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Abstract

Project Code: RSA/M3/2544
Project Title :  Cloning and characterization of gonad-inhibiting hormone of Penasus monodon
Investigator:  Mr.Apinunt Udomkit
Institute of Molecular Biology and Genetics
Mahidol University, Salaya Campus
Nakhon Pathom 73170
E-mall Address : staud@mahidol.ac.th
Project Period : 15 August 2003- 14 August 2006

The X-organ Iin the eyestalk optic ganglia of crustacean produces several peptide hormones
that play vital roles in growth and reproduction. Member of these hormones include crustacean
hyperglycemic hormone {CHH), molt-inhibiting hormone (MIH) and gonad-inhibiting hormone (GIH).
GIH play role in reproduction by inhibiting vitellogenesis, the process that synthesize a yolk protein
precursor vitellogenin, in the hepatopancreas. For this reason, female shrimp broodstock are usually
induced to ovarian maturation and spawning by eyestalk ablation in the process of shamp fry
production. This leads to the overexploitation of shrimp broodstock because eyestalk ablation
normally causes deleterious effect to the shimp. To date, not much Is known about the mechanism
that controls vitellogenesis. Moreover, the knowledge about GIH is alse fimited. This project is
therefore aims at studying in both molecular and functional aspects of GlH In Penaeus monodon,
one of the major cultured shrimp species in Thailand.

A cONA encoding P. monodon's GIH was cloned by 3'RACE strategy using degenerate
primers from the conserved amino acid sequence of GIM among GIH of other species. Eight out of
213 cloned analyzed showed similarity in their deduced amino acid sequences to GIH of
Mefapenaeus ensis. Nucleotide sequence comparison indicated that these eight clones represented
a single transcript. Several pairs of specific primers were then designed from this 3' RACE fragment
and used in 5’RACE and RT-PCR to obtain a full-length transcript of GIH. The full-length GIH ¢DNA
contains 861 bp with one long open reading frame of 288 bp. The open reading frame encodes 17
amino acid residues of putative signal peplide and a 79 residues mature GIH. The expression study
showed that GIH expression Is restricted to the nervous tissues such as eyestalk ganglia, brain,
thoracic ganglia and abdominal nerve cord. Functional study of GIH cDNA was performed using
RNA interference technique. A double-stranded RNA (dsRNA) was synthesized based on the
nucleotide sequence of the mature region of GIH. The experiment in nerve cord explants showed
that the GIH dsRNA was able to knockdown GIH transcript in the nerve cord. Next the GIH dsRNA
was injected into the shrimp (approximately 10-15 g) in the ratic of 5 Lig dsRNA per 10 gram of
shrimp weight. The expression of GIH in the shrimp injected with GIH dsRNA was reduced by 75%
comparing to the control shrimp that did not receive dsRNA. When vitellogenin transcript was

determined in the hepatopancreas of the shrimp administered with GIH dsRNA, it showed a two-fold



increase in the transcription level comparing with that in the control shrimp. This resulted suggested
a negative involvement of GIH In vitellogeneis that is an index of ovarian maturation. Recently, the
GIH dsRNA was Injected into female broodstock in order to investigate the effect of GIH knockdown
on ovarian maturation. Four out of nine of the control shrimp that were unilateral eyestalk ablated
ungderwent ovarian maturation and successful spawning whereas only one out of nine in the negative
control group that was Injected with buffer spawned successfully. However, injection of GIH dsRNA
induced successful spawning In two out of eleven shrimp in the experimental group. This result,
although needs further confirmation, suggested that GIH dsRNA injection may help induce spawning
in the broodstock regardless of eyestalk ablation. Moreover, recombinant protein of GiH was
produced in Escherichia coli and its function will be investigated by inhibition assay of vitellogenin
synthesis in the hepatopancreas. The antibody wilt alse be raised against this recombinant GiH and ,

finally, will be tested for its potential in inducing ovarian maturation in female broodstock.

Keywords : black tiger shrimp, ovarian maturation, vitellogenin, RNA interference



Executive summary

Project Code : RSA/13/2544
Project Title :  Cloning and characterization of gonad-inhibiting hormone of Penaeus monodon
Investigator:  Mr.Apinunt Udomkit
Institute of Molecutar Biology and Genetics
Mahidol University, Salaya Campus
Nakhon Pathom 73170
E-mail Address : staud@mahidol.ac.th
Project Period : 15 August 2003 - 14 August 2006

