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Abstract

Background: Glutamate dehydrogenase (GDH) is a key enzyme for the synthesis and catabolism of glutamic acid, proline
and alanine, which are important osmolytes in aquatic animals. However, the response of GDH gene expression to salinity
alterations has not yet been determined in macro-crustacean species.

Methodology/Principal Findings: GDH cDNA was isolated from Eriocheir sinensis. Then, GDH gene expression was analyzed
in different tissues from normal crabs and the muscle of crabs following transfer from freshwater (control) directly to water
with salinities of 16% and 30%, respectively. Full-length GDH cDNA is 2,349 bp, consisting of a 76 bp 59- untranslated
region, a 1,695 bp open reading frame encoding 564 amino acids and a 578 bp 39- untranslated region. E. sinensis GDH
showed 64–90% identity with protein sequences of mammalian and crustacean species. Muscle was the dominant
expression source among all tissues tested. Compared with the control, GDH expression significantly increased at 6 h in
crabs transferred to 16% and 30% salinity, and GDH expression peaked at 48 h and 12 h, respectively, with levels
approximately 7.9 and 8.5 fold higher than the control. The free amino acid (FAA) changes in muscle, under acute salinity
stress (16% and 30% salinities), correlated with GDH expression levels. Total FAA content in the muscle, which was based
on specific changes in arginine, proline, glycine, alanine, taurine, serine and glutamic acid, tended to increase in crabs
following transfer to salt water. Among these, arginine, proline and alanine increased significantly during salinity
acclimation and accounted for the highest proportion of total FAA.

Conclusions: E. sinensis GDH is a conserved protein that serves important functions in controlling osmoregulation. We
observed that higher GDH expression after ambient salinity increase led to higher FAA metabolism, especially the synthesis
of glutamic acid, which increased the synthesis of proline and alanine to meet the demand of osmoregulation at
hyperosmotic conditions.
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Introduction

Salinity is one of the most important factors influencing the

physiological status of aquatic animals. Changes in ambient

salinity are directly related to osmoregulation capacity [1,2].

During acclimation to salinity, the main challenge for aquatic

animals is to regulate their osmotic pressure to maintain normal

life activities [3]. The Chinese mitten crab, Eriocheir sinensis, is a

strong osmoregulator and has been used as a model species in a

number of physiological investigations [4,5]. E. sinensis can control

its hemolymph composition at a near constant level over the

complete range of salinities from seawater to brackish water and

even freshwater [4], and E. sinensis can function equally well in

freshwater or marine conditions [6]. Previous studies have

primarily focused on the functions of the gills and gill epithelium

[7], particularly the role of the sodium pump in active transport of

ions across the gills [8,9] and enzyme activity in relation to the

effects of neuro-endocrine factors, such as dopamine and carbonic

anhydrase, on ion transport through the gills [10,11]. Rathmayer

and Siebers (2001) reported on the mechanisms that control the

balance of sodium and chloride ions in freshwater-acclimated

mitten crabs [6]. Their results revealed that the ability of juvenile
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and adult E. sinensis to cope with salinity variations during their life

cycles involves ontogenetic changes in their osmoregulatory

capacity [5,9]. However, the underlying mechanism of osmoreg-

ulation of E. sinensis has not been fully revealed.

Regulation of hemolymph osmotic pressure mainly depends on

the permeability of water and ions, and changes in the content of

osmotic pressure effectors. The hemolymph concentration of ions

and free amino acids, accompanied by metabolites from the blood,

account for most of the hemolymph osmotic pressure [12,13]. Free

amino acids play important roles in determining the cell volume

and osmoregulatory processes of many organisms, particularly

Mollusca and Crustacea, fish, amphibians and reptiles [14].

Intracellular accumulation of free amino acids is a common

response of many organisms to changes in ambient salinity [15–

18]. Free amino acids that accumulate in response to hyperos-

motic stress are called compatible osmolytes because they can

regulate their cell volume and stabilize cellular macromolecules

[3]. In euryhaline crustaceans, free amino acids comprise the bulk

of organic osmolytes accumulated in response to hyperosmotic

stress. Previous studies indicate that proline, alanine, glutamic

acid, glycine and taurine play important roles in the osmoregu-

lation of crustaceans but also differ among species [19]. For E.

sinensis adapted to seawater, amino acids are much more

concentrated in the muscle than in the blood [20]. However, the

main concentrated amino acids, proline, glycine, alanine, taurine

and glutamic acid, are the same in both tissues. During adaptation

from seawater, proline concentrations follow the same decreasing

pattern as the other amino acids in the muscle [20]. Therefore,

glutamate, a precursor to proline, has been considered a major

regulatory checkpoint in the proline synthetic pathway for osmotic

regulation [21].

Previous studies on other crustaceans suggest that the activities

of key enzymes in the synthesis of amino acids are influenced by

intracellular ions and can lead to a net accumulation of amino acid

when these enzymes are up-regulated by salinity [22,23].

Glutamate dehydrogenase (GDH) has been invoked as a potential

control point for amino acids synthesis because it is involved in the

production of glutamate from a-ketoglutarate. Transamination of

pyruvate with glutamate produces alanine, while proline is

synthesized from glutamate via a pyrroline-5-carboxylate inter-

mediate. An increase in glutamate production via GDH could

increase the syntheses of both proline and alanine. Therefore,

GDH might play an important role in osmoregulation. The role of

GDH in osmoregulation has been tested through the pathway of

amino acid catabolism in various crustacean species [24,25].

Despite the importance of GDH for osmoregulation, our

understanding of the transcriptional regulation of this enzyme in

crustaceans is very limited.

