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Spatial and temporal variability of oxidative stress indicators in the red crab ==
(Pleuroncodes planipes) from the west coast of the Baja California Peninsula,

Mexico

Variacion espaciotemporal de los indicadores de estrés oxidativo en la langostilla
(Pleuroncodes planipes) de la costa occidental de la peninsula de Baja California,
Meéxico
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ABSTRACT. The red crab Pleuroncodes planipes is a resource with the potential for commercial exploitation. Red crabs have an elevated
antioxidant capacity, which is subject to spatial and temporal variability. The objective of this study was to evaluate the variability of the
oxidative stress indicators in P. planipes collected on four research cruises off the western coast of the Baja California Peninsula (Mexico).
Superoxide radical (O,™) production, lipid peroxidation, and antioxidant enzyme activities were quantified in muscle and hepatopancreas of the
collected specimens. Significantly higher O, production and antioxidant enzyme activities were found in hepatopancreas than in muscle
(P <0.05), which reflects the specific function of each tissue. Statistically significant differences (P < 0.05) in oxidative stress indicators were
found among sampling stations. The results suggest that P. planipes is more susceptible to oxidative damage when sea temperature is warmer,
particularly during El Nifio conditions.

Key words: antioxidants, oxidative damage, oxidative stress, red crab, reactive oxygen species.

RESUMEN. La langostilla Pleuroncodes planipes es un recurso con potencial de explotacion. Las langostillas tienen una elevada capacidad
antioxidante, la cual estd sujeta a variaciones espaciotemporales. El objetivo de este estudio fue evaluar la variabilidad de los indicadores de
estrés oxidativo en P. planipes recolectada en cuatro cruceros de investigacion a lo largo de la costa occidental de la peninsula de Baja
California (México). Se cuantificé la produccion de radical superoxido (O,™), la peroxidacion de lipidos y la actividad de las enzimas
antioxidantes en el hepatopancreas y musculo de las langostillas recolectadas. Se encontraron niveles significativamente mayores de
produccion de O, y actividad de las enzimas antioxidantes en el hepatopancreas que en el musculo (P < 0.05), lo cual refleja la funcién
especifica de cada tejido. Se observaron diferencias significativas (P < 0.05) en los indicadores de estrés oxidativo entre las estaciones de
muestreo. Los resultados sugieren que P. planipes es mas susceptible al estrés oxidativo cuando la temperatura del mar es mayor,
particularmente durante condiciones de El Niflo.

Palabras clave: antioxidantes, dafio oxidativo, estrés oxidativo, langostilla, especies reactivas de oxigeno.

INTRODUCTION INTRODUCCION

Since the mid-1980s the red crab Pleuroncodes planipes Desde mediados de la década de los afios ochenta, la
has been considered, given its abundance on the west coast of langostilla Pleuroncodes planipes ha sido considerada, dada
the Baja California Peninsula (Mexico), a resource with the su abundancia en la costa occidental de la peninsula de Baja
potential for commercial exploitation in the region (Aurioles- California (México), un recurso potencialmente explotable
Gamboa et al. 1995, Hernandez-Llamas et al. 2006). The en la regién (Aurioles-Gamboa et al. 1995, Hernandez-
growing need for food and for using alternative, non- Llamas et al. 2006). La creciente necesidad de alimentos y de
traditional resources has turned the attention of authorities, usar recursos no tradicionales alternativos ha suscitado el
investors, and researchers towards this resource. Studies interés de tanto las autoridades como los inversionistas e
conducted to date on P. planipes address different aspects of investigadores por este recurso. Los estudios realizados a la
distribution, abundance, larval drift, bathymetric migration, fecha sobre P. planipes abarcan diferentes aspectos de su dis-
reproductive ecology, and feeding habits (Aurioles-Gamboa tribucion, abundancia, deriva larval, migracion batimétrica,
and Balart 1995, Robinson and Gomez-Aguirre 2004, ecologia reproductiva y habitos alimenticios (Aurioles-

Bazzino et al. 2010, Wehrtmann et al. 2010). It has also been Gamboa y Balart 1995, Robinson y Gémez-Aguirre 2004,
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reported that P. planipes has an elevated concentration of
carotenoids and other antioxidant pigments (Castro-Gonzalez
et al. 1995, Vega-Villasante et al. 2002). However, to date no
studies have been conducted on the main oxidative stress
indicators in the red crab. The wide distribution of the red
crab populations suggests that, as has been reported for other
species, the antioxidant defenses and, therefore, the suscepti-
bility to oxidative stress are subject to both spatial and
temporal variability.

Oxidative stress is produced by a disturbance in the bal-
ance between prooxidants and antioxidants (Sies 1997). Such
disruption can be initiated by an excessive production of
reactive oxygen species (ROS) and/or a deficiency in the
antioxidant defense mechanisms; in either case, the result
jeopardizes the cell’s structural and functional integrity
(Halliwell and Gutteridge 2001, Rios de Molina 2003). ROS
are oxygen-derived molecules that easily react with other
molecules and have a short half-life (Alessio and Hagerman
2006, Martinez-Cayuela 1998). ROS include free radicals,
which contain unpaired electrons such as superoxide radical
(O,7), and non-free radical molecules, such as hydrogen per-
oxide (H,0,). ROS are naturally formed in all aerobic cells
and are now known to have a role as signaling molecules
(Halliwell and Gutteridge 2001). While all organisms are sus-
ceptible to increasing ROS production by several endogenous
and exogenous factors, they also possess numerous antioxi-
dant mechanisms, including enzymes and small molecular-
weight, non-enzymatic molecules (Halliwell and Gutteridge
2001, Rios de Molina 2003). Among the antioxidant defenses
are the enzymes catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GPx), glutathione reductase
(GR), and glutathione S-transferase (GST), as well as vita-
mins E and C, glutathione (GSH), and carotenoids, among
others (Sies 1997).

