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Abstract

Litopenaeus vannamei postlarvae were exposed during 4 weeks to progressively increasing sublethal concentrations of
cadmium and zinc (Cd: 8.8, 24, 72 and 216 pg LY, Zn: 81, 160, 320 and 640 pug L), used alone or in mixture, in order to
evaluate their joint effect on survival and growth, and on the histological structure of hepatopancreas and gills of the exposed
organisms. After exposure to single metals there were no differences between control and treatments in survival and growth,
while survival was significantly lower with the highest concentration of the mixture. Growth was also affected and showed a
significant dose-related response. No histopathologies were observed in gills of shrimps exposed to single metals, while their
hepatopancreas showed moderate to severe changes during the first three weeks. With the mixture, moderate edemas were
present in gills lacunae and the hepatopancreas had sloughing of epithelial cells until the third week, but no histological
alterations were evident by the end of the experiment. The results of this study show a synergistic effect of the mixture Cd +

Zn on survival, growth and histological structure of hepatopancreas and gills of the Pacific white shrimp L. vannamei.
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Introduction

The Pacific white shrimp Litopenaeus vannamei
is the most important shrimp for aquaculture
worldwide. It is the only species grown commercially
in Mexico, where most farms are adjacent to the
densely populated fertile Pacific coastal plains, which
are used for intensive agriculture. Therefore, the
lagoons, estuaries and embayments which are used as
water sources for shrimp pond management are likely
to receive contaminants of urban, industrial and
agricultural origin, which may affect survival, growth,
and development of the shrimps in culture
(Gunnarsson et al., 2000).

Among these contaminants, several metals are of
particular interest because of their persistence and
effects on several biochemical pathways and
physiological functions. Among these, zinc and
cadmium are common and are known for their
deleterious effects on aquatic crustaceans (Wu and
Chen, 2004, 2005; Barbieri, 2009) and it has been
shown that, although L. vannamei may regulate its
internal Zn concentration, the combination of Zn with
other metals may have synergic or antagonistic effects
(Nufiez-Nogueira et al., 2012). These effects should

be studied in detail, because different organisms and
even different tissues of the same organism may show
different responses to metal mixtures (Norwood et al.,
2003; Serafim and Bebianno, 2010).

Several studies have reported histopathological
effects of metals in L. vannamei. After exposure to
copper, effects such as necrosis and loss of regular
structure in gills and hepatopancreas, respectively,
were observed by Frias-Espericueta et al. (2008). In
other studies, three weeks exposure to a mixture of
metals (Cd, Cu, Fe, Hg, Mn, Pb and Zn) caused
significant reduction of R cell and abnormal dilation
of the lacunae was reported in hepatopancreas and
gills, respectively (Frias-Espericueta et al., 2008),
while Wu et al. (2008) reported moderate
vacuolization in hepatopancreas tubules when
exposed to an essential metal (Zn) and Usman et al.
(2013) observed multiple hyperplasia in gills after
exposure to lead.

The aim of the current study is to report the
effect of cadmium, zinc and of their mixture on
survival, growth and histological structure of the gills
and hepatopancreas of L. vannamei postlarvae
exposed during 28 days to different sublethal
concentrations of these metals and of their mixture.
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Materials and Methods

The experimental organisms were L. vannamei
postlarvae obtained from a local hatchery ten days
after molting from mysis 3 to postlarva (postlarval
stage PL4g). Acclimation to the test conditions lasted
three days in a 100 L common stocking tank with 90
L of seawater obtained from Mazatlan Bay which was
filtered through a sand and gravel bed and one
cartridge system of 10, 5 and 1-um and treated with
activated charcoal. Holding conditions were 12: 12
hours light: dark photoperiod, twice daily feeding ad
libitum with Artemia sp. nauplii, continuous aeration
and 90% water replacement every 24 hours. Due to
space constraints, the effects of each metal and of
their mixture were determined in separate
experiments with different batches of postlarvae.

After acclimation, groups of 20 postlarvae
collected at random from the stocking tank were
placed in each of 15 1-L plastic beakers for three
additional days and maintained under the same
conditions as in the common tank. The experiment
started at the end of this second acclimation and lasted
four weeks, during which each metal concentration
was tested in triplicate. Three containers without
metal served in each case as controls.