Li et al. (2009) reported two different GDH cDNA sequences

(EU496492, AM076955) from Litopenaeus vannamei, and they found

that these two cDNA were mainly expressed in muscle [26]. When

L. vannamei were fed higher protein diets, they displayed higher

GDH expression and activity [27]. However, Willet and Burton

(2003) reported that GDH mRNA levels did not increase during

hyperosmotic stress in Tigriopus californicus [21]. To date, no other

information has been reported on the relationship between the

GDH gene expression and acute salinity stress in macro-decapods,

which are grown as an important economic species.

In this study, the full-length GDH cDNA sequence of E. sinensis

was cloned and characterized. A quantitative real-time polymerase

chain reaction assay was developed to analyze the relative GDH

expression, and the expression profiles were determined in

different tissues and in the muscle of crabs transferred from

freshwater to water with 16% and 30% salinities. Changes in the

free amino acid content of muscle were also analyzed to verify the

hypothesis that GDH regulates amino acid content in response to

salinity stress.

Results

Characterization of GDH cDNA from E. sinensis
The full-length GDH cDNA sequence cloned from E. sinensis

was 2,349 bp long, contained a 1,695 bp ORF encoding a 564

amino acid protein, a 76 bp 59UTR and a 578 bp 39UTR

(Figure 1), and was deposited in GenBank as JN628041. The

deduced protein included a 19 amino acid signal peptide, four

putative N-glycosylation sites, two substrate binding sites, an active

site, four NAD biding sites, four GDP binding sites and two ATP

binding sites (Figure 1). A putative mitochondrial signal peptide is

likely present (human cleavage site indicated on alignment).

Sequence comparison of the deduced GDH amino acid sequence

showed 90% - 64% identity to that of L. vannamei, Drosophila

melanogaster, T. californicus, Danio rerio and Homo sapiens (Figure 2).

A phylogenetic tree was constructed by the neighbor-joining

method (Figure 3) using GDH homologs of E. sinensis and 10 other

invertebrate species. E. sinensis GDH fell into the expected position

with the sequences of GDH from other arthropods based on

organism phylogeny and showed close evolutional relationship

with L. vannamei.

Tissue expression of GDH from E. sinensis
GDH expression values in different tissues from E. sinensis are

shown in Figure 4. GDH transcript expression was highest in

muscle and significantly differed compared to other test tissues in

this study (hemocytes, intestine, gill, heart, hepatopancreas and

thoracic ganglia) (P,0.05). GDH cDNA transcript expression was

second highest in the gill, which was significantly higher than in

hepatopancreas and hemocytes (P,0.05), but no significant

differences were observed when compared with the intestine,

heart, and thoracic ganglia (P.0.05). The lowest GDH transcript

expression values were observed in hemocytes and hepatopancre-

as.

GDH expression in response to ambient salinity change
Figure 5 shows GDH gene expression over time in the muscle of

E. sinensis, after transfer to water with 16% and 30% salinities,

with freshwater serving as control. GDH transcript expression

levels began to significantly increase at 6 h in both conditions of

16% (P,0.05) and 30% (P,0.01) salinity compared with control

crabs in freshwater. GDH expression at 30% salinity continued to

increase, peaked at 12 h (P,0.01), and gradually decreased from

24 h to 96 h. GDH expression was significantly higher (P,0.05) at

all time points, except for 24 h. GDH expression in crabs at 16%
salinity was significantly higher than the controls from 6 h to 96 h

(P,0.05), peaked at 48 h (P,0.01) and gradually reduced from

72 h to 96 h.

Free amino acid content in the muscle of E. sinensis
changes under acute salinity stress

The free amino acid compositions in the muscle of E. sinensis at

different sampling times are shown in Table 1. Total free amino

acid content in the muscle began to increase significantly at both

16% and 30% salinity at 6 h as compared to the control crabs

(P,0.05). Total free amino acid content at 30% salinity was

reduced at 12 h, increased from 24 h to 96 h and peaked at 48 h.

The total free amino acid content in crabs at 16% was not

significantly altered (P.0.05) from 12 h to 96 h, except for the

72 h time point (P,0.05). Compared with the controls, the 16%

GDH Gene from Eriocheir sinensis
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Figure 1. Complete cDNA and deduced amino acid sequences of GDH from E. sinensis. The signal peptide amino acid sequences are
marked by a dashed black line. The cleavage site for the mitochondrial signal peptide is indicated by an arrow. The putative N-glycosylation sites are
marked by black rectangles. The substrate binding sites, active site, NAD biding sites, GDP binding sites and ATP binding sites are annotated by a full
line circle, a dotted line circle, a solid black dot, a diamond-shaped box and ‘‘#’’, respectively. The asterisk (*) indicates the stop codon.
doi:10.1371/journal.pone.0037316.g001

GDH Gene from Eriocheir sinensis
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Figure 2. Amino acid alignment of GDH from E. sinensis with other species. Accession numbers for the GDH cDNA for each organism are as
follows: H. sapiens, U08997; D. rerio, AY577003; D. melanogaster, Y11314; T. californicus, AY292656; L. vannamei A, AM076955; and L. vannamei B,
EU496492. The shaded regions indicate identical residues, and other conserved, but not consensus amino acids, are shaded in grey.
doi:10.1371/journal.pone.0037316.g002

GDH Gene from Eriocheir sinensis
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and 30% salinity groups had significantly higher total free amino

acids content at all time points (P,0.05), except for 72 h. The

salinity stress response of essential free amino acids and non-

essential free amino acids were similar to total free amino acids.

