagarto en su ontogenia temprana.
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Conclusion

El presente trabajo muestra las diferentes respuestas funcionales de los embriones y
larvas del pejelagarto ante los cambios en la temperatura, la disponibilidad de oxigeno y
la salinidad durante su ontogenia temprana. Del mismo modo, sugiere que los periodos de
desarrollo que comprenden desde la fertilizacion y hasta los 6 pde pueden representar
ventanas criticas paradasupervivencia, el crecimiento, el tiempo de ocurrencia de eventos
morfolégicos y fisiol6gieds clave y las tasas metabdlicas en funcién de los tres factores,
asi como para la expresion desgenes relacionados con la respuesta a la variacion en la
disponibilidad de oxigeno. Este trabajo provee informacion atil sobre la biologia temprana
de un pez con respiracion bimodalysu relacion con el tiempo de desarrollo y los cambios
en el ambiente, lo cual contribuye al'Conocimiento y entendimiento de los mecanismos y
adaptaciones de esta especie que favorecen su prevalencia. También, este escrito provee
informacidn que puede asociarse a la evolucion de la transicion de la respiracion acuatica
a la respiracion aérea, desde un punte,de vista fisioldgico. Por otro lado, los resultados
obtenidos en la presente Tesis pueden, ser utilizados para eficientizar el larvicultivo del
pejelagarto en sistemas de produccién,~ya,que ¢provee datos sobre supervivencia y
crecimiento que podrian beneficiar a diche sector’_Einalmente, se sugiere que el
pejelagarto es un excelente modelo para el estudio de las etapas tempranas de los peces,

debido a su rapido desarrollo y metamorfosis.
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