The test solutions were prepared dissolving
CdCl, and ZnCl, in sterile distilled water. The
nominal concentrations for Cd were: 8.8, 24, 72 and
216 pg L, and those for Zn were: 81, 160, 320 and
640 pg L™ In each case, the first was equivalent to
the value for saltwater of the criterion of continuous
concentration (CCC: EPA, 2009) and all values were
lower than the known LCsy values for L. vannamei
postlarvae (2.49 and 2.08 mg L for Cd and Zn,
respectively: Frias-Espericueta, et al., 2001, 2003).
These were determined in previous experiments with

the traditional 96-h exposure to increasing
concentrations of each metal (1-25 mg L™ for Cd and
1-30 mg L™ for Zn), calculating the respective LCsy
values with the method of probit analysis (Finney,
1971).

For the binary mixtures, shrimps were exposed
to the sum of the two respective sublethal
concentrations of each metal (Mix1= 8.8 and 81 pg L”
L Mix2: 244160 pg L Mix3: 72+320 pg L™; Mix4:
216+640 pg L™ of Cd and Zn, respectively) (Table 1).

Throughout the experiments salinity,
temperature, dissolved oxygen, pH and total
ammonium were 35+0.5 ppt, 26£1 °C, 5.4+0.5 mg L~
1 8.1£0.1 and 5+1 pg L, respectively. The
experimental conditions were as in the acclimation
period, but with 90% test solutions exchanges at 48 h
intervals to maintain metal concentrations (Usman et
al., 2013) using the static method with replacement
described by Buikema et al. (1982) and APHA
(1992).

Survival was monitored twice daily: non-motile
organisms with no response to stimulation with a
glass rod were assumed dead and removed. At the end
of the experiment, growth was evaluated measuring
12 organisms for each treatment (four for each
triplicate container) to the nearest 0.5 mm from the tip
of the rostrum to that of the telson. Given the short
duration of the experiment, growth in size was
assumed to be linear (Lopez-Martinez et al., 2005;
Franco et al., 2006). Therefore, growth rates (GR)
were calculated with the equation:

GR = (Lq-Lj) t*
where Ls and L; are the final and initial total

length (mm), respectively, and t is the number of days
of exposure.

Table 1. Mean and standard deviation of survival (%), final size (cm) and growth rate (mm/day) of L. vannamei postlarvae
exposed during four weeks to four concentrations of Cd, Zn, and their mixture

Treatment Su(r(;)l )V al F'?z::’)'ze Growth rate (mm/day)
Zn

Control 100+0a 2.07+0.18a 0.270+0.061a
80 pug Lt 100+0a 2.08+0.16a 0.277+0.059a
160 pg L 100+0a 1.99+0.15a 0.24340.016a
320 pg L* 100+0a 1.90+0.11a 0.217+0.040a
640 pg L! 100+0a 1.91+0.20a 0.213+0.068a
Cd

Control 93+2a 1.45+0.39a 0.206+0.039a
88ugL? 98+3a 2.39+0.16a 0.207+0.038a
24 ugL? 95+0a 1.92+0.75a 0.198+0.027a
72 gLt 85+9a 1.54+0.54a 0.195+0.032a
216 ug L™ 90+5a 1.94+0.49a 0.197+0.031a
Cd+Zn

Control 98+3b 2.10£0.23¢ 0.048+0.008b
Mix1 7549a 1.77+0.34bc 0.04440.008b
Mix2 87+10ab 1.66+0.22b 0.033+0.010ab
Mix3 87+7ab 1.69+0.30b 0.0360.008ab
Mix4 68+3a 1.25+0.15a 0.018+0.004a

For each metal treatment, different letters indicate significant differences between data in the same column (one way ANOVA, a = 0.05).
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At the end of each week, 12 postlarvae of each
concentration (four of each container) were injected in
the hepatopancreas and in the posterior and interior
abdominal segments with Davidson's solution, left 24
h in the same solution, dehydrated in a graded (70-
100%) ethanol series, cleared with xylene and
embedded in paraffin blocks. These were used to
obtain with a microtome 5-um sections, which were
stained with hematoxylin-eosin  (Odendaal and
Reinecke, 2007), and observed under a microscope.
The degree of histological effects was assessed for
each sampling date with the scores of histological
damage by Zodrow et al. (2004): normal, mild,
moderate and severe (0, <25, >75 and 100% of the
fields with some degree of histological damage, with
respect to the control section of the same sampling
date, respectively).

Mean survival, final length and mean growth
rates were compared with one-way ANOVA tests,
after arcsine square root transformation for survival.
The data of final size were not normal in the case of
Zn, and their mean values were compared with the
Kruskall-Wallis non parametric test. In all cases the
level of significance was 0=0.05, and the differences
were determined with multiple comparisons Tukey’s
or Dunn'’s tests (Zar, 2009).