The increase of total free amino acids was due to specific

changes in arginine, proline, glycine, alanine, taurine, serine and

glutamic acid. Arginine, proline and alanine showed the highest

proportions of total free amino acids, and all exceeded 1 mg/g wet

weight. The arginine content was the highest, accounting for

,20% of the total free amino acid content. The arginine content

at 16% salinity was significantly higher than the controls at 6 h

and 96 h (P,0.05), but no significant changes were observed at

12 h to 72 h. The arginine content at 30% salinity did not

significantly change from 6 h to 96 h, except for the 48 h (P,0.05)

time point. The proline content accounted for ,17% of the total

free amino acid content and tended to increase from 6 h to 96 h.

Compared with the control and 16% treatment groups, exposure

to 30% salinity resulted in significantly higher values (P,0.05) at

all times points, except for 12 h and 72 h. The alanine content

accounted for ,14%, and the alanine content at 30% salinity was

significantly lower than the control at 12 h (P,0.05). The alanine

content at both 16% and 30% salinity increased significantly from

24 h to 96 h. Glycine and glutamic acid also significantly

increased after 6 h of acclimation (P,0.05) but declined to the

control level and remained constant from 12 h to 96 h.

Discussion

The glutamate dehydrogenase (GDH) reaction controls amino

acid metabolism in metazoans [21]. In this study, we cloned a

GDH gene in E. sinensis that encoded a 564 amino acid protein,

and this protein was also conserved in other species. As indicated

by the mitochondrial localization of this enzyme, its coding

sequence included an N-terminal mitochondrial signal sequence

peptide, which is in agreement the finding from Li et al. (2009) in

L. vannamei [26]. This is the first time that the GDH gene has been

identified from a species in Brachyura of Decapoda. GDH is

usually divided into four classes: GDH-1 and GDH-2 are small

hexameric enzymes with a broad taxonomic distribution for

ammonia assimilation [28–30], GDH-3 is a class of larger GDH

only found in fungi and protists, which functions in glutamate

catabolism [31], and GDH-4 is only known to be present in

eubacteria [30]. McDaniel et al. (1986) found that bovine heart

GDH is composed of two isozymes, but no information related to

the gene encoding the two isozymes has been reported until

recently [32]. In crustaceans, only one GDH cDNA was found in

T. californicus [21], and two GDH cDNAs, GDH A (a truncated

gene) and GDH B, were found in L. vannamei [26]. In this study,

only one GDH was identified in E. sinensis.

Here, we successfully determined the target gene expression

using specific primers and qPCR. We found different GDH

expression profiles in all of the tissues examined. The GDH gene

was expressed mainly in the muscle of E. sinensis, which is in

agreement with previous findings in L. vannamei [26]. The localized

expression of GDH can be explained by its function in the

metabolism of both alanine and proline [21,33]. Muscle is the

major tissue for protein deposition and possibly represents the

main pool of amino acids. The metabolism of most amino acids

also occurs in this tissue. Therefore, the pool of amino acids could

be mobilized when free amino acids are required for a

physiological function [26]. Following a salinity change, the loss

of free amino acids from the muscle will result in the release of

amino acids into the blood, and the additional osmotic load at the

blood level will increase the inward water flow from the external

medium [34]. Free amino acids are involved in osmoregulation in

crustaceans and contribute to the osmoregulation capacity during

ambient salinity changes [35–37]. Therefore, our results, together

Figure 3. Neighbor-joining phylogenetic tree of GDH amino
acid sequences of E. sinensis and other species. Accession
numbers for each GDH homologs are as follows: Culex quinquefasciatus,
XP001864850.1; D. melanogaster, Y11314; Apis mellifera. XP392776.2;
Bombyx mori. NM001046780; E. sinensis, JN628041; L. vannamei A,
AM076955; L. vannamei B, EU496492; T. californicus, AY292656; Haliotis
discus discus, ABO26678.1; Caenorhabditis elegans, NP502267.1; and
Ascaris sum, ADY44480.1.
doi:10.1371/journal.pone.0037316.g003

Figure 4. Relative GDH gene expression in different tissues of E. sinensis. b-actin was used as internal control, and different letters indicate
P, 0.05.
doi:10.1371/journal.pone.0037316.g004

GDH Gene from Eriocheir sinensis
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with the finding in L. vannamei [26], indicate that muscle should be

the optimal site for the gene expressions of several key enzymes in

the osmolyte metabolism of crustacean species.

In this study, GDH gene expression was significantly increased

in the muscle of E. sinensis following transfer from freshwater to

water with 16% and 30% salinity. Additionally, the rate and

extent of GDH gene expression correlated with the level of

salinity. GDH has been implicated as a potential control point for

amino acid synthesis. However, research on the effect salinity on

GDH gene expression is very limited and controversial [38]. Li et

al. (2011) found that the GDH expression profile of L. vannamei was

similar to that of the Na+-K+ ATPase, which is a proven a marker

of osmoregulation capacity [27]. Thus, GDH activity might be a

practical indicator reflecting the osmoregulation capacity by

regulating the synthesis of alanine and proline [33]. This result

is consistent with the findings of Arena et al. (unpublished data),

which demonstrated that increased GDH activity is concomitant

with the ability to adapt to salinity and that the GDH expression

escalates in response to high protein in the L. vannamei diet.

However, in T. californicus, GDH transcription and enzyme activity

did not appear to function in the regulation of alanine and proline

accumulation under hyperosmotic stress [21,39,40]. The conflict-

ing results between T. californicus, E. sinensis and L. vannamei can be

explained by the differences in species and experimental design.

For example, T. californicus is a small crustacean species, and Willet

and Burton (2003) used the whole organism to quantify GDH

expression. T. californicus were transferred from 50% to 100%

seawater for periods of time ranging from 5 to 90 min [21].

Alternatively, in this study, E. sinensis is a macro-crustacean

species, only the dominant tissue (muscle) was used to investigate

GDH expression, and the salinity stress time was measured over

96 h to allow GDH to have adequate time to respond to the

ambient salinity challenge. Our results, together with the findings

in L. vannamei, indicate that GDH is a key enzyme that plays an

important role in osmoregulation in macro-crustacean species.

