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ABSTRACT

Pacific white shrimp (Lifopenaeus vannamei) were consecutively exposed for 3 h each to salinity of 40, 30, 20, 10 and 0%o, and the
concentrations of Na“, K' and CI” in their hemolymph were measured. In females, the Na* concentrations in hemolymph were highest
(304.1 mmol/1) after exposure to 20%o salinity and the K" concentrations (5.32 mmol/l) were highest at 10%o salinity, meanwhile in males,
the Na' concentrations in hemolymph were highest (316.0 mmol/l) after exposure to 40%o salinity and the K" concentrations (5.62
mmol/l) were highest at 30%o salinity. The Cl concentrations in males decreased with salinity, with concentrations of 261.5, 254.6, 237.1,
224.5, and 191.0 mmol/l at 40, 30, 20, 10 and 0%o salinity, respectively. Similar decreases were seen in females, except that the CI
concentration at 10%o salinity was 247.6 mmol/l. The overall interaction effect of Na‘, K', and CI  differed significantly in males and
females (p < 0.05). These results indicate that hemolymph electrolyte concentrations generally decrease with salinity, indicating that
shrimp osmoregulatory and ionoregulatory activities adjust to ionic gradients in their environment.
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INTRODUCTION

The Pacific white shrimp (Lifopenaeus vannamei) (Boone
1931) lives naturally in salinities ranging from 1%o to 40%e,
and therefore exhibits both hyper-osmotic regulation at low
salinities and hypo-osmotic regulation at high salinities.
The physiological capability of penaeid shrimp to osmo-
regulate (i.e. regulate their internal salt and water balance)
develops gradually while shrimp are still in the postlarval
stages. Salinity is one of the most important abiotic factors
in aquaculture, with many species of crustacean exhibiting
some degree of euryhalinity (Pequeux 1995; Zhang et al.
2007). At low salinity, these shrimp must selectively retain
salts and excrete excess water. When exposed to variations
in salinity, the shrimp maintain their internal osmotic con-
centration, either higher or lower than that of the medium.
Particularly, L. vannamei exhibits a pattern hyperosmotic
regulation at low salinities and a pattern of hypoosmotic
regulation in high, with an isosmotic point between 25 to 26
psu (Castille and Lawrence 1981; Diaz et al. 2001; Gong et
al. 2004).

The osmoregulatory ability of aquatic animals can be
determined by comparing the osmolality of their hemo-
lymph at various salinities (Lignot e al. 2000; Thanh ef al.
2010) with the osmolality of the medium. Furthermore, the
osmoregulatory capacity of penaeid shrimps at different
salinities can be used to monitor their physiological condi-
tion and assess the effects of stressors (Sang and Fotedar
2004). The osmoregulatory capacity and the osmotic con-
centration of hemolymph decrease with increasing shrimp
size (Gong et al. 2004). Moreover, both the osmoregulatory
capacity and hemolymph osmolality of these shrimp vary
with the concentration gradients of Na”™ and CI ions be-
tween the hemolymph and the growth environment (Chim
et al. 2003). Age-associated variations in shrimp osmoregu-
latory capacity and the ability to manipulate the concentra-
tions of individual ions in shrimp remain inadequately stu-
died (McGraw and Scarpa 2004). Aquatic organisms have

developed adaptations to variations in environmental fac-
tors. Such adaptability allows shrimp to live normally in
environments that have suboptimal physical and chemical
parameters such as salinity. It has been confirmed that
shrimp gradually lose their osmoregulatory capacity in low-
salinity medium as they develop from juveniles to adults
(Gong et al. 2004; Hurtado et al. 2007) and, further, that the
ionic constituents of shrimp hemolymph are predominantly
(88%) sodium and chloride (Chen and Chen 1996).