Intraduction
Thailand has long been the world's leader in shrimp export with an annual income over two
billlon US dollars. However, shrimp production is still affected by several problems that lead to
dramatic decline in both the production yield and the quality of shrimp. In addition to the influences
of viral diseases and growth retardation, the lack of reliable and high quality broodstock is another
foremost problem. Ablation of eyestalk is generally used as a method to induce spawning of famale
black tiger shrimp brookstock. This destroys the source of gonad-inhibiting hormone as well as other
hormones that regulates crucial physiclogical processes such as molting and carbohydrate
metabolism, and thus leads to low survival rate of the broodstock due to the disturbance of the
hormonal system. As a consequence, several hundred-thousands of broodst_ock are explecited each
year. Although, domesticated brocdstock are now successfully developed, spawning of these
domesticated shrimp still relies mainly on eyestalk ablation. Therefore the study of gonad-inhibiting
hormone and its function in controlling ovarian maturation provides potential alternative for the
induction of spawning in female broodstock instead of eyestalk ablation, and will eventually facilitate
the efficiency of the domesticate program.,
Objectives
1. To clone a cDNA encoding gonad-inhititing hormene (GIH} of P. monodon
2. To characterize the function of GIH cDNA in controlling vitellogenin expression using
RNA-interference technique
3. To investigate the effect of double-stranded RNA that is specific to GIH on ovarian
maturation of the female broodstock of 2. monodon.
4. To produce recombinant GIH protein and anti-GIH antibody for the study of its function
in the inhibition of vitellogenin synthesis.
Results and Discussion
The cDNA encoding gonad-inhibiting hormone (GIH) of Penacus monodon was successfully
cloned by R{\CE strategy using degenerate primers from the conserved region befween molt-
inhibiting hormone (MIH) and GIH. This ¢DNA, so-called Pem-GIH, contains B61 bp with one long

open reading frame of 268 bp. The open reading frame encodes 17 amino acid residues of putative



signai peptide and a 79 residuss mature GIH. The expression study showed that GIH expression is
restricted to the nervous tissues such as eyestalk ganglia, brain, thoracic ganglia and abdominal
nerve cord. This tissue specific expression is similar to GIH of other species. Functional study of
GIH cDNA was performed using RNA interference technique. A double-stranded RMNA (dsRNA) was
synthesized from the nuclectide sequence that codes for the mature region of GIH. The experiment
in tissue explants showed that the GIH dsRNA was able to knackdown GIH transcript in the eyestalk
gangiia and the abdominal nerve cord. This dsRNA-mediated knockdown of Pem-GIH oceurred in
sequence specific fashion as unrelated dsRNA of the green fluorescent protein {GFP) failed to

knockdown Pem-GIH expression. Next the GIH dsRNA was injected into the shrimp (approximately

10-15 g} in the ratio of 6 Llg dsRNA per 10 gram of shrimp weight. The expression of GIH in the
shrimp injected with GIH dsRNA was reduced by 75% comparing to the control shrimp that did not
recaive dsRNA. GIH is known to inhibit vitellogenin synthesis in the hepatopancreas, therefore the
consequence of GIH knockdown on the expression of vitellogenin was examined. When vitellogenin
transcript was determined by RT-PCR in the hepatopancreas of the shrimp administered with GiH
dsRNA, it showed a two-fold increase in the transcription level comparing with that in the cantrol
shrimp. This resulted suggested a negative involvement of GIH in vitellogeneis that is an index of
ovarian maturation. Recently, the GIH dsRNA was injected into female broodstock in order to
investigate the effect of GIH knockdown on ovarian maturation. Four out of nine af the control
shrimp that were unilateral eyestalk ablated underwent ovarian maturation and successful spawning
whereas only one out of nine in the negative control group that was injected with buffer spawned
successfully,. However, injection of GIH dsRNA induced successful spawning in two out of eleven
shrimp in the experimental group. This result, although needs further confirmation, suggested that
GiH dsRNA injection may help induce spawning In the broodstock regardiess of eyastalk ablation.
Moreover, recombinant protein of GIH was produced in Escherichia cofi and its function will be
investigated by inhibition assay of vitellogenin synthesis in the hepatopancreas, The antibody will
also be raised against this recombinant GIH and, finally, will be tested for its potential in inducing
ovarian maturation in female broodstock. The utilization of GIH dsRNA or anti-GIH antibody may
substitute the eyestalk ablation method to induce ovarian maturation and spawning and will help
prevent over-exploitation of wild broodstock as well as increase the efficiency of shrimp
domesticated program. This will constantly make Thailand retains its leader position of the shrimp

exporter werldwide.



Introduction

Thailand has long been the world's leader in shrimp export with an annual income over two
billion US dollars. However, shrimp production is still affected by several problems that lead to
dramatic decline In both the production yield and the quality of shrimp. In addition fo the influences
of viral diseases and growth retardation, the lack of reliable and high quality broodstock is another
foremest problem. Ablation of eyestalk is generally used as a method to induce spawning of female
black tiger shrimp brookstock. This destroys the source of gonad-inhibiting hormone as well as other
hormones that regulates crucial physiological processes such as molting and carbohydrate
metabolism, and thus leads to low survival rate of the broodstock due to the disturbance of the
hormonal system. As a consequence, several hundred-thousands of broodstock are exploited each
year. Although, domesticated broodstock are now successfully developed, spawning of these
domesticated shrimp still relies mainly on eyestaik ablation. Therefore the study of gonad-inhibiting
hormone and its function in controlling cvarian maturation provides potentiat alternative for the
induction of spawning in female broodstock instead of eyestalk ablation, and will eventually facilitate
the efficiency of the domesticate program.