Results

There were no significant differences in
mortality, final sizes and growth rates after exposure
to the four concentrations of Cd and Zn. However,
final survival after exposure to the lowest and highest
concentrations of the +Zn mixture was significantly
lower (P<0.05) than that observed in the control
cultures, and final sizes and growth rates showed a
clear dose-dependent response. No significant
difference was observed between control and
postlarvae exposed to the sum of the CCC’s of the
two metals, Mix1, but mean sizes and growth rates
tended to decrease progressively, and were
significantly (P<0.05) lower with the Mix4 mixture
(Table 1).

The gills of the postlarvae exposed to the four
concentrations of Cd and Zn did not show
histopathological alterations throughout the whole
experiment. In the hepatopancreas, no alterations
were observed after the first and second week of
exposure to Zn (Figure 1a), although by the end of the
third week 41, 33 and 25% of the postlarvae exposed
to 320 and 640 pg L™ of Zn had slight, moderate and
severe vacuoles reductions (Figure 1b). Organisms
exposed to 24 pg L™ of Cd during three weeks
showed 22, 66 and 12% of slight, moderate and
severe vacuole reductions in the hepatopancreas,
respectively  (Figure 1c). The two higher
concentrations (72 and 216 pg L™) gave similar
results.

Histopathological alterations were more evident

in postlarvae exposed to the mixture: edemas were
observed in gills lacunae after the third week of
exposure to Mix1 and Mix2, while this histopathology
was observed after the second week in 16.7% of the
PLs exposed to Mix3 and Mix4 (Figure 2a).

No alterations were observed in the
hepatopancreas of postlarvae exposed to Mix1, but
after the second week of exposure 16% exposed to
Mix3 and 58.3% to Mix4 showed R cells reduction
(Figure 2b) and slight sloughing of epithelial cells,
respectively. With Mix4, 80% of the organisms
showed sloughing of epithelial cells (Figure 2c¢) and
66.7% showed moderate R cells reduction in the third
and fourth week of exposure (Figure 2d), respectively.
However, no alterations were observed after the
fourth week with all concentrations of the single
metals and of their mixture.

Discussion

Our results on the acute effect of the single
metals do not agree with the mortalities observed with
comparable concentrations by Santos et al., (2000),
who reported mortalities of 85% of Farfantepenaeus
paulensis postlarvae exposed during 5 weeks to Zn
concentrations of 525 pug L™, and by Wu and Chen
(2005), who found that exposure to 400 pg L™ of Cd
during four weeks caused total mortality of L.
vannamei postlarvae. In view of the lack of mortality
after single metal exposure, the significant difference
in survival observed with the Cd + Zn mixture
indicates an increase of toxicity and hence a
synergistic effect.

An antagonistic effect of Zn and Cd was
described in some plant organisms, but it was found
to be either concentration dependent (Sharma et al.,
1999) or even restricted to some type of tissue (Tkalec
et al., 2014). However, these same authors described
also synergistic effects, either in different tissues or
when one of the toxicants exceeded a critical level.
This coincides with the results obtained by Negilski et
al. (1981), who found that when concentrations of the
Cd + Zn mixture were higher than the respective
LC50-14d  values, mortalities of  Trypaea
(Callianassa) australiensis were lower than those
expected using independent dissimilar or simple
similar action models (effect on different or on the
same target organs or functions, respectively),
whereas at low doses (<LC50-14d) they were higher
and lower, respectively, than those expected from the
two models.

In our case, all concentrations of the mixture
were well below LC50-96h, and the results coincide
with the intermediate effect between the two models
found by Negilski et al. (1981), confirming the
difficulties inherent in any attempt to model
ecotoxicological synergistic effects (Newman and
McCloskey, 1996; Norwood Borgmann et al., 2003).
Confirming the synergistic effect at low
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reduction of B cells in hepatopancreas. (c) 24 pg L™ of Cd third week of exposure: severe reduction of R cells in
hepatopancreas (arrow). (d) Control Zn third week of exposure: The capital letters indicate E, F, B and R cells.

concentrations of these metals, our results coincide
with those observed by Vanegas et al. (1997), who
found that the toxicity of the Cd + Zn mixture for
Litopenaeus setiferus juveniles was higher than the
sum of their individual effects.

A negative effect on crustacean growth of
single metal exposure to Cd and Zn has been
described by several authors: on P. japonicus
exposed to Cd and Zn by Liao and Hsieh (1988),
on P. monodon exposed to Cd (Karlson, 1994), and
on F. paulensis postlarvae exposed to Cu and Zn
(Santos et al., 2000). In the case of L. vannamei,
Wu and Chen (2005) observed delayed growth of
postlarvae after 14 days of exposure to 400 pg L™
of Cd, and after 7 days when exposed to 600 pg L™
of Zn.