Environmental factors such as ultraviolet radiation and
changes in salinity or temperature alter the respiratory and
metabolic rate and, thus, ROS production of crustaceans
(reviewed in Fanjul-Moles and Gonsebatt 2012). Exposure to
elevated temperatures accelerates ROS formation and
induces antioxidant enzyme activities in marine ectotherms
(Abele et al. 2002, Wilhelm-Filho et al. 2001b, Heise et al.
2003, Freire et al. 2012). Higher temperatures in summer are
known to modulate the antioxidant defenses in several
marine invertebrate species (Abele et al. 1998a, Freire et al.
2012). In addition, the high energy demands of reproduction
and molting in crustaceans increase the risk of oxidative
stress (reviewed in Fanjul-Moles and Gonsebatt 2012).

The objective of the present study was to evaluate the
spatial and temporal variability of the oxidative stress indica-
tors in P. planipes and its relationship with the environment
along the west coast of the Baja California Peninsula. The
hypothesis of the present study was that red crabs collected in
warmer waters would have higher antioxdant enzyme activi-
ties and, thus, lower oxidative damage.
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Bazzino et al. 2010, Wehrtmann et al. 2010). También se ha
encontrado que P. planipes tiene una concentracion elevada
de carotenoides y otros pigmentos antioxidantes (Castro-
Gonzalez et al. 1995, Vega-Villasante et al. 2002). No
obstante, no se han realizado estudios de los principales indi-
cadores de estrés oxidativo en la langostilla. La amplia distri-
bucion de las poblaciones de P. planipes sugiere que, como
ha sido documentado para otras especies, las defensas
antioxidantes y, por tanto, la susceptibilidad al estrés oxida-
tivo estan sujetas a una variabilidad espacial y temporal.

El estrés oxidativo es el resultado de una perturbacion del
equilibrio entre los prooxidantes y los antioxidantes (Sies
1997). Tal perturbacion puede ser causada por una produc-
cion excesiva de especies reactivas de oxigeno (ERO) y/o por
una deficiencia en los mecanismos de defensa antioxidante;
en cualquier caso, el resultado compromete la integridad
estructural y funcional de la célula (Halliwell y Gutteridge
2001, Rios de Molina 2003). Las ERO son moléculas deriva-
das del oxigeno que reaccionan facilmente con otras molé-
culas y tienen una vida media corta (Alessio y Hagerman
2006, Martinez-Cayuela 1998). Las ERO incluyen radicales
libres, que contienen electrones no apareados como el radical
superoxido (O,™), y moléculas que no son radicales no libres,
como el peroxido de hidrogeno (H,0,). Las ERO se forman
naturalmente en todas las células aerdbicas y actualmente se
sabe que actiian como moléculas de sefializacion (Halliwell y
Gutteridge 2001). Aunque todos los organismos son suscepti-
bles de aumentar la produccién de ERO por varios factores
endogenos y exdgenos, también poseen numerosos mecanis-
mos antioxidantes, incluyendo enzimas y moléculas no enzi-
maticas de bajo peso molecular (Halliwell y Gutteridge 2001,
Rios de Molina 2003). Entre las defensas antioxidantes se
encuentran las enzimas catalasa (CAT), superoxido dismu-
tasa (SOD), glutation peroxidasa (GPx), glutation reductasa
(GR) y glutation S-transferasa (GST), asi como las vitaminas
E y C, glutation (GSH) y carotenoides, entre otros (Sies
1997).

Factores ambientales como la radiacion ultravioleta y los
cambios de salinidad y temperatura alteran la tasa respiratoria
y metabolica y, por tanto, la produccién de ERO de crusta-
ceos (revision en Fanjul-Moles y Gonsebatt 2012). Una
exposicion a temperaturas elevadas acelera la formacion de
ERO e induce la actividad de enzimas antioxidantes en orga-
nismos ectotermos marinos (Abele et al. 2002, Wilhelm-
Filho et al. 2001b, Heise et al. 2003, Freire et al. 2012).
Mayores temperaturas en verano modulan las defensas
antioxidantes en varias especies de invertebrados marinos
(Abele et al. 1998a, Freire et al. 2012). Ademas, las altas
demandas energéticas asociadas con la reproduccion y muda
aumentan el riesgo de estrés oxidativo en crustaceos (revision
en Fanjul-Moles y Gonsebatt 2012).

El objetivo del presente estudio fue evaluar la variabili-
dad espacial y temporal de los indicadores de estrés oxidativo
en P. planipes y su relacion con el ambiente a lo largo de la
costa occidental de la peninsula de Baja California. La
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MATERIAL AND METHODS
Study site

The study site is located in the oriental Pacific Ocean, on
the west coast of the Baja California Peninsula (Mexico).
Four cruises were conducted on board the research vessel
BIP XII. The first cruise (C1) took place between 21 October
and 10 November 2004 following an experimental sampling
plan; the explored area ranged from latitude 23°35'N to
latitude 28°30’ N and from 20 to 311 m deep (fig. 1a). The
second cruise (C2) took place from 15 to 29 March 2005
following a modified sampling plan, which was maintained
in the next cruises. The third and fourth cruises (C3 and C4,
respectively) took place from 21 November to 4 December
2006 and from 7 to 18 March 2007, respectively; the
explored area ranged from latitude 23°3’ N (Todos Santos) to
latitude 28°51' N (Sebastidn Vizcaino Bay) and from 41 to
433 m deep (fig. 1b).