Gonad-inhibiting hormone (GIH) is produced from the x-organ in the medulla terminalis in
the eyestalk. GIH is the member of a peptide family called CHH-family, which is composed of three
major hormones; crustacean hyperglycemic hormone (CHH), molt-inhibiting hormone {MIH) and GIH.
These hormenes are structurally related with a typical feature of six cysteines residues that are
aligneg at conserved positions (Keller, 1992). The members of CHH-family can be divided into two
groups, type | and type Il. Type | hormone is composed mainly of CHH, whereas MIH and GIH
belong to type 1. The signal sequence of type | or CHH contains short peptide called CHH precursor
related peptide that precedes the dibasic processing site. By contrast, the hormones in type I are
preceded directly by the signal peptide. Alignment of amino acid sequences among the hormone in
this family revealed the absence of the amino acld glycine at the fifth position after the first cysteine
residues in type | (Chen et al., 2005).

The effect of GIH on Inhibition of ovarian maturation is exerled through inhibition of
vitellogenesis, which is the process whereby the precursor of yolk protein, vitellogenin, is
synthesized in the hepatopancreas (Tsukimura, 2001). Additionally, GIH may also block the
vitellogenin from being transported into the ovary. GIH was first isolated from the American lobster
Homarus americanus and its in vivo activity was demonstrated (Soyes et al., 1987). The cDNA of
GIH was subsequently cloned. Recently, the recombinant protein of H. americanus GIH was
produced in E. coli and this recombinant GIH was able to repress the synthesis of vitellogenin
mRNA in the ovary fragment. The same approach was also used to characterize the function of GIH
from the kuruma shrimp Marsupenaeus faponicus (Tsutsui et al., 20058) and the crayfish
Procambarus bouviers (Aquilar et al., 2002). The ¢DNA encoding GIH-like peptide was also obtained
form a few other species, howaver, whether or not they encode a peptide with GIH activity needs
further investigation {Gu et al., 2002; Edomi et al., 2002). In P. monodon, no information about GIH



is available to date. Only CHB and MIH were both structurally and functionally characterized. Since
GIH is a key hormone in controlling vitellogenssis, identification and characterization of this hormone
in P. monodon will enhance our knowledge on reproduction and thus provide an effective means for

the improvement of shrimp breeding in this economically important species.

Objectlves
1, To clone a cDNA encoding gonad-inhibiting hormone (GIH) of P. monodon
2. To characterize the function of GIH ¢cDNA In controlling vitellogenin expression using
RNA-interference technique
3. To investigate the effect of double-stranded RNA that is specific to GIH on ovarian
maturation of the female broodstock of P. monodon.
4, To produce recombinant GIH protein and anti-GIH antibody for the study of its function

in the inhibition of vitellogenin synthesis.

Materials and Methods
Animals

Black tiger shrimp (P. monodon), approximately 10-15 g, were purchased from shrimp farms
nearby Bangkok. Wild adult female P. monodon were caught from the Gulf of Thailand whereas
domesticated female broodstock were provided by Prof. Boonsirm Wittayachamnankui and the
Bangkok Aguaculiure Farn; Co. (BAFCO),
RNA Extraction and Reverse Transcription Polymerase Chain Reactlon (PCR)

Total RNA was extracted from tissues of P. monodon by TRI Reagent (MRC)
according to the manufacturer's protocol. The RNA was reverse transcribed into a cONA by the
activity of ImProm-II™ Reverse Transcriptase {Promega) using 500 nM of olige{dT),; primer (PRT)
or GiH-specific primers o prime ¢cDNA synthesis. Approximately 1 LLg of total RNA was mixed with
primer and heated to 70°C for 5 min. The mixture was chilled on ice before the addition of 3 mM
MgCi2, 0.5 mM dNTP mix, 40 units of RNasin ribonuclease inhibitor and 1 LU ImProm-II™ Reverse

in 1 x Transcriptase x Improm-II™ reaction buffer. The mixture was incubated at 42°C for 60 min

and the reaction was inactivated at 70°C for 15 min.
Rapid amplification of cDNA ends (RACE)

Fourteen degenerate primers usad in 3'RACE of a cDNA encoeding GIH of P. monodon
{Pem-GIH) were designed from the conserved amino acid sequences of MIH/GIH from several
species of crustacean. Additional five specific primers were also designed from the sequence of
Metapenaeus ensis GIH. An alignment of amino acid sequences of GIH and MIH and the region

used for primer design are shown In figure 1 and table 1, respectively.



