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Abstract A 60-day feeding trial was conducted to evaluate the effects of dietary L-
tryptophan level on the growth performance and neurotransmitter, including 5-hydroxy-
tryptamine (5-HT) and y-aminobutyric acid (GABA) of juvenile Litopenaeus vannamei.
Six experimental diets were formulated to supplement with graded levels of tryptophan,
resulting in different dietary tryptophan levels at O (control), 0.12, 0.24, 0.36, 0.48 and
0.60 %, respectively. A total of 960 shrimps (0.63 £ 0.01 g) were divided into six treat-
ments and fed with the respective tryptophan diets in an indoor recirculating system. The
results showed that the body weight, body length, live weight gain, specific growth rate,
protein efficiency ratio and survival rate were significantly increased by dietary tryptophan
levels, and the maximum were all obtained at 0.60 % tryptophan-supplemented diet. Feed
conversion ratio was significantly decreased as dietary tryptophan level increased. No
significant difference was found in hepatopancreas index and body proximate composition
among all the treatments. High-performance liquid chromatography analysis showed that
5-HT level increased first and then decreased in all examined tissues except in thoracic
ganglia with dietary tryptophan level increased, while GABA level first elevated and then
decreased in X organ—sinus gland, brain, stomach and intestinal tract, and on the contrary,
in thoracic ganglia, hepatopancreas, but declined in hemolymph with higher dietary
tryptophan level. qRT-PCR results exhibited 5-HT; mRNA expression was similar to 5-HT
level variation. Based on these results, the dietary tryptophan supplemented 0.36 % dry
diet or 1.72 % protein diet is found to be optimum to improve L. vannamei growth
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performance. In conclusion, it suggested that diet supplemented with tryptophan was
beneficial to improve growth performance possibly by mediating 5-HT as well as GABA
pathway in L. vannamei. These data provide new insight into the physiological functions of
tryptophan in shrimp.

Keywords Tryptophan - Growth performance - 5-HT - 5-HT| receptor - GABA - Juvenile
Litopenaeus vannamei

Abbreviations
5-HT 5-Hydroxytryptamine, serotonin
GABA  y-Aminobutyric acid

WG Weight gain

SGR Specific growth rate
FCR Feed conversion ratio
PER Protein efficiency ratio
HSI Hepatosomatic index

XO-SG X organ-sinus gland
Introduction

Litopenaeus vannamei has been becoming the most important shrimp cultured in the world,
especially in China. According to financial analyses, survival and growth have the greatest
impact on the economic performance of shrimp production. Tryptophan plays important
and exceptional roles in animal nutrition and metabolism and gains more attention (Ahmed
and Khan 2005; Ahmed 2012). Tryptophan becomes the third limiting amino acid when
fed corn—soybean-based diets. So, tryptophan supplementation would be indispensable to
improve protein utilization and reduce nitrogen excretion and thereby could improve
animal growth performance. Papoutsoglou et al. (2005a) found dietary supplemented
tryptophan could reduce body lipids, enhance food consumption and nutrient utilization for
European sea bass Dicentrarchus labrax. It was reported that tryptophan could increase
protein synthesis in livers of pigs (Zhang et al. 2007). Additionally, tryptophan-supple-
mented diet was beneficial to decrease size heterogeneity and increase survival of juvenile
grouper, Epinephelus coioides (Hseu et al. 2003).

As a key precursor of the neurotransmitter serotonin (5-HT), tryptophan availability is
reported to be the major factor determines 5-HT synthesis in brain (Johnston et al. 1990;
Winberg et al. 2001). Hence, it is considered that tryptophan-induced 5-HTergic activity
has been implicated in regulating many physiological and behavioral processes such as
feed intake, susceptibility to stress and aggression (Leathwood 1987; Seéve 1999; Laranja
et al. 2010; Harlioglu et al. 2014). In theory, deficiency of tryptophan decreases 5-HT
content, and so, increased tryptophan intake would elevate 5-HTergic activity (Henry et al.
1992, 1996; Winberg et al. 2001; Koopmans et al. 2006). 5-HT widely occurs in tissues
throughout the body of animal (Caamano-Tubio et al. 2007). The presence of different
5-HT receptor subtypes affinity for 5-HT, target actions and locations influence 5-HT roles
(Tierney 2001; Sosa et al. 2004). Given that the presence of 5-HT in tissues is involved in
tryptophan functional activity, however, except in the central nervous system and mostly in
brain, there have been no studies of peripheral 5-HT or 5-HT receptor response to tryp-
tophan. Furthermore, 5-HT is co-stored along with another important neurotransmitter y-
aminobutyric acid (GABA) (Garcia et al. 1994; Kravitz 1962). Once synthesized, 5-HT
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release would be possibly prohibited by the activation of GABA or even its respective
auto-receptors (Gebauer et al. 1993). If tryptophan is the determinant for 5-HT synthesis, it
is suggested that tryptophan supplemented would affect GABA synthesis through by
regulating 5-HT metabolism.

Tryptophan is an essential amino acid in crustaceans. The previous studies on the
optimum dietary tryptophan level of some crustaceans have been produced contradictory
results. It was found that the optimum tryptophan demand of shrimp Penaeus monodon
was 0.2 % dry diet or 0.5 % protein diet (Millamena et al. 1999). Similar results have been
observed the optimum tryptophan in mud crab, shrimp and crayfish diet were 0.72, 0.8 and
0.94 % protein diet, respectively (Akiyama et al. 1991; Laranja et al. 2010; Harlioglu et al.
2014). The conflicting observations showed that tryptophan requirement of P.monodon
was 0.78 % dry diet or 1.84 % diet protein (Pascual and Kanazawa 1986), yet the weight
gain of P.monodon reached a maximum when tryptophan content was 0.46 % dry diet or
1.35 % diet protein (Han et al. 1995). The conflicting observations in decapod crustaceans
showed that the effect of tryptophan may be influenced by species and dietary, especially
the diets protein.