Because crustaceans exhibit a variety of osmotic and ionic

regulatory mechanisms and free amino acids play important roles

in the process of osmoregulation in crustaceans [41], the muscle

free amino acid contents were analyzed. The total, essential and

non-essential free amino acids contents in the muscle of crabs

increased significantly after transfer to salt water, and the values at

30% salinity were higher than those at 16% salinity after 24 h.

These data suggest that E. sinensis could rapidly improve the free

amino acid concentration in the body to regulate hemolymph

osmotic pressure under hyperosmotic stress by mobilizing the

amino acids pool of muscle, and crabs require a relatively longer

time and more free amino acids at higher salinity. However, total

free amino acid content at 30% salinity was significantly reduced

at 12 h. Following E. sinensis adaptation to seawater, the amino

acids were more concentrated in the muscle than in the blood

[20]. Hemolymph free amino acids are directly involved in

mediating the response to salinity exposure. Under high salinities,

total free amino acid concentrations in Macrobrachium rosenbergii

hemolymph increased 2.5-fold compared to original values [42].

Meanwhile, the muscle is the main amino acid pool, which plays a

role in storing and supplying amino acids to the hemolymph. The

loss of free amino acids from the muscle will result in the release of

amino acids into the blood [34], which serves to leads to the high

free amino acid concentration in the hemolymph that is observed

under high salinity stress (30%), while showing a short-term

reduction at 12 h.

Free amino acid concentrations increased sharply when M.

rosenbergii was adapted to high salinity, and these increases were

due to specific changes in glycine, arginine, alanine, proline and

lysine, among which alanine showed the greatest increases [42]. In

Callinectes sapidus, proline was primarily responsible for the increase

of free amino acids at higher salinity, indicating that the induction

of proline synthesis is regulated by the synthesis of one of the

enzymes catalyzing the three steps in the glutamate to proline

pathway or a protein acting to stimulate the activity of one of those

enzymes [43]. In this study, the muscle free amino acid

concentration increase was due to specific changes in arginine,

proline, glycine, alanine, taurine, serine, and glutamic acid, with

arginine, proline and alanine, accounting the highest proportions

of total free amino acids. Arginine, proline and alanine increased

significantly with increasing salinity and time. The increased GDH

expression in E. sinensis correlated with the increase of proline and

alanine in this study, revealing the important role of GDH in the

synthesis of glutamate acid, proline and alanine, which improved

hemolymph osmotic pressure. It would be interesting to compare

the respective roles of GDH and the Na+-K+ ATPase in E. sinensis,

which presented one of the highest degrees of adaptation to salinity

in the posterior gills, similar to C. sapidus [44]. Therefore, further

study on this topic should be conducted.

Figure 5. Relative GDH gene expression in E. sinensis muscle following acute salinity stress. b-actin was used as internal control, and ‘‘*’’
and ‘‘**’’ represent significant differences (P, 0.05 or P,0.01, respectively).
doi:10.1371/journal.pone.0037316.g005
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Table 1. Free amino acids in muscle of E. sinensis under acute salinity stress (mg/g wet tissue).

Free amino acids Salinity

Time contrl 16% 30% Time control 16% 30%

EFAA 0 h 2.43260.152 2.43260.152 2.43260.152 NEFAA 0 h 4.44260.227 4.44260.227 4.44260.227

6 h 2.47960.131a 2.9860.124b 2.98560.09b 6 h 4.28160.213a 5.39260.373b 5.57660.316b

12 h 3.09560.099a 2.87560.005ab 2.66760.088b 12 h 4.68660.177ab 5.36160.338a 4.34760.228b

24 h 2.56560.046a 2.83960.018a 3.28960.192b 24 h 5.02160.338 5.27560.013 5.62860.19

48 h 2.82260.218 2.97260.104 3.48660.429 48 h 5.04960.225a 5.42760.249ab 6.57460.672b

72 h 2.68160.076a 3.19160.072ab 3.2360.226b 72 h 4.80360.436 5.58860.015 5.6160.2

96 h 2.86560.019a 3.09860.003b 3.55160.112c 96 h 4.82260.438a 5.28460.019ab 6.2860.143b

Thr 0 h 0.13260.018 0.13260.018 0.13260.018 Tau 0 h 0.19960.001 0.19960.001 0.19960.001

6 h 0.16360.032 0.1460.009 0.15260.019 6 h 0.22960.017a 0.41860.012b 0.4160.039b

12 h 0.14860.005a 0.15160.006a 0.07760.007b 12 h 0.44960.116 0.38560.051 0.41160.02

24 h 0.13760.028 0.11260.013 0.16460.029 24 h 0.36960.018a 0.24360.021b 0.44260.045a

48 h 0.12860.023 0.13760.029 0.25960.079 48 h 0.41460.018ab 0.32660.034a 0.45360.044b

72 h 0.07160.005 0.11360.016 0.10360.035 72 h 0.27560.068a 0.3760.06ab 0.4760.028b

96 h 0.20460.074 0.12460.015 0.14760.052 96 h 0.35860.034a 0.30660.026a 0.47760.029b

Val 0 h 0.10360.014 0.10360.014 0.10360.014 Asp 0 h 0.12660.01 0.12660.01 0.12660.01

6 h 0.08560.023 0.10660.012 0.12660.011 6 h 0.21460.045 0.18860.033 0.1560.051

12 h 0.11660.015a 0.10960.003a 0.0860.007b 12 h 0.00660.000 0.2260.068 0.25560.137