* 20

Hoa=GIH : ~=--—-—-—- MYTRYGSGFSVCEVIEL] N MrooRBEWETHDERP @Y ¥ P K
Nen-GIH : —-----——- MY TRVASGFSVORVEM . W TOOABHINE o S : 53
Mar-~SGP-A: MSTORGLRGMYNQTTQGISACEVLE LELER Y 2 2 1Y o Y
Mar-5GP-B: —-------- MASRLNQAFTLKMLTY VAMSEIATFGT LY Sk LR DERE ey ;o 53
Mueg~GIH 1 —=mmmmmmmr s oo TRl 7N 0 YT g - g2
Fec-MIH : -——=——m———— o Myri Y BEETE Ky o 47
Mee-MIH | —=-———-———=—m-- Y RM 47
Pej-MIH 1 —-———————mom—me YRIE 47
Pem-MIHL @ -=-===--- PYDYTLMYRL 53
Pem-MIH2 : -—=---=== VCAYSPMYH] VRS s INCIGEY iy 47
PR-SGP-Cl: ==—m—~—=——me e {yRUAMETOS AT G EFGTSEH FB I TERS L TRCTERERSEla ISty 97
PmM-5GP~C2: -—-m-m—------—= MRCLAMRTHEAMBIFATSES -5 T RS ¥iC JEARK ¢ 46
Hoa-GIH RN ¥
Nen-GIH o Ll2
Mar-8GP-A: : 120
Mar-SGP-B: : 112
Mee-GIH : : 102
Fec-MIH : 103
Mee-MIH : 102
Pej-MIH 105
Pem-MIH1 : 11l
Pem-MIHZ : QDB : 103
Pm~SGP-cl: : 103
Pm~SGP-c2: 102

Flgure 1 An Alignment of amino acid sequences between molt-inhibiting hormone (MIH) and gonad-
inhibiting hormone (GIH) from several crustacean species. Black shading represents identical amino
acids. Lower degrees of homology are highlighted in dark and light grey.

GiH: Homarus americanus (Hoa-GIH; GenBank accessicn no, S48747), Nephrops norvegicus (Nen-
GIH; GenBank accession no. AAKS8133), Macrobracium rosenbergli (Mar-SGP-A; GanBank accession no.
AAL37948 and Mar-SGP-B; GenBank accession no. AAL37949), Metapenasus ensis {Mee-GIH; GenBank
acocession no. AAL33882), Feneropenaeus chinensis (Fec-MiH; GenBank accession no. AF312977),
Matapenagus ensis (Mea-MIH; GenBank accession no. O76534), Penaeus faponicus (Pej-MIH; GenBank
accession no. P55847), Penasus monodon (Pam-MIH1;, GenBank accession no AY496454, Pem-MiHZ;
GenBank accession no AY458455, Pm-SGP-c1; GenBank accession no AB054187 and Pm-SGP-¢/;
GenBank accession no AB0S54188)

Total RNA from adult female at different vitellogenic stages were used in ¢cDNA synthesis. A
1 LU aliquot of cDNA was amgplified with GIH-derived primer and PM1 primer (Table 2) in 25 LUl of a
reaction containing 10 mM Tris-HC! pH 9.0, 50 mM KCI, 0.1% Triton®><-100, 1.5 mM MgCl,, 200 nM

each primer, 200 [LM each dATP, dCTP, dGTP, dTTP and 1.25 units of Tag DNA Polymerase in
Storage Buffer B (Promaga). Amplification was performed in a DNA Thermal Cycler {GeneAmp

Systern 2400, PE Applied Biosystemns) with 35 cycles of 94°C for 30 sec, 50-55°C for 30 sec and

74°C for 4min following with 7 min incubation at 74°C as a final extension.
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Tabte 1 Amino acid sequences used for primer design in 3' RACE

Degenerate primers Amino acid sequance Specific primers Amino acld sequence
MG1 RGVMGN IRACEGIH-A FSIDV
MG2 LPGLEGL 3'RACEGIH-B VTCTGA
IRACEGIH1 VMGNRD FRACEGIH-C YNKVS
YRACEGIH1A C{(PITYGVMGNRD 3'RCAEGIH-D CLRAAK
YRACEGIH1B MGNRD(L/I1YYN/EKY I'RCAEGIH1(Rev) NPGGAW
IRACEGIHZ vCDBDC
3'RACEGIH2-1 VC(N/D)DCAN
IRACEGIHzZA RVCDDCA
3'RACEGIH2B RVCDDCAN
3'RACEGIH2C DOCAN(I/L)(Y/FIR
3'RACEGIH3-1 YATERH
3I'RACEGIH3-2 YATERT
FRACEGIH4 RAAKRE
RevGiH LIS{VAIMW

For 5’RACE, the first strand cDNA synthesis was performed in a reaction as described for
3'RACE, except that 1 UM of $'RAEC-GIH1 primer was substituted for PRT primer. The RT reaction
was first incubated at 50°C for 60 min. The RNA template was then denatured again at 83°C for 3
min and Immediately placed on ice for 5 min. In the second RT step, a 1 LU of ImProm-Il™ Reverse
Transcriptase was added to the reaction prior to incubation at 50°C for 60 min and then terminated
at 70°C for 15 min. The RNA template was degraded with RNase H before proceeding with cDNA
purification by QlAquick PCR Purification Kit (QIAGEN). A 20 LUl aliquot of purified cDNA was tailed

with dATP in 30 LL of 100 mM cacodylate buffer (pH 6.8), 1 mM CoCl,, 0.1 mM DTT, 200 UM
dATP and 20 units of terminal deoxynuclectidyl transferase (TdT) (Promaga). The reaction was

allowed to occur at 37°C for 20 min and TdT was heat-inactivated at 85°C for 10 min. The first
round PCR with 3 LUl of the dA-tailed cDNA template was carried out as described for 3'RACE using

200 nM of 5'RAEC-GIHZ2 and PRT primers, except that annealing was carrled out at 55°C for 30
sec. The second round PCR was performed with 200 nM of 5’RAEC-GIH3 and PM1 primers o
obtain specific amplified product.