However, effect of tryptophan on L. vannamei, even the optimum dietary tryptophan is
not clear until now. The objective of the present study is to investigate the effects of dietary
tryptophan level on growth performance, tissue 5-HT, GABA levels as well as the
expression level of 5-HT receptor of juvenile L. vannamei, providing the basis for its
application in shrimp production.

Materials and methods
Experimental design and diets

Six experimental diets were formulated to supplement with graded levels of tryptophan,
resulting in different dietary tryptophan levels at O (control), 0.12, 0.24, 0.36, 0.48 and
0.60 %, respectively. L. vannamei basal diet (control) formulated, and proximate com-
position is given in Table 1. L-Tryptophan (>99 %, Sigma, USA) was first dissolved in
sterile water, and graded level of tryptophan was added to feed as specified in Table 1. The
ingredients were formulated and thoroughly mixed the minced dry ingredients with fish oil
and then adding cold water until dough obtained. The stiff dough was fully blended for
5 min followed by vitamin—mineral mix was mixed. The stiff dough was then passed
through an extruder with a diameter of 1.5 mm. After that, the string-like diets broken up
and sieved into proper pellet size (about 3.0 mm in length) were oven dried at 45 °C. After
drying, the granules were sieved through 60 meshes, a convenient pellet size and the feeds
were stored in plastic bags at —20 °C until use. Proximate analyses (AOAC, 1990) of the
diets showed about 46 % crude protein, 6.0 % crude lipid and 8.3 % moisture.

Experimental animals and culture conditions

Juveniles L. vannamei were acclimated in a circulating seawater system and fed with basal
diet for 1 week. About 960 healthy and lively shrimps (0.63 £ 0.01 g) were equally
divided into six treatments; each treatment was allotted to 4 tanks (as replicates) in a
completely random design. As a replicate, group of 40 shrimps were randomly stocked in
350-L (80 cm diameter, 70 cm deep) cylindrical fiberglass tank with net cover. All
experimental tanks were part of an indoor recirculating system, provided with passed
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Table 1 Formulation, proximate composition and analyzed tryptophan levels of six experimental diets (%,
dry diet)

Components Dietary tryptophan levels

Control® 0.12 % 0.24 % 0.36 % 0.48 % 0.60 %

Fish meal 28 28 28 28 28 28
Soybean meal 15 15 15 15 15 15
Peanut meal 19 19 19 19 19 19
Cuttlefish meal 5 5 5 5

Corn starch 2 2 2 2

Shrimp shell meal 6 6 6 6 6 6
Flour 20 20 20 20 20 20
Fish oil 1 1 1 1 1 1
Lecithin 2 2 2 2 2 2
Calcium dihydrogen phosphate 1.05 1.05 1.05 1.05 1.05 1.05
Choline chloride 0.25 0.25 0.25 0.25 0.25 0.25
Vitamin premix” 0.2 0.2 0.2 0.2 0.2 0.2
Mineral premix® 0.5 0.5 0.5 0.5 0.5 0.5
Total 100 100 100 100 100 100
L-Tryptophan supplemented? 0 0.12 0.24 0.36 0.48 0.60
Glutamic acid supplemented” 0.60 0.48 0.36 0.24 0.12 0
Crude protein® 46.17 46.20 46.53 46.13 45.68 45.51
Crude lipid® 6.03 6.01 6.16 591 5.89 5.99
Ash® 7.89 8.16 7.98 8.24 8.45 8.07
Moisture® 6.4 6.3 6.2 6.3 6.5 6.4
Total tryptophan level® 0.43 0.55 0.67 0.79 0.91 1.03

* Contained as per kg control diet : tryptophan 43.42 g, and gross energy is 12.61 MJ

b Contained as g per kg vitamin premix: V5 16, Vp; 1, Vg 40, Vg3 3.86, Vg, 6.15, Vg, 7.5, Vg 10.1;
calcium pantothenate 15.3, PTGA 2.1, Vy 10, VPP 30.15, Vg, 1; inositol 31.25, Ve 171.42; cellulose
654.17

¢ Contained as g per kg mineral premix: KCI 229.08, NaCl 118.39, MgSO,-7H,0292.16, FeSO,-7H,0 9.9,
ZnS0,4-7H,0 7.34, MnSO,4-H,0 10.32, KI 0.0156, CoCl,-6H,0 0.1064, NaSO; 0.0132, CuSO,4-5H,0 1.68,
Zeolites 331

4 Crystalline form
¢ Analysis value (% dry diet)

through sand-filtered seawater and equipped with vigorous aeration. The shrimps were
manually fed to apparent satiation with respective diet three times per day at 08:00 a.m.,
14:00 p.m. and 20:00 p.m. During the feeding time (1 h), the flow-through water and the
vigorous aeration were both temporarily closed. Feed consumption was recorded daily. The
uneaten feeds were collected 1 h after every meal by siphoning, dried in an oven at 45 °C
until a constant weight was achieved and the final dry weight was then recorded. The dead
shrimps were removed from the tanks, and the number and weight were also recorded
before each feeding. The debris on the bottom of tanks was siphoned off so as to maintain
the water quality. All shrimps were subjected to a natural photoperiod. During the feeding
periods, water flow rate was kept 2.5-2.8 L/min and the dissolved oxygen maintained more
than 4.5 mg/L. The salinity, temperature and pH were maintained 3—7 %o, 23-30 °C and
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7.8-8.2, respectively. Water was exchanged daily before the first feeding to keep the
ammonia concentration 0.25-0.30 mg/L. The feeding trial lasted for 60 days. After feeding
experiment, the remaining shrimps in each tank were collected and continued the following
measurements.