Previous studies (Chen and Lin 1998; Lemaire et al.
2002) have shown a linear relationship between medium
osmolality and hemolymph osmolality in the fleshy prawn
(Peneaus chinensis) and the blue prawn (P. stylirostris).
Physiological changes in certain crustaceans, including the
white shrimp L. vannamei, are, however, less clear. Studies
of osmolarity and basehne concentratlons of oxyhemocya-
nin, protein, Na', K*, CI', Mg®*, and Ca*" in hemolymph in
relation to sex, s1ze “and molt stage in L. vannamei have
indicated that electrolyte concentrations vary with the molt
cycle, with no significant differences between males and
females (Cheng et al. 2002). Low levels of osmolarity and
low concentratlons of hemolymph protein, oxyhemocyanin,
Na', K', and CI during the post-molt period were found to
be associated with water uptake during molting. The molt
cycle in several species of crustaceans has nutritional, envi-
ronmental and physiological aspects. During intermolt stage
“C”, their exoskeleton has sufficient hardness to provide
protection and support for handling. Only shrimp at inter-
molt stage “C”, determined by microscopic observation of
uropod scales (Robertson et al. 1987; Yano et al. 1988),
were selected, because Na+, K+, and Cl- concentrations
during postmolt periods have been shown to be affected by
water uptake at molting (Cheng et al. 2002).

Aquatic organisms may be classified according to their
tolerance to changes in salinity. This is the case for most
species of penaeid shrimp, such as L. vannamei. These
shrimp are generally cultured in freshwater, to which they
become gradually acclimated. The ionic composition of the
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Table 1 Effects of salinity on concentrations of Na', K', and CI in the hemolymph of male and female L. vannamei.

Treatments Na*, mmol/l K*, mmol/l CI', mmol/l
Male Female Male Female Male Female

40 S%o 316.0+4.1 bc 298.6+59b 4.86+0.2 bc 4.13+0.1 abc 261.5+43b 2348+ 6.8b
30 S%o 307.1+7.6b 286.1+10.5b 5.62+02b 484+0.1b 254.6+6.7b 2425+6.1b
20 S%o 303.5+4.5b 304.1+39b 488+02b 464+0.1b 237.1+3.6b 236.0+2.6b
10 S%o 246.8+3.1b 284.9+48b 437+0.1a 532+0.1b 2245+28b 247.6+53b
0 S%o 186.1+£1.3a 179.5+0.7 a 3.72+0.1a 3.62+0.1a 191.0+25a 1964+33a
Control tank 40 S%o0 (n=16)  328.8+3.9 315.0+3.2 549+09 451+1.1 2715+56 248.0+4.9

All results reported as mean + SEM (write what SEM means)

Different letters in the same electrolyte and column show significant differences (p < 0.05), based on one-way analysis of variance followed by Tukey’s HSD test.

medium seems to be more important than its salinity. For
example, solutions of sodium chloride alone are not suitable
for shrimp culture at any salinity, although the ions in sea-
water most important for osmoregulation are chloride and
sodium.

Some research (Davis et al. 2004; Gong et al. 2004;
Araneda et al. 2008), suggests that, if the salinity is ade-
quate, calcium, potassium and magnesium are the most im-
portant ions for shrimp survival. Any of these ions can be
limiting, but lack of potassium is often the most important
factor affecting shrimp (Davis et al. 2004; Roy et al. 2007).

In culturing crustaceans, it is important to understand
the effects of changes in salinity on hemolymph ions and on
their physiological condition. This can allow prediction of
the effects of stress caused by variations in the environment,
such as low-salinity medium or freshwater. To determine
the basal concentrations of electrolytes in shrimp, we as-
sessed the effects of exposure to dlfferent salinities on con-
centrations of the electrolytes Na*, K*, and CI” in the hemo-
lymph of the shrimp L. vannamei.