11



Amplification of full-length Pem-GIH cDNA

Tolal RNA extracted from gne pair of the eyestalk of adult female shrimp in stage IV of
vitelloganesis was used to synthesize a cDNA template with PRT primer for the cloning of full-length
cDNA of Pern-GIH. A 1 I aliquot of cDNA was amplified with GIHF and GIHR primers {table 2) in a
25 Wl reaction containing * x Phusion HF buffer including 1.5 mM MgCl;, 500 nM each primer, 200
MM each dATP, dCTP, dGTP, dTTP and 0.25 units of Phusion DNA Polymerase (Finnzymes).
Amplification was parformed in a DNA Thermal Cycler (GeneAmp System 2400, PE Applied
Biosystamns) with 35 cycles of 98°C for 10 sec, 50°C for 30 sec and 72°C for 1min following with 7
min incubation at 72°C as a final extansion.

Reverse-transcription polymerase chain reaction (RT-PCR)

Tissue-specific expression of Pem-GIH was investigated in several tissues of P. monodon
including eyestalks, brain, thoracic nerve cord, abdominal nerve cord, haari, hepatopancreas, ovary,
and muscle. Total RNA exiracted from these tissues was reverse franscribed into cDNA with PRT
primer. The specific transcript of Pem-GiH was amplified with matGIHF and GIHR primers (table 2)
to detect the 3' region of the full-length cDNA. The reaction was amplified with 30 cycles of 94°C for
30 sec, 50°C for 30 sec and 74°C for 1 min following with 7 min incubation at 74°C as a final
exlension. The 5'region of full-length Pem-GIH ¢cDNA was amplified with GIHF and 5'RACEGIH1
(table 2) primers tc detect Pem-GIH transcript level In all GIH knockdown experiments. The reaction
was amplified with 35 cycles of 94°C for 30 sec, 50°C for 30 sec and 74°C for 4min following with 7
min incubation at 74°C as a final extension. For the detection of vitellogenin transcript in the
hepatopancreas, Vg-F (5 CTAAGGCAATTATCACTGCTGCT 3) and Vg-R (S'AAGCTTGGCAATGT
ATTCCTTTT 3 primers were used in a reaction with 32 cycles of 94°C for 30 sec, 50°C for 30 sec
and 74°C for imin following with 7 min incubation at 74°C. The actin transcript was amplifled with
PmActin-F {5'GACTCGTACGTCGGGCGACGAGG 3') and PmActin-R (5' AGCAGCGGTGGTCAT
CACCTGCTC 3') primers in a reaction with 21 cycles of 94°C for 30 sec, 55°C for 30 sec and 74°C
for 1min followed by further incubation at 74°C for 7 min.

Expression of recombinant Pem-GlIH in Pichia pastoris

A cDNA encoding mature Pem-GIH was amplified with GIH-X-F and GIH-X-R primers
(Tabie 2) that contain racognition sequences for Sal | and Xba |, respectively at their 5" ends. The
mature GIH cDNA was inserted into pPICZaA expression vector as shown in figura 2 for axpressicn
in P. pastoris system a8 secreted protein. The recombinant plasmid was integrated into P. pasforis
genome by elactroporation as described praviously (Treerattrakool et al., 2003). The recombinant
clones that contain integrated Pem-GIH cDNA expression cassette were screened by PCR with
specific primers to P. pastforis AOX seqﬁences.

A single colony of P, pasforis recombinant was cultured in YEPD mediom [2% {wiv)
peptone, 2% (w/v) glucose and 1% (w/v} yeast extract] at 30(C for 2 days. The culture was then
diluted in BMGY medium {1% (w/v} yeast extract, 2% (w/v) peptone, 0.67% {wiv) yeast nitrogan
base, 4 Llg/ml D-biotin, 100 mM potassium phosphate, pHE.0 and 1% (wfv) glycerol] to an ODgy, of

0.2 and further incubated at 30°C with shaking unt!! the ODgg, reached 5-8. The cell pellets were
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Table 2. The primers used in this study

Primer

Sequence (5'— 3°)

Raverse transcription and
3’RACE

CCGGAATTCAAGCTTCTAGAGGATCCTTTTTTTIYTTTITTT

PRT
PMI CCGGAATTCAAGCTTCTAGAGGATCC
5’RACE
$"RACE-GIHI CCACGGCCGGCCGOCATTGAG
$'RACE-GIH2 GGCCTCGCGCTTGGCCGAGTG
S'RACE-GIH3 TCGATTTCTGCACAAGCCATCCAGCTG