24 h 0.06460.003 0.09760.009 0.16560.03 24 h 0.41360.087 0.2160.008 0.28660.07

48 h 0.10960.031 0.10960.012 0.1860.054 48 h 0.34260.056 0.28760.042 0.25760.091

72 h 0.07160.005 0.13760.011 0.1360.033 72 h 0.30760.101 0.14760.07 0.17960.061

96 h 0.06460.001a 0.12860.007b 0.24460.019c 96 h 0.23160.062 0.22660.047 0.10860.027

Met 0 h 0.06160.009 0.06160.009 0.06160.009 Ser 0 h 0.28360.035 0.28360.035 0.28360.035

6 h 0.06460.002 0.07860.005 0.08560.021 6 h 0.2460.036a 0.38560.023b 0.45860.011b

12 h 0.12160.027 0.11260.013 0.11360.007 12 h 0.47460.064 0.43160.07 0.42960.102

24 h 0.08360.007a 0.09860.008a 0.13860.007b 24 h 0.36160.018a 0.33760.02a 0.46760.025b

48 h 0.12760.017 0.12660.007 0.1360.04 48 h 0.48660.081 0.62960.072 0.42660.01

72 h 0.13660.034 0.160.015 0.20960.056 72 h 0.37660.032 0.41360.053 0.460.013

96 h 0.05760.005a 0.15660.008a 0.22660.004b 96 h 0.41260.109 0.38560.028 0.50960.081

Ile 0 h 0.09960.017 0.09960.017 0.09960.017 Glu 0 h 0.25660.028 0.25660.028 0.25660.028

6 h 0.11260.012a 0.11760.003ab 0.1560.009b 6 h 0.21560.029a 0.23360.026a 0.41460.045b

12 h 0.26960.017 0.13760.005 0.11260.027 12 h 0.28960.059 0.40660.065 0.30260.058

24 h 0.10160.01a 0.12260.01a 0.22760.01b 24 h 0.35460.034 0.30560.009 0.28760.016

48 h 0.12560.031 0.13460.01 0.21660.048 48 h 0.31860.038 0.31560.029 0.41160.027

72 h 0.11160.013 0.17360.011 0.17160.041 72 h 0.31560.04 0.38160.108 0.29660.03

96 h 0.13460.012a 0.14860.006a 0.22960.008b 96 h 0.36160.002 0.31960.013 0.32160.015

Leu 0 h 0.11460.029 0.11460.029 0.11460.029 Gly 0 h 1.21560.02 1.21560.02 1.21560.02

6 h 0.11560.028 0.09160.032 0.13560.018 6 h 1.16860.018a 1.50760.153b 1.33760.031ab

12 h 0.15860.016a 0.1460.002a 0.0860.014b 12 h 1.32260.06 1.33660.006 1.29860.022

24 h 0.07960.006a 0.14160.01ab 0.20160.033b 24 h 1.29160.033 1.30160.025 1.2860.047

48 h 0.15260.058 0.14660.017 0.21260.052 48 h 1.34360.057 1.29660.022 1.39160.045

72 h 0.08160.01a 0.18360.018b 0.16360.043ab 72 h 1.30560.039 1.39160.021 1.37860.02

96 h 0.09360.001a 0.12860.015ab 0.23660.052b 96 h 1.3660.02 1.3860.025 1.34860.023

Pro 0 h 0.03560.009 0.03560.009 0.03560.009 Ala 0 h 1.14760.035 1.14760.035 1.14760.035

6 h 0.03960.012 0.02560.003 0.03360.005 6 h 0.97360.062 1.25760.014 1.13460.075

12 h 0.03360.01 0.03160.001 0.03160.003 12 h 1.19660.083a 1.09260.014ab 0.96360.027b

24 h 0.01460.002a 0.03160.003a 0.06860.013b 24 h 1.03460.045a 1.32360.014b 1.14660.037a

48 h 0.03560.014 0.03760.008 0.07960.021 48 h 1.06560.017a 1.07560.03a 1.19260.014b

72 h 0.02660.002 0.06160.021 0.07760.027 72 h 1.0960.062 1.14860.054 1.29960.067
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In conclusion, a full-length cDNA sequence of GDH from E.

sinensis was obtained and characterized in this study. GDH is

primarily expressed in the muscle of E. sinensis relative to other

tissues. Thus, acute hyperosmotic challenge enhances GDH

expression in the muscle of E. sinensis to accelerate free amino

acid metabolism, especially the synthesis of proline and alanine by

increasing the synthesis of glutamic acid, to meet the demand for

osmoregulation.

Materials and Methods

Animals
Healthy male E. sinensis weighing 109–121 g were obtained

from a farm in the district of Shanghai, China. The crabs were

acclimated in aquariums for 10 d with fully aerated fresh water,

and the temperature was maintained at 15–15.5uC. After 10 d,

144 healthy crabs were divided into three salinity groups (0, 16

and 30%) in aquariums (80 cm645 cm658 cm). Three aquari-

ums were maintained at each salinity treatment, and 16 crabs were

housed in each aquarium. Muscle, hepatopancreas, gill, hemocyte,

heart, intestine and thoracic ganglia from six healthy crabs were

sampled for tissue specific expression of the GDH gene, and

muscle was used for GDH cDNA cloning. Muscle from six crabs

in each treatment group was sampled at 0, 6, 12, 24, 48, 72 and

96 h for free amino acids analysis and GDH expression changes.

The crabs were not fed during the challenge test, and all crab

specimens were frozen rapidly in liquid nitrogen and transferred to

280uC for storage prior to RNA extraction.

Total RNA Extraction
Total RNA was extracted from the target tissues using a Unizol

Reagent Kit (Biostar, Shanghai, China) according to the

manufacturer’s protocol. The concentration and quality of total

RNA were estimated by spectrophotometry (absorbance at

260 nm and 280 nm) and agarose-gel electrophoresis, respectively.