A stratified random sampling design was used, with sta-
tions situated in lines perpendicular to the coast (13 transects
for the first cruise and 12 transects for the next cruises),
equidistant and of variable length depending on the bottom
topography. At each sampling station bottom trawls were

hipotesis de trabajo fue que las langostillas recolectadas en
aguas mas calidas presentarian una mayor actividad de enzi-
mas antioxidantes y, por tanto, menor dafio oxidativo.

MATERIALES Y METODOS
Sitio de estudio

El sitio de estudio se localiza en el océano Pacifico orien-
tal, en la costa occidental de la peninsula de Baja California
(México). Se realizaron cuatro cruceros a bordo del buque de
investigacion pesquera (BIP) Xll. El primer crucero (Cl1) se
realizé del 21 de octubre al 10 de noviembre de 2004
siguiendo un plan de muestreo experimental; el area mues-
treada abarco de la latitud 23°35' N a la latitud 28°30' N y
una profundidad de 20 a 311 m (fig. 1a). El segundo crucero
(C2) se realizo del 15 al 29 de marzo de 2005 siguiendo un
plan de muestreo modificado, el cual se mantuvo en los
siguientes cruceros. El tercer crucero (C3) y el cuarto crucero
(C4) se llevaron a cabo del 21 de noviembre al 4 de diciem-
bre de 2006 y del 7 al 18 de marzo de 2007, respectivamente;
el area muestreada abarcd de la latitud 23°3'N (Todos
Santos) a la latitud 28°51' N (bahia de Sebastian Vizcaino) y
una profundidad de 41 a 433 m (fig. 1b).

29°F
Sebastian
Vizcaino

Bay
ol 2)

21°

Gulf of California
26°F

1 rSebastian

Vizcaino ®
Baz -\

Gulf of California

o
o 0 & . v g
o
L]
25° Pacific Ocean Pacific Ocean s
)
24°}
o Station sampled o Station sampled
o Station not sampled o Station not sampled
50 0 50 100 km 50 0 50 100 km
23°L i
115° 114° 113° 112° 111° 110° 115° 114° 113° 112° 111° 110°

Figure 1. Sampling stations occupied during the research cruises conducted off the west coast of the Baja California Peninsula, Mexico,
(a) between October and November 2004 and (b) in March 2005, November 2006, and March 2007. Each number indicates a transect.

Figura 1. Estaciones de muestreo ocupadas durante los cruceros realizados a lo largo de la costa occidental de la peninsula de Baja California,
México, (a) entre octubre y noviembre de 2004 y (b) en marzo de 2005, noviembre de 2006 y marzo de 2007. Los nimeros denotan el

transecto.
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performed using a hybrid conical net with 34 m of upper
head-rope for fish and crustaceans. The effective trawling
time varied between 5 and 29 min, with an average of
17.5 min and 42 trawls per cruise. The effective trawling time
is defined as the period elapsed between when the winch was
stopped (the two steel otter boards touch the sea floor) and
the net started ascending (the otter boards lift off the sea
floor). Trawls were performed at an average speed of
2.6 nautical miles per hour. The total weight of red crab per
haul was recorded, and from the catch on deck, approxi-
mately 5 kg of red crab were separated and immediately
stored in the boat’s freezer for posterior analysis. Once at the
laboratory, samples were stored at —80 °C until analyzed.
Immediately prior to analyses and maintaining the samples
on ice, muscle and hepatopancreas were separated from each
individual. All biochemical analyses were performed in trip-
licate. All reagents were purchased from Sigma-Aldrich
Chemical Co. (San Luis, MO) and Bio-Rad Laboratories
(Hercules, CA).

Superoxide radical production

As an indicator of ROS production, the rate of superoxide
radical (O,") production was analyzed; O, production
wasquantified from the change of ferricytochrome ¢ to ferro-
cytochrome ¢ by following the method of Drossos et al.
(1995), as previously described by Zenteno-Savin (2002) and
Zenteno-Savin et al. (2006). Results are expressed in nmol
O, min! mg! protein.

Lipid peroxidation

Lipid peroxidation was quantified as an indicator of oxi-
dative damage, by quantifying the concentration of thiobarbi-
turic acid reactive substances (TBARS), according to the
method described by Buege and Aust (1978). A standard
curve was prepared with 1,1,2,3-tetracthoxypropane (TEP) in
a range of 0 to 5 nmol 250 pL-!. Results were obtained from
the standard curve and are expressed in nmol mg™! protein.

Antioxidant enzyme activity

Prior to antioxidant enzyme activity analysis, 100 mg
tissue (muscle or hepatopancreas) were homogenized in
2 mL phosphate buffer solution (500 mM), according to the
methods described by Hermes-Lima and Storey (1995) and
Hermes-Lima et al. (1998).

Total SOD activity was determined in a spectrophotome-
ter (Jenway 6305 uv/vis) using the xanthine/xanthine oxidase
system, which reduces nitroblue tetrazolium to yield forma-
zan, according to the method described by Suzuki (2000).
One unit of SOD activity is defined as the amount of enzyme
needed to inhibit the reaction by 50%. To quantify CAT activ-
ity, the decrease in H,O, concentration (initial concentration:
10 mM) was followed spectrophotometrically for 3.5 min
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Se empled un disefio de muestreo aleatorio estratificado,
con las estaciones situadas en lineas perpendiculares a la
costa (13 transectos para C1 y 12 transectos para C2, C3 y
C4), equidistantes y de longitud variable segtin la topografia
del fondo. En cada estacion de muestreo se realizaron
arrastres de fondo con una red cénica hibrida de 34 m de
relinga superior para peces y crustaceos. El tiempo de arras-
tre efectivo varié de 5 a 29 min, con un promedio de 17.5 min
y 42 arrastres por crucero. El tiempo de arrastre efectivo se
define como el periodo transcurrido entre que se detiene el
montacargas (las dos puertas de acero de la red tocan el
fondo) y empieza a subir la red (las puertas se elevan del
fondo). Los arrastres se realizaron a una velocidad promedio
de 2.6 millas nauticas por hora. Se registrd el peso total de
P. planipes por arrastre y, de la captura a bordo, aproximada-
mente 5 kg de langostillas fueron separados y almacenados
inmediatamente en el congelador del barco. En el laboratorio,
las muestras se almacenaron a —80 °C hasta su analisis. Inme-
diatamente antes del andlisis y con las muestras sobre hielo,
se separaron el hepatopancreas y musculo de cada individuo.
Todos los andlisis bioquimicos se realizaron por triplicado.
Los reactivos utilizados fueron adquiridos de Sigma-Aldrich
Chemical Co. (San Luis, MO) y Bio-Rad Laboratories
(Hercules, CA).