Growth parameters analysis

At the termination of the feeding trial, the remaining number of shrimp from each tank was
calculated, and then, the shrimp collected from each tank for measurement of body weight
and total length. Feed amount was also calculated for each tank. The growth index of L.
vannamei, including weight gain (WG), feed conversion ratio (FCR), survival rate (SR),
protein efficiency ratio (PER), specific growth rate (SGR) and hepatosomatic index (HSI),
were evaluated as following:

WG% =100 x (final weight — initial weight) /initial weight
FCR = total feed given (dry weight)(g) /weight gain(wet weight)(g)
SR% = 100 x (final number of shrimp//initial number of shrimp)
PER% = 100 x total wet weight gain(g, wet weight basis) /crude protein fed(g,dry weight)
SGR% =100 x (In average final weight — In average initial weight) /number of culture days
HSI% = 100 x hepatosomatic weight(g) /body weight(g)

Sampling procedure

After the above parameters were measured, five shrimps from each tank were randomly
selected and rinsed with tap water and then stored at —30 °C for determination of body
composition. The other shrimps were anesthetized on ice bath for 10 min, and hemolymph
was drawn from the thorax using a syringe pretreated with heparin. Hemolymph samples
were rapidly transferred to Eppendorf tubes and were centrifuged at 1,500g for 10 min at
4 °C for separating the plasma. The samples of the brain, X organ—sinus gland (XO-SG),
thoracic ganglion, hepatopancreas, stomach and intestine were rapidly isolated within
2 min and collected in sterilized Eppendorf tubes, respectively. All collected samples were
immediately frozen in liquid nitrogen and stored at —80 °C for future analysis.

Chemical analysis

Samples were dried and then finely ground for proximate composition analysis. Crude
protein was determined by the Kjeldahl method using an Auto Kjeldahl System after acid
digestion (Kjeltec Analyzer unit 2300, Sweden; 1030-Auto-analyzer, Tecator, Sweden).
Crude lipid content was determined by the ether-extraction method using Soxtec System
HT (Soxtec System HT6, Tecator, Sweden). Moisture content was determined by oven
drying at 105 °C for 24 h.

5-HT and GABA levels determination
About 100 mg samples of the brain, XO-SG, thoracic ganglion, hepatopancreas,

stomach and intestine were homogenized in 0.4 mol/L ice-cold perchloric acid (PCA)
using an ultrasonic disintegrator and were centrifuged at 14,000g at 4 °C. Then, the
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supernatants were collected and filtered through a 0.22-um millipore filter for high-
performance liquid chromatography (HPLC) analysis as described by (Tinikul et al.
2008).

Detection and quantification of total 5-HT and GABA in all samples were performed by
HPLC using a C;g column (150 mm x 4.6 mm i.d., 5 um; Hypersil, America Thermo) at a
flow rate of 1 or 0.8 mL/min with a fluorescence detector (Waters 474, Germany). GABA
levels were determined using precolumn o-phthaldehyde derivatization (Qujeq 1998).
Average 5-HT and GABA levels were estimated for four replicates. Peaks corresponding
to 5-HT and GABA were detected in the extracts at the same elution times as their
corresponding standards. The identities of the peaks in each sample were further verified
by spiking the tissue extracts with known amounts of 5-HT and GABA standards. Final
contents were calculated relative to external standards (5-HT and GABA, >99.99 %,
Sigma), and recovery rate was expressed as pg/g tissue.

5-HT, receptor mRNA expression analysis

Total RNA was isolated from samples using TRIZOL® reagent (Invitrogen, USA)
according to the manufacturer’s instructions. RNA was quantified at 260 nm/280 nm.
cDNA was produced by reverse transcription (RT), and reaction conditions used were
those recommended by the manufacturer (RNA PCR Kit version 2 1, TaKaRa).

The quantitative PCR (qPCR) assay was carried out in the Mx3000P™ Real-time PCR
System (Stratagene, USA) using SYBR Green (TOYOBO, Japan). Primers of 5-HT,
(5HT,-F: 5'-GATCCTGATGGTGTGGCTGAC-3’ and 5HT;-R: 5-GACGTAGAAGGT
GGCCATGGT-3’) designed according to the sequences published in GenBank (Penaeus
monodon, accession AY661549; Macrobrachium rosenbergii, accession AY528822,
AY528821 and EU363466) and synthesized by Sangon Technical Co. Ltd. (Shanghai,
China) were used to perform RT-PCR. cDNA reverse transcription from different tissues
was used as the template for analyzing the expression of 5-HT; receptor genes. The
thermal protocol for the SYBR green real-time PCR was as follows: 95 °C for 1 min,
followed by 40 cycles of 95 °C for 15 s, 58 °C for 15 s, and 72 °C for 40 s. After PCR,
melting curve analysis was performed to confirm that there occured only one amplified
product; then, the size of product was investigated on ethidium bromide-stained 2 %
agarose gels in Tris acetate-EDTA buffer. RT-PCR data analysis was determined with the
Mx3000P™ Real-time PCR System Software (Stratagene, USA). The plasmid vector
containing L. vannamei-specific cDNA fragment was prepared to be used as the RT-PCR
standard curve of the gene. According to the formula 2 ACtACt — p—(ACtsample—ACicontrol)
(Livak and Schmittgen 2001), the relative mRNA expression of the target gene was
calculated.

Statistical analyses

All data are presented as means with standard deviations (mean £ SD), and all statistical
analyses were performed using SPSS 17.0 statistical software (SPSS 17.0, Chicago, IL,
USA). A multiple comparison (Duncan’s) test was used to examine the significant dif-
ference among treatments tested by one-way ANOVA. Results were considered statistical
significance difference at P < 0.05 level.
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Results
Effects of tryptophan on growth performance and body proximate composition

The results of the present study indicated that L. vannamei growth performance and body
proximate composition were significantly affected by graded tryptophan supplemented
(Table 2). On day 60, the average body length was 7.29 + 0.22 cm in the 0.60 % treat-
ment and significantly higher than that in the control (6.20 £ 0.46 cm) (P < 0.05).
Moreover, the average body length in the other treatment was also greater than that in the
control (P > 0.05). Shrimp feed diets administrated 0.60 % tryptophan obtained the
maximum live weight gain (925.01 %) (P < 0.05). The specific growth rate (SGR) showed
the similar patterns to the final weight and the live weight gain. Tryptophan supplemented
significantly altered the feed conversion rate (FCR) (P < 0.05), and the minimum (1.86)
was achieved at 0.60 % tryptophan administrated diets. Protein efficiency ratio (PER) was
also the highest in the 0.60 % treatment, which was significantly higher than that in the
control and 0.12 % treatment (P < 0.05). The maximum survival rate (88.13 %) was
recorded in the 0.60 % treatment, which was significantly higher than that in the control
and 0.12 % treatment (P < 0.05).