RACE ready cDNA reverse transcription
Total RNA was reverse transcribed using the PrimeScriptTM

RT reagent Kit (TaKaRa, Dalian, China) for real-time quantita-

tive RT-PCR (qRT-PCR) analysis. The reactions were carried out

in a total volume of 10 ml, and the volume of each reaction

component was as follows: 2 ml of 56PrimeScriptTM Buffer, 0.5 ml

of random 6 mers (100 mM), less than 500 ng of Total RNA and

up to 10 ml of RNase Free dH2O. The reverse transcription was

conducted at 37uC for 15 min and 85uC for 5 seconds. RACE-

Ready cDNA was generated by using the SMARTerTM RACE

cDNA Amplification Kit (Clonetech, USA) with 39-CDS Primer A

(Table 2) and 59-CDS Primer A (Table 2) for 39-RACE and 59-

RACE, respectively. The reaction components and conditions

were performed according to the manufacturer’s recommenda-

tions.

The cloning of full-length GDH cDNA
The full-length cDNA sequence of the GDH gene was obtained

by using the SMARTTM RACE cDNA amplification kit

(Clonetech, USA). First, two degenerate primers (GDH3 and

Table 1. Cont.

Free amino acids Salinity

Time contrl 16% 30% Time control 16% 30%

96 h 0.02360.004a 0.03260.012a 0.09360.018b 96 h 1.28660.047 1.2560.079 1.29760.063

His 0 h 0.12860.021 0.12860.021 0.12860.021 Tyr 0 h 0.03160.006 0.03160.006 0.03160.006

6 h 0.1160.009 0.13260.002 0.12460.012 6 h 0.03760.006a 0.02660.001a 0.0460.004b

12 h 0.13960.027 0.14160.005 0.13760.006 12 h 0.03560.009 0.03260.002 0.04360.004

24 h 0.14360.014a 0.15360.004ab 0.19960.019b 24 h 0.01960.004a 0.0460.003a 0.08560.016b

48 h 0.13560.027 0.16860.016 0.19560.043 48 h 0.04760.019 0.05860.016 0.0760.021

72 h 0.15260.011 0.17260.003 0.21160.053 72 h 0.03660.006 0.07460.031 0.10560.048

96 h 0.160.012a 0.15660.005b 0.25360.008c 96 h 0.03460.011a 0.04960.017a 0.11860.013b

Lys 0 h 0.18960.022 0.18960.022 0.18960.022 Pro 0 h 1.18660.176 1.18660.176 1.18660.176

6 h 0.20560.015a 0.22660.008ab 0.28760.026b 6 h 1.20660.112 1.37960.147 1.63260.323

12 h 0.2560.01 0.23860.01 0.22860.039 12 h 0.91460.127a 1.4660.122b 0.64660.072a

24 h 0.1660.009a 0.27560.015b 0.24560.041ab 24 h 1.17860.303 1.51660.058 1.63560.095

48 h 0.18760.013 0.26260.052 0.28360.064 48 h 1.03560.141 1.44260.172 2.37460.699

72 h 0.15460.036 0.28760.075 0.15560.058 72 h 1.160.272 1.66360.263 1.48460.153

96 h 0.24560.031 0.22160.011 0.14960.035 96 h 0.7860.241a 1.36960.15b 2.10160.632c

Arg 0 h 1.57160.051 1.57160.051 1.57160.051 TFAA 0 h 6.87460.091 6.87460.091 6.87460.091

6 h 1.58660.056a 2.06460.138b 1.89460.048ab 6 h 6.7660.141a 8.37260.495b 8.56160.353b

12 h 1.8660.078 1.81660.014 1.8160.074 12 h 7.78160.121ab 8.23760.336a 7.01460.261b

24 h 1.78460.023 1.80860.017 1.88260.047 24 h 7.58660.294a 8.11460.015a 8.91660.138b

48 h 1.82660.034a 1.85260.011ab 1.93260.033b 48 h 7.87160.384a 8.460.351a 10.0660.48b

72 h 1.87960.066 1.96460.019 2.0160.05 72 h 7.48460.447a 8.77860.057b 8.8460.353b

96 h 1.94960.015a 2.00560.006b 1.97360.016ab 96 h 7.68760.42a 8.38260.193a 9.8360.197b

doi:10.1371/journal.pone.0037316.t001
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GDH2R) were designed to amplify a cDNA fragment, and then two

gene-specific primers, GDH 59 primer (GSP1) and GDH 39 primer

(GSP2) (Table 2), were designed based on the partial cDNA

sequence of GDH from E. sinensis (accession number GU219830) to

obtain the complete cDNA sequence. The GDH 59 primer and the

universal primer A mix (UPM) were used in a PCR reaction for 59-

RACE, and the GDH 39 primer and the universal primer A mix

(UPM) were used in a PCR reaction for 39-RACE. The PCR

reactions were performed in a total volume of 25 ml containing

2.5 ml of 106Ex Hot Star buffer, 2.0 ml of dNTP mix (2.5 mM

each), 2.5 ml of 106UPM, 0.5 ml of each primer (10 uM), 15.37 ml

of double-distilled water, 0.13 ml of Ex Hot Star Taq polymerase

(TaKaRa, Dalian, China), and 2 ml of cDNA template. The PCR

conditions were as follows: 5 cycles of 94uC for 30 s, 72uC for 3 min;

5 cycles of 94uC for 30 s, 70uC for 30 s, and 72uC for 3 min; 25

cycles of 94uC for 30 s, 68uC for 30 s and 72uC for 3 min. The PCR

products were excised from the agarose gel, purified and sequenced

by Sangon Biotech Company (Shanghai, China). The sequences

were edited and transferred to corresponding amino acids sequence

using BIOEDIT (version 5.0.9).