Produccion del radical superéxido

Como un indicador de la produccioén de ERO, se analiz6
la tasa de produccion del radical superoxido (O,™), la cual se
cuantifico a partir del cambio de ferricitocromo € a ferrocito-
cromo ¢ siguiendo el método de Drossos et al. (1995), segtin
la descripcion de Zenteno-Savin (2002) y Zenteno-Savin
et al. (2006). Los resultados se expresan en nmol O, min™!
mg! proteina.

Peroxidacién lipidica

La peroxidacion de lipidos se evalué como un indicador
de dafio oxidativo. Se cuantificé la concentracion de sustan-
cias reactivas al acido tiobarbiturico (TBARS por sus siglas
en inglés), segin el método descrito por Buege y Aust
(1978). Se prepard una curva estandar con 1,1,2,3-tetra-
etoxipropano (TEP) en un intervalo de 0 a 5 nmol 250 pL.
Los resultados fueron obtenidos de la curva estandar y expre-
sados como nmol mg! protein.

Actividad de las enzimas

Previo al analisis de la actividad de las enzimas antioxi-
dantes, se homogeneizaron 100 mg de tejido (musculo o
hepato-pancreas) en 2 mL de solucion amortiguadora de fos-
fatos (500 mM), segin los métodos descritos por Hermes-
Lima y Storey (1995) y Hermes-Lima et al. (1998).

La actividad total de SOD se determind en un
espectrofotometro (Jenway 6305 uv/vis) con el sistema de
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(Aebi 1984). One unit of CAT activity is defined as the
amount of enzyme needed to reduce 1 pM H,O, per minute.
GR activity was quantified following the decrease in absor-
bance during the oxidation of NADPH (Carlberg and
Mannervik 1985, Goldberg and Spooner 1987). One unit of
GR activity is defined as the amount of enzyme that oxidizes
1 uM NADPH per minute. GPx activity was measured
according to Floh¢ and Giinzler (1984), through the oxidation
of NADPH. One unit of GPx activity is defined as the
amount of enzyme that oxidizes 1 pM NADPH per minute.
GST activity was determined following the method of Habig
and Jakoby (1981). In this method the formation of the
thioether glutathione dinitrobencene complex, from the con-
jugation of GSH and 1-chloro-2,4-dinitrobenzene (CDNB), is
followed spectrophotometrically at 340 nm. One unit of GST
activity is defined as the amount of enzyme that catalyzes the
conjugation of 1 uM CDNB per minute at 25 °C. Antioxidant
enzyme activity data are reported as units mg~' protein.

Soluble proteins

Soluble protein concentration was quantified to standard-
ize the results. This concentration was determined using a
commercial kit (Bio-Rad) with serum bovine albumin as
standard (Bradford 1976). Data are reported in mg mL.

Statistical analysis

In order to test for statistical significance between means,
analyses of variance (ANOVA) were performed (Zar 1996).
Post hoc analyses (unequal N HSD) allowed us to test for the
statistical significance of specific differences in particular
parts of our design. Additionally, a forward stepwise discrim-
inant function analysis was performed to determine which
oxidative stress indicators (O,, TBARS, SOD, CAT, GR,
GPx, GST) allow for the best discrimination between the four
analyzed cruises (exclude condition: muscle). The Statistica
v8.0 software (StatSoft, http://www.statsoft.com) was used to
run all statistical analyses.

RESULTS

Figure 1 shows the locations of all the sampling stations
in the research cruises conducted from October to November
2004 (C1, fig. 1a) and in March 2005, November 2006, and
March 2007 (C2, C3, C4; fig. 1b) off the west coast of the
Baja California Peninsula. Figures 2 and 3 summarize the
results for O, production, TBARS levels, and antioxidant
enzyme activities in red crab hepatopancreas and muscle per
sampling station. Main effects in ANOVA were used to ana-
lyze the first-order (non-interactive) effects of multiple cate-
gorical independent variables (station and tissue). Multiple
dependent variables (O, production; TBARS levels; activity
of SOD, CAT, GPx, GR, GST) were specified. The tests
showed statistically significant differences (P < 0.05) among
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xantina/xantina oxidasa, el cual reduce el nitroazul de
tetrazolio a formazan, siguiendo el método descrito por
Suzuki (2000). Una unidad de actividad de SOD se define
como la cantidad de enzima que se necesita para inhibir la
reaccion en un 50%. Para cuantificar la actividad de CAT, se
sigui6 espectrofotométricamente la reduccion de la concen-
tracion de H,0O, (concentracion inicial: 10 mM) durante
3.5 min (Aebi 1984). Una unidad de actividad de CAT se
define como la cantidad de enzima que se necesita para
reducir 1 pM de H,O, por minuto. La actividad de GR se
cuantifico siguiendo la disminucién de absorbancia durante
la oxidacion de NADPH (Carlberg y Mannervik 1985,
Goldberg y Spooner 1987). Una unidad de actividad de GR
se define como la cantidad de enzima que oxida 1 pM de
NADPH por minuto. La actividad de GPx se midié segln
Flohé y Giinzler (1984), mediante la oxidacion de NADPH.
Una unidad de actividad de GPx se define como la cantidad
de enzima que oxida 1 uM de NADPH por minuto. La
actividad de GST se determind segun el método de Habig y
Jakoby (1981), en el cual la formacion del complejo tioéter
glutation dinitrobenceno, a partir de la conjugacion del GSH
con 1-cloro-2,4-dinitrobenceno (CDNB), se sigue espectrofo-
tométricamente a 340 nm. Una unidad de actividad de GST
se define como la cantidad de enzima que cataliza la conjun-
cion de 1 uM de CDNB por minuto a 25 °C. Los datos de la
actividad de las enzimas antioxidantes se presentan como
unidades mg ! proteina.