Full-length Pem-GIH ¢cDNA

GIHF
GIHR

GAACGTCTCGTATAAAAGGTCTGCG
GGTCGACTTTATITTAACGGAAAATTAAT

3’ region of Pem-GIH c¢cDNA

matGiHF
GIHR

AACATCCTGGACAGCAAATGCAGGS
GGTCGACTTTATTTTAACGGAAAATTAAT

5" region of Pem-GTH ¢cDNA

GIHF
S’'RACE-GIH1.1

GAACGTCTCGTATAAAAGGTCTGCG
CCGGCATTGAGGATGCTGAT

Amplification for recombinant
protein expression in P. pasforis

GIH-X-F
GIM-X-R

ATGAATTCGTCOACAAAAGAAACATCCTGGACAGC
ACTCTAGATCACCACGGCCGGCCGGC

Amplification for recombinant
protein expression in £, coli

matGiHx-F
matGIHx-R

GGAATTCCATATGAACATCCTGGACAGC
CGGGATCCTCACCACGGLCGGCCGGC

GIH-dsRNA templates

T7-matGTHF
T7-matGIHR

TAATACGACTCACTATAGGGAGAAACATCCTGGACAGCAAATGCAGG
TAATACGACTCACTATAGGGAGACCGGCATTGAGGATGCTGAT

* T7 RNA polymerase binding site is underlined

13



harvested by centrifugation at 6,00 rpm for 5 min at room temperature befora resuspended in 1/5
volume of BMMY medium [1% {(wiv) yeast extract, 2% {w/v) peptone, 0.67% (w/v) YNB, 4 [lg/ml D-
bictin, 100 mM potassium phosphate)]. The cells were cultured at 30°C with the addition of methanol
to a final concentration of 0-4% every 24 h. An aliquot of the culture was coliected daily from Q to 7
days. After the cells were discarded, the culture medium was subjected to further analysis by SDS-
PAGE.

Expression of recombinant Pem-GIH In Escherichia coli and protein purification

A cDNA encoding Pem-GIH was ampiified by PCR with matGIHx-F and mstGIHx-R (Table
2} and inserted intc pET3a expression vector for recombinant protein expression in £. coli system.
The recombinant plasmid was transformed into E£. cofi BL21(DE3)pLysS. An overnighi culfure of
recombinant clone was dilute 50 fold in LB broth supplemented with 100 {lg/ml ampicillin and 34
Hta/mié chloramphenical, and was further incubated at 37°C with shaking at 250 rpm untii the culture
reached an CDggy of 0.4-0.6. To inducs the expression, IPTG was added to the culture to a final
concantration of .4 mM and thecultutre was incubated at 37°C for another 4 h. The cell pellets
were collected by centrifugation and resuspended in 450 [l of STE buffer [25 mM Tris.Cl pH8.0,
150 mM MaCl, tmM EDTA] with 100 Llg/ml lysozyme. The cell suspension was incubated on ice for
15 min prior fo the addition of 45 LU of 10% triton-X in STE buffer. The cell lysate was subjected to
sonication for 15 sec with 5 sec interval for a total time of 2 min. The cycle was repeated until
complete cell lysis was obtained. The cell lysate was centrifuged at 13,000 rpm for 10 min. The
pellels were washed threg times in distited water and resuspended in 8 M urea (in PBS pH 7.4).
The soluble fraction in 8 M urea was subjected to purification by size exclusion chromatography
(Superdex 75 column)} and purified protein was analyzed on SDS-PAGE and the fraction containing
the recombinant Pem-GIH was dialyzed to refoid the protein.

Preparation of GiH-specific double-stranded RNA (GIH-dsRNA)

Two DNA templates for complementary RNA transcripts that were composed of the coding
sequence of the mature Pem-GIH, each containing T7 promoter sequence at the 5' end on different
strands were synthesized by PCR from the full-length Pem-GiH cDNA. Two separate PCR reactions
ware set up, one with T7-containing forward primer (T7-matGIHF) and reverse primer
(YRACEGIH1.1) for sense-strand template, the other with forward primer {matGIHF) and T7-
containing reverse primer (T7-matGIHR) for antisense-strand template. The reaction was composed
of denaluration at 94°C for 30 sec, annealing at 57°C for 30 sec and extension at 74°C for 1min
for 9 cycles with a 1°C decrease in annealing temperature per cycle; then the annealing
temperature was remained at 48 °C for another 30 cycles and followed by the final extension at
74°C for 7 min. The expectad PCR product were excised and purified with Gel extraction kit
(QIAGEN), as described in the manufacturer's protocol. A mixture of 1 [tg of each template was
used in an in vitro franscriptlon reaction with MEGAscﬂpt®RNAI Kit (Ambion, USA) according to the
manufacturer's protocol with some medifications. Briefly, The two complementary templates were

mixed in equal amounts and added to a single transcription reaction to synthesize dsRNA with T7