Compared with the control, the higher dietary tryptophan level resulted in higher he-
patosomatic index (HSI) and body protein content, but lower crude lipid content. However,
no significant differences were found for HSI and proximate composition (P > 0.05;
Table 2).

5-HT level changes in tissues

We detected 5-HT level variation in shrimp after tryptophan supplementation. During
HPLC, the elution time of 5-HT peaks in the collected sample extracts is about 2.4 min,
which was agreement with the external standards. The results showed that 5-HT level in
organs of the nervous system, such as the XO-SG, brain and thoracic ganglia, was dra-
matically affected by dietary tryptophan level (Fig. 1a). 5-HT levels in XO-SG and the
brain elevated with higher dietary tryptophan level and peaked in 0.48 and 0.36 % treat-
ment, respectively, then showed a decreasing trend. On the contrary, 5-HT levels in the
thoracic ganglia declined first and then returned to normal level with tryptophan increased
in diets, and reached the minimum in 0.36 % treatment (P < 0.05). Dietary tryptophan
level also significantly affected 5-HT levels in the hepatopancreas and intestinal tract
(P <0.05, Fig. 1b). It peaked in 0.36 and 0.48 % treatment, respectively, and then
decreased, reaching the minimum level in 0.60 % treatment. In contrast, 5-HT level in the
stomach showed no significant difference among all the treatments (P > 0.05, Fig. 1b).
5-HT level increased significantly in the hemolymph, and it peaked in 0.48 % treatment
and then decreased with further tryptophan increasing (P < 0.05, Fig. 1c).

5-HT, receptor mRNA expression levels in tissues

To confirm 5-HT; mRNA receptor expression in shrimp, we first cloned a full-length (160
nucleotides) cDNA encoding 5-HT, receptor of L. vannamei and assessed 5-HT; expres-
sion using qRT-PCR. Remarkably, dietary tryptophan level affected 5-HT, mRNA
receptor expression in tissues of the XO-SG, brain, thoracic ganglia, hepatopancreas,
stomach and intestinal tract (Fig. 2). Relative to the control, 5-HT; mRNA receptor
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Fig. 1 a Effects of dietary tryptophan level on 5-HT in XO-SG, brain and thoracic ganglia by RP-HPLC
after 60 days of feeding. b Effects of dietary tryptophan level on 5-HT in hepatopancreas, stomach and
intestinal tract by RP-HPLC after 60 days of feeding. ¢ Effects of dietary tryptophan level on 5-HT in
hemolymph by RP-HPLC after 60 days of feeding The data shown represent the mean % SD. **Values with
different letters indicate significantly different (P < 0.05) by one-way ANOVA test

expression of 0.24, 0.36 and 0.48 % treatment was significantly enhanced in the XO-SG
and brain (P < 0.05). On the contrary, in thoracic ganglia, it was significantly decreased in
0.24, 0.36 and 0.48 % treatment (P < 0.05, Fig. 2a). A similar pattern was observed in the
hepatopancreas, stomach and intestinal tract. 5-HT|; mRNA receptor expression of 0.48 %
treatment was maximum in the hepatopancreas, while it returned to normal level in 0.60 %
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treatment. In the stomach and intestinal tract, this receptor expression increased first and
then returned to normal level. The maximum 5-HT; mRNA receptor expression occurred
in 0.24 and 0.36 % treatment, respectively (Fig. 2b, c). Finally, from the results above, it
can be seen that the variation in 5-HT; mRNA receptor expression was consistent with the
variation in 5-HT level.

GABA levels in tissues

5-HT level variation was detected by HPLC in shrimp of different dietary tryptophan level.
GABA peaks in the collected sample extracts, and the corresponding external standards
showed the same elution times (about 8.1 min). HPLC analysis showed that GABA level in
the XO-SG significantly increased in 0.48 % treatment (P < 0.05, Fig. 3a). However,
GABA level in the thoracic ganglia and brain showed no significant difference responding
to dietary tryptophan level (P > 0.05, Fig. 3a). GABA level decreased in the hepatopan-
creas, but it increased in the stomach and intestinal tract after feeding 0.24 % and 0.36 %
dietary tryptophan level (P < 0.05, Fig. 3b). Moreover, GABA level in the hemolymph
dramatically decreased with dietary tryptophan level, and the maximum was in 0.36 %
treatment (P < 0.05, Fig. 3c).

Discussion

Tryptophan is a nutritionally important essential amino acid and as a precursor of neu-
rotransmitter 5-HT in animal. It has been reported that dietary tryptophan supplementation
played a key role in physiological process regulation, such as feed intake, growth,
aggressive behavior and hormonal secretion in some animals (Walton et al. 1984; Henry
et al. 1992; Papoutsoglou et al. 2005a, b; Hoglund et al. 2007; Tejpal et al. 2009; Laranja
et al. 2010; Harlioglu et al. 2014), but there are no direct data on the effects of dietary
tryptophan on L. vannamei growth performance and neurotransmitter. The present study
demonstrates for the first time the effect of dietary tryptophan on growth performance,
tissue 5-HT, GABA levels as well as the expression level of 5-HT receptor of juvenile L.
vannamei.