Sequence analysis
Homology searches of nucleotide and amino acid sequences

were conducted using the BLAST algorithm at the National

Center for Biotechnology Information (NCBI) (http://www.ncbi.

nlm.gov/blast). GDH cDNA and the deduced amino acid

sequences from E. sinensis and representative vertebrates and

invertebrates were compared by multiple sequence alignment

using the Clustal X. SignalP 3.0 program to predict the presence

and location of the signal peptide and the cleavage sites in amino

acid sequences (http://www.cbs.dtu.dk/services/SignalP/).

MEGA version 4.0 was used to align the cDNA sequence of E.

sinensis with other species and construct the phylogenetic tree via

Neighbor-Joining. The sequence of GDH cDNA of E. sinensis has

been submitted to GenBank (JN628041).

Quantitative real-time PCR (qPCR) analysis
The expression of the GDH gene in crab tissues was detected by

qRT-PCR according to the full-length cDNA sequence. A pair of

gene-specific primers (GDH-RT1 and GDH-RT1R) was designed

to amplify a 162 bp fragment, and primers against b-actin RT2

and b-actin RT2R were used as the internal standard gene

control. qPCR was carried out in the CFX96TM Real-Time

System (Bio-Rad) using SYBR Green. The samples were run in

triplicate and normalized to the control gene, b-actin, and the

GDH expression levels were calculated by the 2—DDCt compar-

ative Ct method [45]. The amplifications were performed in a 96-

well plate in reaction volume of 25 ml, containing 12.5 ml of SYBR

Green Premix Ex TaqTM (26) (TaKaRa, Dalian, China), 0.5 ml

(each) of gene-specific forward and reverse primers (10 mM), 2 ml

of diluted cDNA template and 9.5 ml of dH2O. The PCR

conditions were as follows: 95uC for 30 s; 40 cycles of 94uC for

15 s, 58uC for 20 s, 72uC for 20 s, and a 0.5uC/5 s incremental

increase from 60 to 95uC. The results and data were analyzed

using the CFX ManagerTM software (Version1.0).

Muscle free amino acids analysis
Muscle samples weighing approximately 0.15 g were taken from

crabs in each treatment group about 0 and fully homogenized in

the Ultrasonic Cell Disruption System by adding 3% sulfosalicylic

acid with a quality volume (w/v) ratio of 1:10. The homogenate

was centrifuged (Eppendorf 5804R) twice at 12000 rpm for

20 min to precipitate protein and cellular debris. The supernatants

were transferred quickly to fresh Eppendorf tubes and filtered

using a 0.22 mm filter membrane. The filtered samples were then

analyzed using a SYKAM S-433D amino acid analyzer to assay

the free amino acid content in the muscle. Three samples were

tested for each treatment group.

Data analysis
The data were analyzed by using SPSS software (Ver17.0) and

presented as the mean 6 standard error (S.E.). Differences in gene

expression between tissues were determined by one-way ANOVA.

If a significant difference was identified, differences between means

were compared by LSD’s multiple range test. Differences in gene

expression between the control and salinity challenged groups were

determined by T-test. The level of significant and extremely

significant differences were set at P,0.05 and P,0.01, respectively.
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Table 2. Sequences of primers.

Primers Sequences (59-39)

cDNA cloning

GDH 59 primer (GSP1) CGGCGTTGCCCTTGTGAATGACC

GDH 39 primer (GSP2) TGAGAAGGTCATTCACAAGGGCAACG

39-CDS Primer A AAGCAGTGGTATCAACGCAGAGTAC(T)30VN (N = A, C, G, or T; V = A, G, or C)

59-CDS Primer A (T)25VN (N = A, C, G, or T; V = A, G, or C)

UPM-Long CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT

UPM-Short CTAATACGACTCACTATAGGGC

RT-PCR and real-time PCR analysis

GDH-RT1 TTCATCGTTCAGGGCTTTGG

GDH-RT1R GGTGCCATTTTCAATCTTCCAG

b-actin RT2 GCATCCACGAGACCACTTACA

b-actin RT2R CTCCTGCTTGCTGATCCACATC

doi:10.1371/journal.pone.0037316.t002
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(Forskål) Subjected to Different Salinity Levels. Comp Biochem Physiol Part A
117: 239–244.

13. Via GJD (1986) Salinity responses of the juvenile penaeid shrimp Penaeus

japonicus: II. Free amino acids. Aquaculture 55: 307–316.

14. McNamara JC, Rosa JC, Greene LJ, Augusto A (2004) Free amino acid pools as
effectors of osmostic adjustment in different tissues of the freshwater shrimp

Macrobrachium olfersii (crustacea, decapoda) during long-term salinity acclimation.
Mar Freshw Behav Phy 37: 193–208.

15. Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN (1982) Living with

water stress: evolution of osmolyte systems. Science 217: 1214–1222.

16. Hare PD, Cress WA, Van Staden J (1998) Dissecting the roles of osmolyte
accumulation during stress. Plant Cell Environ 21: 535–553.

17. Kempf B, Bremer E (1998) Uptake and synthesis of compatible solutes as

microbial stress responses to high-osmolality environments. Arch Microbiol 170:
319–330.

18. Gilles R (1997) ‘‘Compensatory’’ organic osmolytes in high osmolarity and

dehydration stresses: history and perspectives. Comp Biochem Physiol Part A
117: 279–290.

19. Somero GN, Bowlus RD (1983) Osmolytes and metabolic end products of

molluscs: the design of compatible solute systems. In: Hochachka PW, ed.
Environmental Biochemistry and Physiology, the Mollusca. London: Academic

Press. pp 77–100.