A similar result was obtained by Frias-
Espericueta et al. (2009), who reported a decrease
in final weight of postlarvae exposed to a mixture
of Cd, Hg, Pb, Cu, Fe, Mn and Zn, and an inverse
relationship between molting frequency and
concentration of the mixture, probably due to an
energetic imbalance on enzymatic systems to
protect cells from the metals' toxic effects (Santos
et al., 2000). In this context, Wu et al. (2008)
reported that the biochemical alterations in the
hepatopancreas of L. vannamei juveniles exposed

to cadmium and zinc might be the cause of reduced
growth.

In view of their involvement in the exchange
processes  between internal and  external
environment, gills are considered an important
source of entry of waterborne metals such as Cd
(Usman et al., 2013; Putranto et al., 2014).
However, our results show that, within the
concentration range used in this work, this metal
has no evident effect on gill structure. This is in
agreement with the observations of Soegianto et
al. (1999) and by Keating, et al. (2007), who
detected structural alterations in Marsupenaeus
japonicus exposed to concentrations one order of
magnitude higher than those of our experiments, or
in L. vannamei postlarvae with concentrations
higher than the LC50-48h, respectively.

Metals are accumulated in the hepatopancreas
because of its function in xenobiotic metabolism,
(Wu et al., 2008). This accumulation is likely to
cause structural damages, such as the severe
alterations described by Chiodi-Boudet et al.
(2015) in the freshwater shrimp Palaemonetes
argentinus exposed during 15 days to a Cd
concentration equivalent to 50% of the LC50-96h
for that species. However, our result obtained with
Cd levels equivalent to approximately 10% of the
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Figure 2. (a) 216 pg L™ Cd +64
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216 pg L Cd +640 pg L™ Zn second week of exposure: R cells reduction in hepatopancreas (arrow). (c) 216 pg L™ Cd
+640 pg L™ Zn third week of exposure: sloughing of epithelial cells in hepatopancreas (arrow). (d) 216 pg L™ Cd +640
pg L Zn fourth week of exposure: R cells reduction in hepatopancreas (arrow).

LC50-96h showed that the degree of damage was
predominantly moderate, which coincides with the
results obtained with a similar concentration (200 ug L
1y by W, et al. (2008), while exposure during 21 days
to a higher concentration (400 pg L) resulted in
highly  vacuolized  epithelial ~ cells,  cellular
hypertrophy and tubular necrosis.

On the other hand, the moderate histological
damage detected in the hepatopancreas of shrimps
exposed during three to four weeks to between 320
and 640 pg L™ of Zn does not differ from the slight to
moderate damage (vacuolization) reported by Wu et
al. (2008) in L. vannamei juveniles exposed for two-
three weeks to 600 ug L™ of Zn, although the degree
of damage increased after longer exposures to the
same concentration.

The damage caused by Cd could be due to
reduced protein synthesis in the hepatocytes because
of the cytotoxic effect of this metal (Wu and Chen,
2005), which is known to induce cell necrosis and
accelerated apoptosis of cells of the immune system
(Wang et al., 2013), while in the case of the Zn-
induced hepatopancreatic damage, the effect could be
due to accelerated excretion through sloughing
towards the lumen of metal-overloaded cells (Nufiez-
Nogueira et al., 2006).

The synergistic

rather than the expected

antagonistic effect detected with the Cd + Zn mixture
confirms that its toxicity cannot be predicted from the
toxic effect of its single components, because their
joint effect may be synergistic or antagonistic,
depending on the species on which the mixture is
tested, and even on the organ or tissue used for this
test (Tkalec et al., 2014).

The duration of exposure to sublethal
concentrations of a xenobiotic is expected to increase
its toxic effect (Newman and McCloskey, 1996). The
lack of histopathologies after four weeks of exposure
to single metals and to their mixture might be taken as
an indication of a time-related weakening of the
synergistic effect (Preston et al., 2000), or of the
capacity to recover a normal hepatopancreas structure
even in the presence of metals, when the time of
exposure is sufficiently long.

This capacity was observed after cessation of
exposure by Chiodi-Boudet et al. (2015) in
Palaemonetes argentinus, and the energetic demand
of this process is likely to depend on the degree of
histological damage. This was more evident in the
case of the Cd + Zn mixture, which might explain the
progressively slower growth and smaller sizes
observed with increasing concentrations of this
mixture.
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