The growth performance results showed that dietary tryptophan supplemental was
contributed to L. vannamei growth. The control showed the poorest growth compared with
the tryptophan treatments, and the best growth was observed in 0.60 % tryptophan sup-
plementation diets. It suggested that fed much higher levels of tryptophan might better
improve the shrimp growth in this diet. Our results were consistent with those observations
that had been previously reported. For example, dietary supplementation of tryptophan
showed a significant effect on the weight gain and specific growth rate in Cirrhinus
mrigala fingerlings (Tejpal et al. 2009). In high-density groups, dietary tryptophan sup-
plementation improved the growth parameters of fish (Hoglund et al. 2007). Walton et al.
(1984) found better growth and survival in rainbow trout fed tryptophan-supplemented
diets than the control. The similar result showed that supplemental dietary tryptophan
caused a significant increase in the growth and survival rate of freshwater craysith Astacus
leptodactylus Eschscholtz (Harlioglu et al. 2014). However, a decrease in body weight and
total length was observed in tryptophan-supplemented groups than in the control group in
mud crab and grouper (Kim et al. 1987; Laranja et al. 2010), but the phenomenon did not
occur in this study. It was thought that tryptophan supplementation could evoked the amino
acid imbalance may result in inhibition of food intake and the impaired growth
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Fig. 2 a Effects of dietary tryptophan level on 5-HT; receptor expression in XO—SG, brain and thoracic
ganglia after 60 days of feeding. b Effects of dietary tryptophan level on 5-HT, receptor expression in
hepatopancreas and stomach after 60 days of feeding. ¢ Effects of dietary tryptophan level on 5-HT;
receptor expression in intestinal tract after 60 days of feeding The data shown represent the mean & SD.
*bValues with different letters indicate significantly different (P < 0.05) by one-way ANOVA test

(Papoutsoglou et al. 2005b). Also, it may be attributed to serotonin-mediated inhibition of
normal feeding behavior (de Pedro et al. 1998). These inconsistent results indicate that
tryptophan exerts different effects in different animals under different experimental con-
ditions. Tryptophan is also involved in protein and lipid metabolism in animals (Sainio
et al. 1996). In the present study, tryptophan could enhance the whole body crude protein
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different letters indicate significantly different (P < 0.05) by one-way ANOVA test

and moisture proportions (P > 0.05) and reduce the crude lipid levels (P > 0.05). The
similar results were obtained in groupers (Kim et al. 1987). This might be associated with
the effect of tryptophan on 5-HT. 5-HT acts as a sensor that detects and determines the
proportions of energy produced from protein and carbohydrate (Leathwood 1987; Le
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Floc’h and Seve 2007). Tryptophan together with elevated 5-HT levels could speed up
body crude lipid peroxidation. However, a reduction in body protein, increased lipid
content was observed in juvenile rainbow trout when fed higher levels of tryptophan
(Papoutsoglou et al. 2005b), and this inconsistent in different animals still needs to be
explained.

The present study showed that tryptophan-supplemented diets of L. vannamei caused
significantly lower FCR. The FCR of L. vannamei fed control was 2.03, significantly
higher than that of shrimp fed 0.36 % dietary tryptophan level 1.88. Henry et al. (1992)
also obtained lower FCR in tryptophan-supplemented diets of pigs. Nevertheless, the FCR
in the present trial were a bit higher than those reported by some authors (Davis and Arnold
2000; Ye et al. 2012), but similar to those examined by others (Suarez et al. 2009; Molina-
Poveda et al. 2013). The possible reasons for the higher FCR may be due to the recircu-
lating seawater system provided with passed through sand-filtered water and equipped with
vigorous aeration. During the feeding period, the water flow rate continuously kept at
2.5-2.8 L/min only closed the feeding time. Under this conditions, the feed is the mainly
food to sustain shrimp growth. In addition, the apparent satiation fed style would lead to
the higher FCR.

Given the above, the possible reasons for improved growth performance and FCR
observed for L. vannamei seems to be related to dietary tryptophan level. At present, the
optimum tryptophan of L. vannamei has not been reported but some other crustaceans like
P.monodon, crayfish, mud crab (Pascual and Kanazawa 1986; Akiyama et al.1991; Han
et al. 1995; Millamena et al. 1999; Laranja et al. 2010; Harlioglu et al. 2014). In the present
study, basal diet supplemented tryptophan more than 0.36 in % dry diet or 1.72 in %
protein gained better growth, and it was close to the suggested tryptophan levels for
shrimps by Pascual and Kanazawa (1986), but higher than the others recommended
(Akiyama et al. 1991; Han et al. 1995; Millamena et al. 1999; Laranja et al. 2010;
Harlioglu et al. 2014). From the economic standpoint, dietary with cheaper tryptophan in a
practical diet for shrimp can alleviate the problem of low survival rate and high cost.
Tryptophan can improve shrimp growth performance while the present cost of most
commercial tryptophan is US$ (17-20)/kg. Therefore, further research will be needed to
determine optimum shrimp dietary tryptophan in different protein feed.

5-HT is a neurotransmitter occurs in the brain, and also in platelets and the gut (Elofsson
et al. 1982; Laxmyr 1984). As the precursor of 5-HT, the relationship between tryptophan
and 5-HT is usually believed to the mechanism involved in the effect of tryptophan-
supplemented diet on growth, aggression and survival (Winberg et al. 2001; Hseu et al.
2003; Lepage et al. 2005; Papoutsoglou et al. 2005b; Tejpal et al. 2009; Wolkers et al.
2012; Harlioglu et al. 2014). So 5-HT levels in shrimp after tryptophan supplement were
detected in this study. In this study, tryptophan supplemental increased 5-HT levels in
several tissues except thoracic ganglia (Fig. 1a). Higher tryptophan supplemented in diets
increases its availability for uptake, resulting in elevating body tryptophan levels, which
may enhance 5-HT synthesis (Johnston et al. 1990). However, a greater decrease in 5-HT
concentration was observed above 0.48 % than below 0.36 % tryptophan administrated
dietary, as reported in previous (Henry et al. 1992). Tryptophan supplementation has also
been shown to have a lagging effect on elevating 5-HT levels in different tissues. It is
possible due to endocrine cells in the gill epithelium of different tissues have the capacity
for uptake, storage and synthesis of 5-HT (Olson 1998). Tryptophan is 10 times more likely
to enter kynurenine pathways than 5-HT pathways (Sainio et al. 1996). The proportion of
tryptophan metabolized into kynurenine increased when dietary tryptophan supply
increased, and this resulted in the increase of 5-HT level may not be associated with the