Proteinas solubles

Se cuantifico la concentracion de proteinas solubles para
estandarizar los resultados. Para determinar tal concentracion
se usé un kit comercial (Bio-Rad) con albimina sérica bovina
como estandar (Bradford 1976). Los datos se presentan en
mg mL-".

Andlisis estadistico

Para comprobar la significancia estadistica entre medias
se realizaron analisis de varianza (Zar 1996). Las pruebas
post hoc (HSD N desigual) permitieron probar la significan-
cia estadistica de diferencias especificas en ciertas partes de
nuestro disefio. Asimismo, se realizd un analisis discrimi-
nante secuencial hacia adelante para determinar cual indica-
dor de estrés oxidativo (O,, TBARS, SOD, CAT, GR, GPx,
GST) proporcionaba la mejor discriminacién entre los cuatro
cruceros analizados (condicion excluyente: misculo). Todos
los analisis estadisticos se realizaron con el programa
Statistica v8.0 (StatSoft, http://www.statsoft.com).

RESULTADOS
La figura 1 muestra la localizacion de todas las estaciones

de muestreo durante los cruceros realizados entre octubre y
noviembre de 2004 (Cl, fig. la) y en marzo de 2005,
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sampling stations and between tissues (muscle and
hepatopancreas). Hepatopancreas showed significantly
higher O, production, TBARS levels, and SOD, CAT, and
GST activities than muscle.

Post hoc tests (unequal N HSD) were used to determine
the sampling stations for each cruise in which significant dif-
ferences (P < 0.05) for each dependent variable were found.
No significant differences were found in O, production in
red crab muscle per sampling stations. The production of O,
in hepatopancreas was significantly higher (P < 0.05) in red
crabs sampled at stations C2-6, C2-10, C3-3, and C4-23
(fig. 2a). Statistically significant (P < 0.05) differences in
TBARS levels were also found in red crab tissues (muscle
and hepatopancreas), particularly at sampling stations C2-10,
C3-7, C3-18, C3-26, C3-48, C3-33, and C3-6 (fig. 2b).
SOD activity was found to be significantly (P < 0.05) higher
in muscle of red crabs collected at sampling station C2-19,
and in hepatopancreas of red crabs sampled at C2-43, C2-19,
and C2-10 (fig. 2¢). CAT activity was significantly (P <0.05)
higher in muscle of red crabs collected at sampling stations
C3-7 and C3-27, and in hepatopancreas of red crabs sampled
at C2-32, C2-6, and C2-43 (fig. 3a). GR activity was signifi-
cantly (P < 0.05) higher in muscle of red crabs from sampling
stations C2-31, C2-8, C2-42, and C2-19 (fig. 3b). GPx activ-
ity was found to be significantly (P < 0.05) higher in muscle
of red crabs collected at sampling stations C2-43, C2-8, and
C2-19, and higher in hepatopancreas from red crabs sampled
at C2-43 (fig. 3c¢). GST activity was higher in muscle of red
crabs collected at sampling stations C2-31 and C2-19, and in
hepatopancreas from red crabs collected at stations C2-16,
C2-31, C2-19, C2-26, C3-18, C3-33, and C3-6 (fig. 3d). In
general, antioxidant enzyme activities were higher in red
crabs collected at C2 sampling stations and lower in those
collected at C3 sampling stations.

Discriminant function analyses

All analyzed variables were included in the model, but
only five of them (O,~ production, TBARS levels, and
activity of SOD, GPx, and GST) were significant (Wilks’
lambda = 0.210; F = 13.631, P < 0.000). Table 1 shows the
canonical roots (discriminant functions) and their signifi-
cance. Table 2 shows the standardized coefficients for the
canonical variables and, thus, the contribution to the discrim-
inant function (root), as well as the eigenvalues (roots) for
each function. The first root contributes to explaining 73.21%
of the variance and the variables with highest contribution are
TBARS levels and SOD activity. The second root explains
98.54% of the cumulative variance, and the activity of GPx
and GST is the contributing variable. The third root explains
100% of the variance and the contributing variable is O,
production.

Figure 4 shows that the first discriminant function (root)
separates mainly C2 and C3; the values for C3 are located to
the right of the horizontal axis, with a positive mean (2.34),
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noviembre de 2006 y marzo de 2007 (C2, C3, C4; fig. 1b)
a lo largo de la costa occidental de la peninsula de Baja
California. Las figuras 2 y 3 muestran los resultados obteni-
dos para la produccion de O,, los niveles de TBARS y la
actividad de las enzimas antioxidantes en el hepatopancreas y
musculo de P. planipes por estacién de muestreo. Se usaron
los efectos principales de los andlisis de varianza para
analizar los efectos de primer orden (no interactivos) de las
multiples variables categdricas independientes (estacion y
tejido). Se especificaron las multiples variables dependientes
(producciéon de O, niveles de TBARS; actividad de SOD,
CAT, GPx, GR, GST). Las pruebas mostraron diferencias
estadisticamente significativas (P < 0.05) entre las estaciones
de muestreo y entre los tejidos (hepatopancreas y musculo).
La produccion de O, los niveles de TBARS vy la actividad
de SOD, CAT y GST fueron signicativamente mayores en el
hepatopancreas que en el musculo.