MATERIALS AND METHODS

Three hundred male (mean weight 30.1 + 1.29 g) and 300 female
(mean weight 40.1 + 8.3 g) shrimp cultured in seawater for 8
months in earth ponds at the University of Colima, Manzanillo,
Colima (“Campus El Naranjo™) were transported to the laboratory,
introduced randomly at a male: female ratio of 1: 1 into three
fiberglass tanks (each 5 m in diameter) at densities of 10 shrimp/
m?, and allowed to acclimate to indoor laboratory conditions at
seawater salinity (35%o) for 1 week. The salinity was gradually
increased, in increments of 1.0%o/d, to 40%o, by adding artificial
sea salt Sol y Sal de Colima, Cuauhtémoc, Colima, México), and
the shrimp were maintained under these conditions for 7 d to allow
their bodily fluids to stabilize (Castille and Lawrence 1981).
During this time shrimp were fed a commercial diet, composed of
40.0% crude protein, 8.0% crude lipid, 4.0% crude fiber, 10.0%
ash and 12.0% moisture, at 3.0% of their body weight, twice daily
(09:00 and 18:00).

Freshwater was added to the tank to decrease the salinity of
the water salinity. The volume of water in the tank was kept cons-
tant. The shrimp were exposed for 3 h each to water with salinity
of 40, 30, 20, 10 and 0%o.. Upon each transfer, samples of hemo-

lymph were taken from eight male shrimp and eight female shrimp.

The shrimp were not fed during the experiment to avoid providing
minerals through their feed. The temperature was 28.0-28.5°C
throughout the experiment.

Using a syringe (25 G, 1 ml), 0.2-0.3 ml hemolymph samples
were drawn from the region of the hemolymphatic sinus, located
between the cephalothoracic ganglion of the neural cord and the
fluted muscle, and adjusted to 2.0% (w/v) sodium citrate to pre-
vent coagulation. Care was taken to prevent the hemolymph from
mixing with air, especially to ensure that bubbles did not form
during suction. Samples were made homogenous by rotation of the
syringe. Analysis "in situ" was achieved by injection of samples
into an EasyVet Medical Analyzer (Medica Corporation, Bedford,
MA; USA), which measured concentrations of Na', K*, and CI" in
hemolymph. Normality, independence, and homogeneity were as-
sessed using Bartlett and Kolmogorov-Smirnov tests (Zar 1994),
with two-way analysis of variance (ANOVA) followed by a mul-
tiple comparison test (Tukey) was employed to evaluate signifi-

57

cant differences (HSD) in the electrolyte concentrations, in rela-
tion to categories sex (males-females) and salinity changes. All
tests were performed using Statistica® v 6.0 (Tulsa, OK, USA).

RESULTS

We observed a significant difference between males and
females in the effects of salinity on hemolymph Na' con-
centratlons (» < 0.05). In males, the mean concentration of
Na' in hemolymph decreased with exposure to lower sali-
nity, with Na” concentrations of 316.0, 307.1, 303.5, 246.8
and 186.1 mmol/l observed after exposure of male shrlmp
to 40, 30 20, 10 and 0%o salinity, respectively. In females,

the Na~ levels showed a different pattern, being maximal at
a salinity of 20%o0 and minimal at a salinity of 0%.. Fol-
lowing exposure of female shrlmp to 40, 30, 20, 10 and 0%o
salinity, the concentrations of Na" in thelr hemolymph was
298.6, 286.1, 304 1, 284.9 and 179.5 mmol/l, respectively.

Hemolymph K concentrations also differed significantly
between males and females (p<0.05). Exposure of male
shrimp to 40, 30 20, 10 and 0%o salinity resulted in mean
hemolymph K concentrations of 4. 86, 5.62, 4.88, 4.37 and
3.72 mmol/l, respectively, whereas exposure of female
shrimp to these salinities resulted in mean K concentra-
tions of 4.13, 4.84, 4.64, 5.32, and 3.62 mmol/l, respectively.
Finally, CI ‘concentrations in hemolymph differed signi-
ficantly between males and females (p < 0.05), being 261.5,
254.6, 237.1, 224.5, and 191.0 mmol/l in males, and 234.8,
242.5,236.0, 247.6 and 196.4 mmol/l in females exposed to
40, 30 20, 10 and 0%o salinity, respectively (Table 1).