20. Vincent-Marique C, Gilles R (1970) Modification of the amino acid pool in
blood and muscle of Eriocheir sinensis during osmotic stress. Comp Biochem

Physiol Part A 35: 479–485.

21. Willett CS, Burton RS (2003) Characterization of the glutamate dehydrogenase
gene and its regulation in a euryhaline copepod. Comp Biochem Physiol Part B

135: 639–646.

22. Florkin M, Schoffeniels E (1969) Molecular Approaches to Ecology. New York:
Academic Press.

23. Gilles R (1979) Intracellular organic osmotic effectors. In: Gilles R, ed.

Mechanisms of Osmoregulation in Animals. New York: John Wiley and Sons.
pp 111–156.

24. Roustiau S, Batrel Y, Bernicard-Peron A, Gal YL (1985) Effect of thermal

acclimation on subunit cooperativity in Palaemon serratus glutamate dehydroge-
nase. Biochem Syst Ecol 13: 45–50.

25. Rosas C, Cuzon G, Gaxiola G, Le Priol Y, Pascual C, et al. (2001) Metabolism
and growth of juveniles of Litopenaeus vannamei: effect of salinity and dietary

carbohydrate levels. J Exp Mar Biol Ecol 259: 1–22.

26. Li EC, Arena L, Chen LQ, Qin JG, Van Wormhoudt A (2009) Characterization
and Tissue-Specific Expression of the Two Glutamate Dehydrogenase cDNAs in

Pacific White Shrimp, Litopenaeus Vannamei. J Crustacean Biol 29: 379–386.
27. Li EC, Arena L, Lizama G, Gaxiola G, Cuzon G, et al. (2011) Glutamate

dehydrogenase and Na(+)-K(+) ATPase expression and growth response of

Litopenaeus vannamei to different salinities and dietary protein levels.
Chin J Oceanol Limn 29: 343–349.

28. Benachenhou-Lahfa N, Forterre P, Labedan B (1993) Evolution of glutamate
dehydrogenase genes: evidence for two paralogous protein families and unusual

branching patterns of the archaebacteria in the universal tree of life. J Mol Evol
36: 335–346.

29. Brown JR, Doolittle WF (1997) Archaea and the prokaryote-to-eukaryote

transition. Microbiol Mol Biol Rev 61: 456–502.
30. Minambres B, Olivera ER, Jensen RA, Luengo JM (2000) A new class of

glutamate dehydrogenases (GDH) - Biochemical and genetic characterization of
the first member, the AMP-requiring NAD-specific GDH of Streptomyces

clavuligerus. J Biol Chem 275: 39529–39542.

31. Andersson JO, Roger AJ (2003) Evolution of glutamate dehydrogenase genes:
evidence for lateral gene transfer within and between prokaryotes and

eukaryotes. BMC Evol Biol 3: 1–10.
32. McDaniel H, Bosing-Schneider R, Jenkins R, Rasched I, Sund H (1886)

Demonstration of glutamate dehydrogenase isozymes in beef heart mitochoni-
dria. J Biol Chem 261: 884–888.

33. Plaitakis A, Zaganas I (2001) Regulation of human glutamate dehydrogenases:

Implications for glutamate, ammonia and energy metabolism in brain. J Neurosci
Res 66: 899–908.

34. Cuzon G, Lawrence A, Gaxiola G, Rosas C, Guillaume J (2004) Nutrition of
Litopenaeus vannamei reared in tanks or in ponds. Aquaculture 235: 513–551.

35. Lima AG, McNamara JC, Terra WR (1997) Regulation of hemolymph

osmolytes and gill Na+/K+-ATPase activities during acclimation to saline media
in the freshwater shrimp Macrobrachium olfersii (Wiegmann, 1836) (Decapoda,

Palaemonidae). J Exp Mar Biol Ecol 215: 81–91.
36. Spaargaren DH (1971) Aspects of osmotic regulation in the shrimp Crangon

crangon and Crangon allmnni. Neth J Sea Res 179: 268–278.
37. Via GJD (1989) Effect of Salinity on Free Amino Acids in the Prawn Palaemon

elegans (Rathke). Arch Hydrobiol 115: 125–135.

38. Regnault M (1987) Nitrogen excretion in marine and fresh-water Crustacea.
Biol Rev 62: 1–24.

39. Burton RS (1986) Incorporation of 14C-bicarbonate into the free amino acid
pool during hyperosmotic stress in an intertidal copepod. J Exp Zool 238: 55–61.

40. Burton RS (1991) Regulation of proline synthesis during osmotic stress in the

copepod Tigriopus californicus. J Exp Zool 259: 166–173.
41. Mantel LH, Farmer LL (1983) Osmotic and ionic regulation. Biol Crustacea. pp

53–161.
42. Huong DTT, Yang WJ, Okuno A, Wilder MN (2001) Changes in free amino

acids in the hemolymph of giant freshwater prawn Macrobrachium rosenbergii

exposed to varying salinities: relationship to osmoregulatory ability. Comp

Biochem Physiol Part A 128: 317–326.

43. Burton RS (1992) Proline Synthesis during Osmotic Stress in Megalopa Stage
Larvae of the Blue Crab, Callinectes sapidus. Biol Bull 182: 409–415.

44. Towle DW, Paulsen RS, Weihrauch D, Kordylewski M, Salvador C, et al.
(2001) Na+-K+-ATPase in gills of the blue crab Callinectes sapidus: cDNA

sequencing and salinity-related expression of alpha-subunit mRNA and protein.

J Exp Biol 204: 4005–4012.
45. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using

real-time quantitative PCR and the 2(T) (-Delta Delta C) method. Methods 25:
402–408.

GDH Gene from Eriocheir sinensis

PLoS ONE | www.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e37316