Las pruebas post hoc (HSD N desigual) permitieron
determinar cudles estaciones de muestreo de cada crucero
presentaban diferencias significativas (P < 0.05) para cada
variable dependiente. No se observaron diferencias significa-
tivas para la produccion de O, en el musculo de P. planipes
por estaciones de muestreo. La produccion de O,~ en el
hepatopancreas fue significativemente mayor (P < 0.05) en
las langostillas recolectadas en las estaciones C2-6, C2-10,
C3-3 y C4-23 (fig. 2a). Se encontraron diferencias estadisti-
camente significativas (P < 0.05) para los niveles de TBARS
en los tejidos (hepatopancreas y muisculo) de los individuos,
especialmente en las estaciones C2-10, C3-7, C3-18, C3-26,
C3-48, C3-33 y C3-6 (fig. 2b). La actividad de SOD resulto
significativamente (P < 0.05) mayor en el musculo de las lan-
gostillas recolectadas en la estacion C2-19 y en el hepato-
pancreas de los individuos de C2-43, C2-19 y C2-10 (fig. 2¢).
La actividad de CAT fue significativamente (P < 0.05) mayor
en el musculo de las langostillas de las estaciones de mues-
treo C3-7 y C3-27, y en el hepatopancreas de los individuos
de C2-32, C2-6 y C2-43 (fig. 3a). La actividad de GR fue
significativamente (P < 0.05) mayor en el musculo de las
langostillas de las estaciones C2-31, C2-8, C2-42 y C2-19
(fig. 3b). La actividad de GPx resultd significativamente
(P <0.05) mayor en el musculo de los individuos de las esta-
ciones C2-43, C2-8 y C2-19, y mayor en el hepatopancreas
de los individuos recolectados en C2-43 (fig. 3c). La activi-
dad de GST fue mayor en el musculo de las langostillas de las
estaciones C2-31 y C2-19, y en el hepatopancreas de los
individuos de C2-16, C2-31, C2-19, C2-26, C3-18, C3-33 y
C3-6 (fig. 3d). En general, la actividad de las enzimas
antioxidantes fue mayor en las langostillas recolectadas en
las estaciones de muestreo de C2 y menor en los ejemplares
recolectados en las estaciones de muestreo de C3.

Andlisis discriminante

En el modelo se incluyeron todas las variables analizadas,
pero s6lo cinco (produccion de O, niveles de TBARS, y la
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Figure 2. (a) Superoxide radical production (O,™), (b) lipid peroxidation (TBARS), and (¢) superoxide dismutase (SOD) activity in muscle
and hepatopancreas of red crab (Pleuroncodes planipes) collected during four research cruises along the west coast of the Baja California

Peninsula. Data are shown as mean + standard error, P < 0.05.

Figura 2. (a) Produccion del radical superdxido (O,™), (b) peroxodacion de lipidos (TBARS) y (c) actividad de la enzima superdxido
dismutasa (SOD) en el hepatopancreas y mtisculo de la langostilla (Pleuroncodes planipes) recolectada durante cuatro cruceros a lo largo de la
costa occidental de la peninsula de Baja California. Los datos se presentan como media + error estandar, P < 0.05.

while C2 has a negative mean (—0.94). The second function
(root) distinguishes mainly between C4 and C2; values for
C4 fall mainly under the central line (0) of the vertical axis
with a negative mean (—1.26), and C2 with a positive mean
(0.58). Therefore, it is possible to discriminate clearly and
significantly between C2 and C3 with the first discriminant
function and between C2 and C4 with the second discrimi-
nant function.

DISCUSSION

Oxidative stress indicators were analyzed in muscle and
hepatopancreas of P. planipes collected during four research
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actividad de SOD, GPx y GST) resultaron significativas
(lambda de Wilks = 0.210; F = 13.631, P < 0.000). En la
tabla 1 se muestran las raices candnicas (funciones discrimi-
nantes) y su significancia. En la tabla 2 se presentan los
coeficientes estandarizados para las variables canodnicas vy,
por tanto, su contribucion a la funcion discriminante (raiz),
asi como los eigenvalores (raices) para cada funcion. La pri-
mera raiz explica 73.21% de la varianza y las variables que
mas contribuyen son los niveles de TBARS vy la actividad de
SOD. La segunda raiz explica 98.54% de la varianza y la
variable que mas contribuye es la actividad de GPx y GST.
La tercera raiz explica 100% de la varianza y la variable que
mas contribuye es la produccion de O,™.
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Figure 3. Activity of the antioxidant enzymes (a) catalase (CAT), (b) glutathione reductase (GR), (¢) glutathione peroxidase (GPx), and
(d) glutathione S-transferase (GST) in muscle and hepatopancreas of red crab (Pleuroncodes planipes) collected during four research cruises
along the west coast of the Baja California Peninsula. Data are shown as mean + standard error, P < 0.05.

Figura 3. Actividad de las enzimas antioxidantes (2) catalasa (CAT), (b) glutation reductasa (GR), (C) glutation peroxidasa (GPx) y
(d) glutation S-transferasa (GST) en el musculo y hepatopancreas de la langostilla (Pleuroncodes planipes) recolectada durante cuatro
cruceros a lo largo de la costa occidental de la peninsula de Baja California. Los datos se presentan como media =+ error estandar, P < 0.05.
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Table 1. Chi-square tests with sucessive roots removed.
Tabla 1. Pruebas de chi cuadrado con las raices sucesivas eliminadas.