@ Springer



248 Aquacult Int (2015) 23:235-251

increase in tryptophan supply. Additionally, 5-HT changes in the thoracic ganglia were not
in agreement with other tissues. Crustacean thoracic ganglia have been considered to be the
source of a vitellogenesis-stimulating hormone (Alfaro and Vega 2010). Moreover, 5-HT is
noted to stimulate ovarian maturation in crustaceans (Meeratana et al. 2006, Tinikul et al.
2008). With higher tryptophan supplementation, it is possible that the tryptophan
requirement in shrimps for body protein deposition is greater than its requirement for 5-HT
synthesis, leads to reduce 5-HT in the thoracic ganglia and promotes body nutrient
deposition. On the other hand, enough nutrient deposition would facilitate gonadal
development and result in 5-HT elevation in the thoracic ganglia. Therefore, reduction in
5-HT level in thoracic ganglia contributes to inhibition of gonadal development and body
nutrient deposition. However, the mechanism still needs to be further studied.

Diverse physiological effects of 5-HT are probably mediated through various types of
serotonergic receptors, and 5-HT level is controlled by down-regulation of its auto-receptor
sensitivity and in turn results in up-regulation of 5-HT neurotransmission, especially since
tryptophan availability is augmented (Tiu et al. 2005). 5-HT; receptor is potentially
involved in many physiological processes such as growth, muscle contraction, immune
response, reproduction and escape behavior (Ongvarrasopone et al. 2006; Martin Marti
et al. 2010). Hence, it was chosen to analyze response to tryptophan supplementation.
5-HT receptor expression corresponded to 5-HT levels (Fig. 1). These findings suggested
that 5-HT may mediate the physical roles through an interaction with the putative 5-HT,
receptors in this study. Nevertheless, it is believed that the interaction between 5-HT and
its receptors needed further investigation.

GABA is also an important neurotransmitter and coexist with 5-HT in the paracrine/
hormone systems (Santhoshi et al. 2008). GABA is synthesized principally from glutamate
in a single enzymatic step catalyzed by glutamate decarboxylase and that is reported to
play a role in tryptophan-induced serotonergic activity (Ciranna 2006). Since supplemental
tryptophan generally increased the 5-HT content, the decrease in the treatment with higher
tryptophan dietary supplementation may be interpreted as an inhibitory effect of GABA on
5-HT synthesis, or stimulatory effect of GABA on 5-HT degradation. In the present study,
HPLC analysis showed that GABA level in different tissues changed with tryptophan
supplemented, and corresponded to variations in 5-HT, except in hepatopancreas and
hemolymph (Fig. 3). This demonstrated a possible role of GABA in the regulation of 5-HT
synthesis. The similar results reported in previous studies; for example, 5-HT release was
considered to be inhibited by activation of GABA or their respective auto-receptors
(Gebauer et al. 1993). However, it was discrepancy at present study. Some reasons could
explain this phenomenon. First, GABA probably reduced the toxicity caused by excessive
tryptophan. Furthermore, high brain glutamine concentrations are known to stimulate
blood-brain barrier transport of large neutral amino acids such as tryptophan, which in turn
can increase 5-HT turnover (Papoutsoglou et al. 2005a). However, the glutamate produced
through GABA pathway is not available to pass through the blood-brain barrier into brain.
In addition, 5-HT regulates the synthesis and secretion of GABA by acting on its receptors
(Tao et al. 1996). So far, it remains to be determined whether a similar glutamine-stim-
ulated increase in brain tryptophan uptake or a different mechanism is responsible for 5-HT
and GABA variation.

In conclusion, dietary tryptophan supplementation is beneficial to shrimp growth and
survival and affects 5-HT, 5-HT, receptor mRNA expression, as well as GABA levels in
different tissues. It suggested that diet supplemented with tryptophan was beneficial to
improve growth performance possibly by mediating 5-HT as well as GABA pathway in
L.vannamei. The current experiment indicates that dietary (analysis protein 46 %,

@ Springer



Aquacult Int (2015) 23:235-251 249

tryptophan 0.43 %) supplemented tryptophan above 0.36 % dry diet or 1.72 % protein diet
may gain better growth performance in L. vannamei. It is promising that tryptophan will
play an important role in L. vannamei production. These data provide new insight into the
physiological functions of tryptophan in shrimp.

Acknowledgments This work was supported by a grant from the 51st Postdoctoral Foundation in China.