When Na™ concentrations were compared between
males and females relative to salinity gradients, no 51gn1ﬁ-
cant difference between the two sexes was observed. Na"
concentrations decreasing with decreasing salinity in both
genders. In females the Na’ concentration was highest at
20%o salinity, but decreased as the shrimp were progres-
sively exposed to medium of lower sahnlty (Fig. 1).

The hemolymph concentration of K™ differed signifi-
cantly between males and females (p = 0.05) (data not
shown, being highest (5.62 mmol/l) in males at 30%o sali-
nity and decreasing to 3.72 mmol/l at 0% salinity. Analysis
using Tukey’s test showed a significant effect of salinity
gradient in females, with K* concentration being highest
(5.32 mmol/L) at 10%0 salinity and lowest (3.62 mmol/l) at
0% salinity (Fig. 2).

The hemolymph concentration of CI' in males de-
creased with decreasing salinity, with no significant dif-
ference seen between males and females (p > 0.05). In
females, however, hemolymph CI’ concentration peaked
after exposure to 30%o (242.5 mmol/l) and 10%. (247.6
mmol/1) salinity (Fig. 3).

In comparison to the above groups of shrimp, the hemo-
lymph of 16 male shrimp malntalned throughout in medium
of 40%o salinity had a mean Na' concentration of 328.8 +
3.9 mmol/l, a mean K" concentration of 5.49 + 0.9 mmol/l,
and a mean CI' concentration of 271.5 + 5.6 mmol/l,
whereas the hemolymph of 16 female shrimp had a ,mean
Na' concentration of 315.0 + 3.9 mmol/l, a mean K" con-
centration of 4.51 £ 1.1 mmol/l, and a mean CI" concentra-
tion of 248.0 = 4.9 mmol/l (Table 1).
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Fig. 1 Mean + SEM concentrations of sodium in the hemolymph of
male and female shrimp, Litop s va i, following exposure to
different gradients of salinity. (n = 8 each; p < 0.001). Different letters
in the same salinity show significant differences (p < 0.05).
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Fig. 2 Mean + SEM concentrations of potassium in the hemolymph of
male and female shrimp, Litopenaeus vannamei, following exposure to
different gradients of salinity. (n = 8 each, p < 0.001). Different letters
in the same salinity show significant differences (p < 0.05).
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Fig. 3 Mean + SEM concentrations of chlorine in the hemolymph of
male and female shrimp, Litopenaeus vannamei, following exposure to
different gradients of salinity. (» = 8 each, p = 0.0046). Different letters
in the same salinity show significant differences (p < 0.05).

DISCUSSION

One problem associated with differences in the ionic com-
positions of hemolymph in the shrimp L. vannamei lies in
the variation between the external concentrations of electro-
lytes in seawater and the need of the shrimp to acclimate,
when necessary, to freshwater. Shrimp have to maintain
their hemoelectrolyte concentrations within a certain range
while salinity varies. Thus, inner and out concentrations
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may not be perfectly correlated. The ionic gradients of Na’,
K', and CI" in hemolymph decrease with decreasing sahmty,
1nd1cat1ng that these concentrations depend greatly on the
osmoregulatory capacity of the organism. In seawater, how-
ever, the lons most important for osmoregulation are cr
and Na', either of which may be limiting, whereas, in fresh-
water, the concentration of K~ may be the most 1mportant
ion affecting shrimp (Davis ef al. 2004), with K" concentra-
tion having significant impacts on shrimp growth, molting,
feeding and nutrient retention (Chang et al. 2006). At high
salinities, the hemolymph osmolality of “weak osmoregu-
lators” may exhibit a close parallel association with the
isoosmotic line due to either a disruption in osmoregulation
or a strategy to reduce the osmotic gradient between the
hemolymph and the environment (Pequeux 1995). Thls
capac1ty allows interactions with external sources of Na"
and K, leading to a control of internal ion levels and opti-
mizing “internal phys1010g1ca1 functions (Zhu et al. 2004).
Therefore, in K" deﬁc1ent inland saline water, the physiolo-
gical requirement for K" may be met by the d1et (Araneda et
al. 2008). We observed a maximum Na' concentration
(316.0 mmol/l) in males at 40%o salinity and a minimum
(186.1 mmol/l) in freshwater. In females, however, the
maximum Na’ concentration was at 20%o salinity (304.1
mmol/l) and the minimum (179.5 mmol/l) was in freshwater.
Thus, males can maintain a Na concentration in hemo-
lymph at salinities of 20—40%o, decreasing markedly at
lower salinities. In females, showed a tendency to maintain
high levels of Na+ in the range of 10-20%, which could
suggest a possible difference in electrolyte retention, but yet
not significantly different compared to the males. In con-
trast, significant gender-associated differences in the ionic
concentrations of L. vannamei hemolymph at the molt stage
were not observed (Cheng et al. 2002), with mean Na+. In
contrast to that reported by Cheng et al. (2002), significant
gender-associated differences in the ionic concentrations of
L. vannamei hemolymph at the molt stage were not ob-
served with mean Na" concentrations for males and females
0f 350.6 mmol/l and 352.9 mmol/l, respectively.