Roots removed Eigenvalue Canonical R Wilks’ lambda 12 d.f. P level
0 1.818 0.803 0.210 220.67 21 0.000
1 0.629 0.621 0.592 74.08 12 0.000
2 0.036 0.187 0.965 5.04 5 0.410

cruises off the west coast of the Baja California Peninsula.
Statistically significant differences were found among sam-
pling stations and between tissues (hepatopancreas and
muscle). Although hepatopancreas showed a significantly
higher O, production than muscle, TBARS levels were not
proportionally increased, perhaps because the antioxidant
enzyme activities were statistically higher in hepatopancreas
than in muscle. In both tissues, an inverse correlation (NS)
was found between SOD activity and O, production. SOD
dismutates O, into the less reactive H,O,, thereby con-
tributing to prevention of oxidative damage (Halliwell and
Gutteridge 2001). Arun and Subramanian (1998) reported
higher antioxidant enzyme activities in hepatopancreas than
in muscle of subadult freshwater prawn Macrobrachium
malcomsonii. Hepatopancreas is the site of multiple oxidative
reactions and may, therefore, be the site of highest ROS pro-
duction (Arun and Subramanian 1998). Similar differences
among tissues were found in Pacific white shrimp
Litopenaeus vannamei (Zenteno-Savin et al. 2006). The
hepatopancreas has multiple functions, including detoxifica-
tion, metabolism of digested products, secretion of digestive

Table 2. Standardized coefficients of the canonical variables. An
asterisk denotes the variables that contribute most importantly to
each root.

Tabla 2. Coeficientes estandarizados de las variables canonicas. El
asterisco indica las variables que mas contribuyeron a cada raiz.

Variable Root 1 Root 2 Root 3
0, —0.269 —0.264 0.640*
TBARS 1.062* 0.364 0.229
SOD —0.618* 0.351 -0.500
CAT -0.019 0.288* -0.124
GR -0.177 0.140 0.390*
GPx -0.191 0.452%* 0.358
GST —0.020 0.463* —0.146
Eigenvalue 1.818 0.629 0.036
Cumulative proportion 0.732 0.985 1.000

0, = superoxide radical;, TBARS = thiobarbituric acid-reactive sub-
stances; SOD = total superoxide dismutase; CAT = catalase; GR = glu-
tathione reductase; GPx = glutathione peroxidase; GST = glutahione
S-transferase.
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En la figura 4 se observa que la primera funcion discrimi-
nante (raiz) principalmente separa C2 y C3; los valores de
C3 se localizan a la derecha del eje horizontal, con una
media positiva (2.34), mientras que C2 tiene una media nega-
tiva (—0.94). La segunda funcion discriminante (raiz) princi-
palmente distingue entre C4 y C2; los valores de C4 estan
mayormente por debajo de la linea central (0), con una media
negativa (—1.26), mientras que C2 tiene una media positiva
(0.58). Por ende, es posible discriminar claramente y signifi-
cativamente entre C2 y C3 con la primera funcién discrimi-
nante y entre C2 y C4 con la segunda funcion discriminante.

DiscusiON

Se analizaron los indicadores de estrés oxidativo en el
hepatopancreas y musculo de P. planipes recolectada durante
cuatro cruceros a lo largo de la costa occidental de la
peninsula de Baja California. Se encontraron diferencias
estadisticamente significativas entre las estaciones de mues-
treo y entre los tejidos (hepatopancreas y musculo). Aunque
el hepatopancreas present6 una produccion de O, significa-
tivamente mayor que el musculo, los niveles de TBARS no
incrementaron proporcionalmente, posiblemente porque la
actividad de las enzimas antioxidantes fue significativamente
mayor en el hepatopancreas que en el musculo. En ambos
tejidos se observo una correlacion inversa (NS) entre la
actividad de SOD y la produccion de O, La SOD provoca la
dismutacion de O, en H,0,, que es menos reactivo, contri-
buyendo de esta forma a la prevencion de dafio oxidativo
(Halliwell y Gutteridge 2001). Arun y Subramanian (1998)
observaron mayor actividad de las enzimas antioxidantes en
el hepatopancreas de subadultos del camaron de agua dulce
Macrobrachium malcomsonii. El hepatopancreas es donde
suceden multiples reacciones oxidativas y, por tanto, podria
ser el sitio de mayor produccion de ERO (Arun y
Subramanian 1998). Se documentaron diferencias similares
para el camaron blanco del Pacifico Litopenaeus vannamei
(Zenteno-Savin et al. 2006). Las funciones del hepatopan-
creas son varias, incluyendo detoxificar, metabolizar
productos digeridos, secretar enzimas digestivas, absorber y
almacenar reservas minerales (Gibson y Barker 1979), asi
como mantener el equilibrio electrolitico (Gamble et al.
1995).

Se observd una mayor produccion de O, en las langosti-
llas recolectadas en las estaciones de muestreo de C2; sin
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enzymes, absorption, and storage of mineral reserves (Gibson
and Barker 1979), as well as maintaining the electrolyte
balance (Gamble et al. 1995).

Higher O, production was found among red crabs col-
lected at the C2 sampling stations; however, elevated TBARS
levels were only found at C2-10. This suggests that the activ-
ities of the antioxidant enzymes (SOD, CAT, GPx, GR, and
GST) in the red crabs collected in the spring of 2005 were
sufficient to avoid oxidative damage. In contrast, red crabs
collected during C3 had elevated TBARS levels and rela-
tively lower levels of antioxidant enzymes, suggesting an
oxidative stress process in red crabs during the autumn of
2006. Decreased antioxidant levels are commonly found
under food restriction conditions (Gomi and Matsuo 1998,
Bayir et al. 2011). Elevated TBARS levels in the absence of
increased O, production may be due to an increase in other
ROS not quantified in this study, such as H,O,.