References

Ahmed I (2012) Dietary amino acid L-tryptophan requirement of fingerling Indian catfish, Heteropneustes
fossilis (Bloch), estimated by growth and haemato-biochemical parameters. Fish Physiol Biochem
38:1195-1209

Ahmed I, Khan MA (2005) Dietary tryptophan requirement of fingerling Indian major carp, Cirrhinus
mrigala (Hamilton). Aquac Res 36:687-695

Akiyama DM, Dominy WG, Lawrence AL, (1991) Penaeid shrimp nutrition for the commercial feed
industry revised. In: Akiyama, DM, Tan RKH (eds) Proceedings of the aquaculture feed processing and
nutrition workshop, Thailand and Indonesia Sept. 19-25. American Soybean Association, Singapore,
pp 80-98

Alfaro J, Vega L (2010) Effects of transplants and extracts of thoracic nerve cord-ganglia on gonad
maturation of penaeoid shrimp. Aquac Res 41:182-188

Caamano-Tubio R, Perez J, Ferreiro S, Aldegunde M (2007) Peripheral serotonin dynamics in the rainbow
trout (Oncorhynchus mykiss). Comp Biochem Physiol C: Toxicol Pharmacol 145:245-255

Ciranna L (2006) Serotonin as a modulator of glutamate-and GABA-mediated neurotransmission: impli-
cations in physiological functions and in pathology. Curr Neuropharmacol 4:101-114

Davis DA, Arnold CR (2000) Replacement of fish meal in practical diets for the Pacific white shrimp,
Litopenaeus vannamei. Aquaculture 185:291-298

de Pedro N, Pinillos ML, Valenciano AIl, Alonso-Bedate M, Delgado MJ (1998) Inhibitory effect of
serotonin on feeding behavior in goldfish: involvement of CRF. Peptides 19:505-511

Elofsson R, Laxmyr L, Rosengren E, Hansson C (1982) Identification and quantitative measurements of
biogenic amines and DOPA in the central nervous system and haemolymph of the crayfish Pacif ast
acus leniusculus (crustacea). Comp Biochem Physiol C: Toxicol Pharmacol 71:195-201

Garcia U, Onetti C, Valdiosera R, Aréchiga H (1994) Excitatory action of y-aminobutyric acid (GABA) on
crustacean neurosecretory cells. Cell Mol Neurobiol 14:71-88

Gebauer A, Merger M, Kilbinger H (1993) Modulation by 5-HT; and 5-HT, receptors of the release of
5-hydroxytryptamine from the guinea-pig small intestine. Naunyn Schmiedebergs Arch Pharmacol
347:137-140

Han AS, Liang YQ, Gao CR, Sun M (1995) Requirement for dietary arginine, methionine, phenylalanine
and tryptophan by juvenile of the shrimp Penaeus monodon. J Fish Sci China 2:7-14

Harlioglu MM, Harlioglu AA, Yonar SM, Duran TC (2014) Effects of dietary L-tryptophan on the agonistic
behavior, growth, and survival of freshwater crayfish Astacus letodactylus Eschscholtz. Aquac Int
22:733-748

Henry Y, Séve B, Colléaux Y, Ganier P, Saligaut C, Jégo P (1992) Interactive effects of dietary levels of
tryptophan and protein on voluntary feed intake and growth performance in pigs, in relation to plasma
free amino acids and hypothalamic serotonin. J Anim Sci 70:1873-1887

Henry Y, Séve B, Mounier A, Ganier P (1996) Growth performance and brain neurotransmitters in pigs as
affected by tryptophan, protein, and sex. J Anim Sci 74:2700-2710

Hoglund E, Sgrensen C, Bakke MJ, Nilsson GE, @verli @ (2007) Attenuation of stress-induced anorexia in
brown trout (Salmo trutta) by pre-treatment with dietary L-tryptophan. Br J Nutr 97:786-789

Hseu J, Lu F, Su H, Wang L, Tsai C, Hwang P (2003) Effect of exogenous tryptophan on cannibalism,
survival and growth in juvenile grouper, Epinephelus coioides. Aquaculture 218:251-263

Johnston WL, Atkinson JL, Hilton JW, Were KE (1990) Effect of dietary tryptophan on plasma and brain
tryptophan, brain serotonin, and brain 5-hydroxyindoleacetic acid in rainbow trout. J Nutr Biochem
1:49-54

Kim K, Kayes TB, Amundson CH (1987) Effects of dietary tryptophan levels on growth, feed/gain, carcass
composition and liver glutamate dehydrogenase activity in rainbow trout (Salmo gairdneri). Comp
Biochem Phy B Comp Biochem 88:737-741

@ Springer



250 Aquacult Int (2015) 23:235-251

Koopmans SJ, Guzik AC, Van Der Meulen J, Dekker R, Kogut BJ, Kerr BJ, Southern LL (2006) Effects of
supplemental L-tryptophan on serotonin, cortisol, intestinal integrity, and behavior in weanling piglets.
J Anim Sci 84:963-971

Kravitz EA (1962) Enzymic formation of gamma-aminobutyric acid in the peripheral and central nervous
system of lobsters. J Neurochem 9:363-370

Laranja JLQ Jr, Quinitio ET, Catacutan MR, Coloso RM (2010) Effects of dietary L-tryptophan on the
agonistic behavior, growth and survival of juvenile mud crab Scylla serrata. Aquaculture 310:84-90

Laxmyr L (1984) Biogenic amines and DOPA in the central nervous system of decapod crustaceans. Comp
Biochem Phy C Comp Phar 77:139-143

Le Floc’h N, Seve B (2007) Biological roles of tryptophan and its metabolism: potential implications for pig
feeding. Livest Sci 112:23-32

Leathwood PD (1987) Tryptophan availability and serotonin synthesis. Proc Nutr Soc 46:143-156

Lepage O, Larson ET, Mayer I, Winberg S (2005) Serotonin, but not melatonin, plays a role in shaping
dominant-subordinate relationships and aggression in rainbow trout. Horm Behav 48:233-242

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-delta delta C(T)) method. Methods 25:402-408

Martin Marti S, Onteru S, Du Z, Rothschild MF (2010) Short communication. SNP analyses of the SHT g
and STAT genes in Pacific white shrimp, Litopenaeus vannamei. Span J Agric Res 8:53-55

Meeratana P, Withyachumnarnkul B, Damrongphol P, Wongprasert K, Suseangtham A, Sobhon P (2006)
Serotonin induces ovarian maturation in giant freshwater prawn broodstock, Macrobrachium rosen-
bergii de Man. Aquaculture 260:315-325