14



RNA polymarase at 37° C for 6h. To increase the duplex yield, the transcription reaction was
incubated at 75° C for 5§ minutes, and allowed to cool to room temperature DNA templates. The
remaining DNA template and single-stranded RNA in the solution were digested with DNase | and
RiNase A at 37° C for 1 h. The proteins, free nuclectides and degraded nucleic acid residues were
removed from double-stranded RNA by the filter cartridge as described in manufacturer's instructions.
Finally, double-stranded RNA was eluted with 100 pl of 95° C pre-hsated 10 mM Tris-HCI pH 7, 1
mM EDTA. The guantity of double-stranded RNA was determined by the UV-spectrophotometry at
the absorbancy of A,g,.
Silencing of Pem-GIH expression in shrimp explant culture by dsRNA

The eyestalk ganglia or abdominai nerve cords of P. monodon were dissected from
individual shrimp. The eyestalk from a single shrimp was used in each experiment. The XOS8G
neuron from the left eyestalk was used as a negative control whereas that from the right eyestalk
was freated with dsRNA as described below. The nerve cord from the same shrimp was cut into
pieces of approximately 0.8-1 cm and used in one set of the experiment. The explant samples were
incubated in a well of 24-well plate filled with 1.5 ml of modified M199 culture mediumn consisting of
M188 powder in crab saline (440 mM NaCl, 11 mM KCi, 13.3 mM CaCl,, 26 mM MgCl,, 26 mM
Na,50,, and 10 mM HEPES), pH 7.2 supplemented with 100 [lg/ml Penicillin-Streptomycin

antifungus and 40 [lg/ml gentamicin sulphate. The samples were added with 3 Llg of GIH-dsRNA
and cultured with shaking at 20-24 °C for appropriate time. The samples were then washed with
modified M199 medium plus antibiotic before collected for RNA extraction. The level of Pem-GiH
transcript was detectad by RT-PCR with matGIHF and GIHR primers.
Permn-GiH activity assay by dsRNA-medlated functional knockdown

Adolescent female P. monodon (10-15 g each) at the same molting sltage {Dg-D,) were
cultured in tanks filled with artificial seawater (approximately 10 ppt of salinity}. Shrimp were divided
into two groups. The control group was injected through the arthrodial membrane of the second
walking leg with 100 LU of PBS and the experimentat group was injected with 5 [lg of GIH-dsRNA in
the same volume. The level of GIH and Vg transcripts in the eyestalk ganglia and hepatopancreas,
respectively were detected by RT-PCR at 72 h after administered with dsRNA,
Effect of GIH dsRNA on ovarian maturation

Aduit domesticated shrimp (stage 1 of ovarlan maturation) were kindly provided by Prof,
Boonsirm Withyachumnarnkui. Shrimps were divided into thers groups. The shrimp in the positive
control group (9 shrimp) were unilaterally eyestalk-ablated whereas the shrimp injected with PBS (9
shrimp) were used as negative control. The experimental group (12 shrimp} was injected with GIH
dsRNA at a final concentration of 30 |lg/ 10 g shrimp. Afler eyestalk ablation or injection, the shrimp
were cultured in sea water at 30 ppt salinity and the development of the ovary was recorded

everyday until spawning.
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Results

Cloning of Pem-GIH cDNA from P. monodon

The 3'RACE using different primers generated different bands of products. These bands

were cioned into pGEM-T Easy vector and characterized by DNA sequencing. A total of 213 clones

were analyzed. The results showed that 82 clones harbored the inserts that resembled molt-

inhibiting hormone (MIH) whereas only 7 clones contained the inserts that showed high homology to

GIH. The result was summarized in table 3.

Table 3 The results of 3° RACE showing the clones that are homology to MIH or GIH