In general, the red crabs collected at the C2 sampling
stations had higher O, production and antioxidant enzyme
activities than those collected during C3. Furthermore, the
first root of the discriminant analysis allowed distinguishing
between C2 and C3; the variables with the highest contribu-
tion to the variance were TBARS levels and SOD activity.
It is possible that there is an antioxidant enzyme response in
red crabs to the prevailing environmental conditions on the
west coast of the Baja California Peninsula. C1 was con-
ducted in autumn 2004, considered an El Nifio year, lasting
from JJA 2004 to DJF 2005 based on a threshold of +/-0.5 °C
for the Oceanic Niflo Index (ONI) (three-month running
mean of ERSST.v3b SST anomalies in the Nifio 3.4 region
(5N-58, 120-170W)) (http://www.cpc.ncep.noaa.gov/prod-
ucts/analysis_monitoring/ensostuft/ensoyears.shtml). A sat-
ellite image of the mean sea surface temperature in the study
area (De Anda-Montafiez et al. 2007) shows that autumn
2004 had near average temperatures, with positive anomalies,
that is, with a warm tendency. Under these environmental
conditions, the distribution and abundance of red crabs were
low; in fact, P. planipes was only found at 4 of the 39 sam-
pling stations. C2 was conducted in spring 2005, declared a
neutral year (above website), and red crabs were highly abun-
dant and widely distributed under the prevailing environmen-
tal conditions (De Anda-Montafiez et al. 2007). C3 was
conducted during autumn 2006, declared an El Niflo year,
lasting from ASO 2006 to DJF 2007 (above website). Under
these El Nifio conditions, red crab abundance decreased sig-
nificantly with respect to C2, and distribution was restricted
to the deepest stations of each transect (De Anda-Montafiez
et al. 2007). Increased temperatures alter the metabolic rate
and, thus, ROS production in crustaceans (Fanjul-Moles and
Gonsebatt 2012). Temperature modulates antioxidant enzyme
activities in worm, limpet, clam, mussel, and fish (Abele et
al. 1998a, 1998b, 2002; Wilhelm-Filho et al. 2001a, 2001b).
In spring 2007, when C4 was conducted, sea surface temper-
atures were close to the average (De Anda-Montafez et al.
2007). Although environmental conditions during C4 were
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Figure 4. Scatterplot of canonical scores for pairs of discriminant
functions (canonical roots) between cruises.

Figura 4. Diagrama de los puntajes candnicos para pares de
funciones discriminantes (raices candnicas) entre cruceros.

embargo, s6lo se encontraron niveles elevados de TBARS en
C2-10. Esto sugiere que la actividad de las enzimas antioxi-
dantes (SOD, CAT, GPx, GR y GST) en los individuos reco-
lectados en la primavera de 2005 fue suficiente para evitar
dafio oxidativo. En contraste, las langostillas recolectadas
durante C3 presentaron niveles altos de TBARS y niveles
relativamente menores de las enzimas antioxidantes, lo que
sugiere un proceso de estrés oxidativo en los individuos reco-
lectados en el otofio de 2006. Es comun encontrar menores
niveles de antioxidantes cuando hay restriccion de alimento
(Gomi y Matsuo 1998, Bayir et al. 2011). Los niveles eleva-
dos de TBARS en ausencia de mayor produccion de O, pue-
den deberse a un incremento en otras ERO no cuantificadas
en este estudio, como H,0,.

En general, las langostillas recolectadas en las estaciones
de muestreo de C2 presentaron una mayor produccion de O,
y actividad de enzimas antioxidantes que los individuos reco-
lectados durante C3. Ademas, la primera raiz del analisis dis-
criminante permitié distinguir entre C2 y C3; las variables
que mas contribuyeron a la varianza fueron los niveles de
TBARS y la actividad de SOD. Es posible que exista una res-
puesta de las enzimas antioxidantes en las langostillas a las
condiciones ambientales prevalecientes en la costa oeste de la
peninsula de Baja California. C1 se llevé a cabo en el otofio
de 2004, considerado un afio El Nifio, que dur6 de junio de
2004 a febrero de 2005 con base en un umbral de +/-0.5 °C
para el Indice Ocednico de El Nifio (ONI por sus siglas en
inglés) (media movil de tres meses de las anomalias de la
temperatura superficial del mar de ERSST.v3b en la
region Nifio 3.4 (SN-5S, 120-170W)) (http://www.cpc.ncep
.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears
.shtml). Una imagen satelital de la temperatura superficial del
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neutral, red crabs were as scarce as in El Nifio years (C1 and
C3). This may be due to biological resources not having fully
recovered after the El Nifio conditions that lasted five months
and ended in DJF 2007 (above website).

In summary, significant differences were found between
tissues and among sampling stations. Although hepatopan-
creas showed a significantly higher O, production than
muscle, TBARS levels were not proportionally increased,
perhaps because the antioxidant enzyme activities were sta-
tistically higher in hepatopancreas than in muscle. Red crabs
collected at the C2 sampling stations had higher, while those
collected during C3 had lower O, production and antioxi-
dant enzyme activities. The coldest sea surface temperatures
for the period 2004-2007 were recorded during C2.
C3 (autumn 2006) coincided with El Nifio environmental
conditions; red crabs were restricted to the deeper stations
and, although O, production appeared to be low, antioxidant
enzyme activities were also low, suggesting that red crabs are
more susceptible to oxidative damage during warm El Nifio
conditions. Potential effects of the changes in sea temperature
associated with global climate change on the oxidative stress
indicators in red crab tissues and the potential consequences
for their populations need to be addressed.
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