Our shrimp were stressed by changes in salinity,
whereas in a previous study (Cheng ef al. 2002), the shrimp
were not stressed. Moreover, during molting, growing crus-
taceans absorb water, resulting in an expanded, new, flexi-
ble exoskeleton that hardens rapidly.

In males, the maximum (5.62 mmol/l) and minimum
(3.72 mmol/l) K" concentrations in hemolymph were ob-
served at 30%o and 0%o salinity, respectively, whereas in
females the maximum (5.32 mmol/l) and minimum (3.72
mmol/l) were observed at 10%o and 0% salinity, respec-
tively. These were lower than concentrations previously ob-
served; 7.99 mmol/l for males and 8.17 mmol/l for females
(Cheng et al. 2002) and 10.5 mmol/l overall (Sowers et al.
20006). These differences among studies may have been due
to differences in shrimp size, particularly because electro-
lyte concentrations have been reported to increase with
shrimp size. In addition, differences among studies may
have been due to differences in the ionic compositions of
the baths used and/or the balance of ions between the envi-
ronment and the shrimp hemolymph (McGraw and Scarpa
2004), differences can also be due to different experimental
design, methodologies and tests used to analyze ion. In
some euryhaline shrimp, hemolymph potassium concentra-
tions can be regulated to some extent by Na/K ATPase when
environmental potassium concentrations varied greatly (Dall
and Smith 1981). In continental waters, potassium chloride
must be added to shrimp cultures to mamtaln viability,
thereby increasing the concentration of K™ in the medium
(Boyd et al. 2002). Such manipulations may affect basal
physiological metabolism, with L. vannamei reared in
potassium-deficient seawater displaying anorexia, low-
activity, poor growth and even death (Zhu ef al. 2004).

In males, maximum (261.5 mmol/l) and minimum (was
191.0 mmol/l) Cl concentrations were observed at 40%o
and 0%o salinity, respectively, whereas in females, the maxi-
mum (242.5 mmol/l) and minimum (196.4 mmol/l) concen-
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trations were observed at 30% and 0%o salinity, respectively.
In contrast, Cheng et al. (2002) reported concentrations of
268.1 mmol/l in males and 266.6 mmol/l in females at low
salinity.

The differences in concentrations of Na', K*, and CI’
between treated and control shrimp may have been due to
exposure to higher salinity after a 15-h starvation diet. At
extreme salinities (40%o), stress caused by starvation may
decrease general metabolism (Palacios et al. 2004).

CONCLUSIONS

We have shown here that the ionic composition of the
hemolymph of the shrimp L. vannamei varies significantly
with sex, and that the concentrations of these electrolytes
decrease as salinity decreases. The ionic composition of
hemolymph is largely dependent on the ionic concentration
of the external environment; this affects osmotic balance
and the physiological functions of the organism. Studies are
necessary to determine the rapidity of ionic absorption and
homoeostasis in shrimp hemolymph.
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