Millamena OM, Teruel MB, Kanazawa A, Teshima S (1999) Quantitative dietary requirements of postlarval
tiger shrimp, Penaeus monodon, for histidine, isoleucine, leucine, phenylalanine and tryptophan.
Aquaculture 179:169-179

Molina-Poveda C, Lucas M, Jover M (2013) Evaluation of the potential of Andean lupin meal (Lupinus
mutabilis Sweet) as an alternative to fish meal in juvenile Litopenaeus vannamei diets. Aquaculture
410-411:148-156

Olson KR (1998) Hormone metabolism by the fish gill. Comp Biochem Physiol A: Mol Integr Physiol
119:55-65

Ongvarrasopone C, Roshorm Y, Somyong S, Pothiratana C, Petchdee S, Tangkhabuanbutra J, Sophasan S,
Panyim S (2006) Molecular cloning and functional expression of the Penaeus monodon 5-HT receptor.
BBA Gene Struct Expr 1759:328-339

Papoutsoglou SE, Karakatsouli N, Chiras G (2005a) Dietary L-tryptophan and tank colour effects on growth
performance of rainbow trout (Oncorhynchus mykiss) juveniles reared in a recirculating water system.
Aquac Eng 32:277-284

Papoutsoglou SE, Karakatsouli N, Koustas P (2005b) Effects of dietary L-tryptophan and lighting conditions
on growth performance of European sea bass (Dicentrarchus labrax) juveniles reared in a recirculating
water system. J Appl Ichthyol 21:520-524

Pascual FP, Kanazawa A (1986) Specific amino acid-free semi-purified diets for Penaeus monodon juve-
niles. Mem Kagoshima Univ Res Center South Pac 7:65-72

Qujeq D (1998) Determination of gamma-aminobutyric acid by high-performance liquid chromatography.
Acta Med Iran 36:102-105

Sainio EL, Pulkki K, Young SN (1996) L-tryptophan: biochemical, nutritional and pharmacological aspects.
Amino Acids 10:21-47

Santhoshi S, Sugumar V, Munuswamy N (2008) Histological and immunocytochemical localization of
serotonin-like immunoreactivity in the brain and optic ganglia of the Indian white shrimp, Fenne-
ropenaeus indicus. Microsc Res Tech 71:186-195

Seve B (1999) Physiological roles of tryptophan in pig nutrition. Adv Exp Med Biol 467:729-741

Sosa MA, Spitzer N, Edwards DH, Baro DJ (2004) A crustacean serotonin receptor: cloning and distribution
in the thoracic ganglia of crayfish and freshwater prawn. J Comp Neurol 473:526-537

Suarez JA, Gaxiola G, Mendoza R, Cadavid S, Garcia G, Alanis G, Suarez A, Failace J, Cuzon G (2009)
Substitution of fish meal with plant protein sources and energy budget for white shrimp Litopenaeus
vannamei (Boone 1931. Aquaculture 289:118-123

Tao R, Ma Z, Auerbach SB (1996) Differential regulation of 5-hydroxytryptamine release by GABA, and
GABAGg receptors in midbrain raphe nuclei and forebrain of rats. Br J Pharmacol 119:1375-1384

Tejpal CS, Pal AK, Sahu N, Ashish Kumar J, Muthappa NA, Vidya S, Rajan MG (2009) Dietary supple-
mentation of L-tryptophan mitigates crowding stress and augments the growth in Cirrhinus mrigala
fingerlings. Aquaculture 293:272-277

Tierney AJ (2001) Structure and function of invertebrate 5-HT receptors: a review. Comp Biochem Physiol
A: Mol Integr Physiol 128:791-804

@ Springer



Aquacult Int (2015) 23:235-251 251

Tinikul Y, Joffre Mercier A, Soonklang N, Sobhon P (2008) Changes in the levels of serotonin and
dopamine in the central nervous system and ovary, and their possible roles in the ovarian development
in the giant freshwater prawn, Macrobrachium rosenbergii. Gen Comp Endocrinol 158:250-258

Tiu SH, He JG, Chan SM (2005) Organization and expression study of the shrimp (Metapenaeus ensis)
putative 5-HT receptor: up-regulation in the brain by 5-HT. Gene 353:41-52

Walton MJ, Coloso RM, Cowey CB, Adron JW, Knox D (1984) The effects of dietary tryptophan levels on
growth and metabolism of rainbow trout (Salmo gairdneri). Br J Nutr 51:279-287

Winberg S, @verli @, Lepage O (2001) Suppression of aggression in rainbow trout (Oncorhynchus mykiss)
by dietary L-tryptophan. J Exp Biol 204:3867-3876

Wolkers CPB, Serra M, Hoshiba MA, Urbinati EC (2012) Dietary L-tryptophan alters aggression in juvenile
matrinxd Brycon amazonicus. Fish Physiol Biochem 38:819-827

Ye JD, Liu XH, Kong JH, Wang K, Sun IZ, Zhang CX, Zhai SW, Song K (2012) The evaluation of practical
diets on a basis of digestible crude protein, lysine and methionine for Litopenaeus vannamei. Aquac
Nutr 18:651-661

Zhang H, Yin J, Li D, Zhou X, Li X (2007) Tryptophan enhances ghrelin expression and secretion asso-
ciated with increased food intake and weight gain in weanling pigs. Domest Anim Endocrinol
33:47-61

@ Springer



	Effects of l-tryptophan-supplemented dietary on growth performance and 5-HT and GABA levels in juvenile Litopenaeus vannamei
	Abstract
	Introduction
	Materials and methods
	Experimental design and diets
	Experimental animals and culture conditions
	Growth parameters analysis
	Sampling procedure
	Chemical analysis
	5-HT and GABA levels determination
	5-HT1 receptor mRNA expression analysis
	Statistical analyses

	Results
	Effects of tryptophan on growth performance and body proximate composition
	5-HT level changes in tissues
	5-HT1 receptor mRNA expression levels in tissues
	GABA levels in tissues

	Discussion
	Acknowledgments
	References