No. of
Stage of st o6 Approximale clones No- of
Broodstock 1" round PCR 2" round PCR product sizes sequence MIR/GIH
(bg) p clonas
0-1 I'RACEGIH1 7 PM1 FRACEGIH2 f RevGIH 850, 120 20 -
0-9 IRACEGIH1 { PM1 MG2 7 PM1 950, 650 15 5
0-1 IRACEGIHT { PM1 FRACEGIH1 / PM1 550, 400 § -
o1 FIRACEGIH3-1/ PM1 | ¥RACEGIHS-1/ PM1 200 g -
G-1 F¥RACEGIH3-2 / PM1 | 3'RACEGIM3-2 / PM1 200, 150 3 -
0-1 FRACEGIH4 7 PM1 FRACEGIH4 / PM1 250 2 -
0-1 3'RACEGIHZ { PM1 MG2 7 PMA1 400 3 -
0-1 3'RACEGIHZ2 { PM1 - 550 2 -
0-1 3'RACEGIH2 / PM1 3I'RACEGIH2 / PM1 800 3 -
0-1 MG1 7 PM1 FRACEGIHZ / PM1 500, 400, 350 10 -
0-1 I'RACEGIHZ-1 /1 PM1 | - 500-650 5 4
4 3'RACEGIHZ-1 / PM1 | - 500-650 34 30
4 IRACEGIH2A / PM1 | 3'RACEGIHZ2A f 3'RACEGIHT | 150-500 7 -
4 IRACEGIH2A / PM1 | 3'RACEGIHD / PM1 250-450 4 -
4 S'RACEGIHA / PM1 YRACEGIHD / PM1 250-450 8 -
4 3'RACEGIHD / PM1 - 250-450 10 -
2-3 JRACEGIHHIB / PM1 | IRACEGIH2C / PM1 500-800 5 5
2-3 FRACEGIH2B / PM1 | ¥RACEGIH2C / PM1 700 2 -
0-19 YRACEGIH2B / PM1 | 3'RACEGIH2ZC / PM1 350-700 21 17
4 3'RACEGIHZB { PM1 | 3'RACEGIHZC / PM1 200, 550 5 3
0-1 F'RACEGIHZB / PM1 | 3'RACEGIH2C / PM1 150 2 -
4 3'RACEGIH1A { PM1 | IRACEGIH1B / PM1 700 4 4
4 F'RACEGIH1A 1 PM1 | ¥'RACEGIH2B { PM1 680 2 2
4 JRACEGIHIB / PM1 | 3'RACEGIHZB / PMI 650 4 4
4 F¥RACEGIH2C / PM1 | - 500, 750, 900 5 -
4 JRACEGIH1A { PM1 | 3'RACEGIH2C | PM1 700, 750 3 -
4 JRACEGIHZB / PM1 | ¥RACEGIH2C / PM1 700, 750 3 -
2-3 IRACEGIH1A / PM1 | 3RACEGIH2B / PM1 550 1 -
2-3 ¥RACEGIH1B / PM1 | I'RACEGIH2B / PM1 500-700 16 15
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! No. of
Approximate Mo. of
Stage of st nt . clones
1" roung PCR 2" round PCR product sizes MIHGIH
Sroodsiock SequUEnce
{bp} clones
d
2-3 IRACEGIHZ2C / PM1T | - 800, 800 3 -
2-3 IRACEGIH1A / PM1 F'RACEGIHIB f PM1 750 2 -
Total 213 as

Nucleotide sequence analysis raevealed that MIH-like clones can be divided into two major
groups; the first group {18 clones) is identical fo the previously identified Pem-MIH1 of P. monodon
(Yodmuang et al,, 2004, see appendices) and the second group (75 clones) is similar to Pem-MIHZ2.
The clones in the Pem-MIHZ group couid be divided into four different types that differ mainly in their

3' UTR region as shown in figure 2.

MIHZ-grl :
MIH2-gr2
MiHZ-gr3
MIH2-grd :

MIH2-grl :
HIH2-gr2 :
MIH2-gr3 :
MIH2-grd :

MIHZ-grl :
M1H2-gr2 :
MIH2-gr? :
MIHZ-grd :

MIH2-grl =
MIHI-gr2 :
MIHZ-gr3 : CR
MIHZ2-gzr4 : AR

MIHZ-grl :
MIHZ=-gr2 ;
MIH2-gr3
MIHZ-grd :

MIHZ-grl :
HMIH2-gr? :
MiHZ-gr3 :
HIHZ-gr4

MIH2-grl :
MIHZ-gr2 :
MIN2-gr3
MIH2-grd : GAR

Flgure 2. Alignment of nucleotide sequences of the four types of Pem-MIHZ. Black shading
represents identical nucleotides. Dark and light grey shading represent 75% and 50% homology,

respectively, The stop codon is underlined.
The seven clones that contain GIH-like cDNA insert were identical indicating that

they were generated form a single type of ¢cDNA. The nucleotide sequence of this 3’ GIH fragment

was used to design specific primers for 5’RACE to obtain the remaining sequence at the 5' end of
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Gl ¢DNA. Finally, a pair of specific primers was design from the 3’ and 5' fragments and was used
in the PCR reaction to obtain full-lenglh Pem-GIH ¢cDNA. The full-lenglh cONA enceding the putative
GIH of P. monodon was composed of 861 nucleotides containing a 5'-untransiated region (93 bp),
an open reading frame {288 bp), a stop codon (TGA), and 3-untranslated region (476 bp) with a
potential polyadenylation signal AATAAA located 7 bp upstream from the poly{A) tail. The open
reading frame of Pem-GIH codes for a protein of 96 amino acid residues. The signal peptide, as
predicted by SignalP 3.0 Server (WWW Prediction Server' at Center for Biological Sequence
analysis, Technical University of Denmark) consisted of 17 amino acids, whereas the rest of the 79
amino acids comprised the mature Pemn-GIH peptide (figure 3). The deduced amino acid of putative
Pem-GIH showed the conservation of 6 cysteine residues In the mature peptide with a glycine
residue at the fifth position after the first cysteine residue. The mature peptide of Pem-GIH showed
68% amino acid identity to the GIH of M. ensis, but a lower level of 45 and 48 % amino acid identity

to that of H. americanus (Hoa-GIH) and N. norvegicus {(Nen-GiH), respectively {figure 4).

ARCGTCTCGTATARRAGGTCTGCGAGCGAGCTACCCCCACAC 142
AGCTCCACAGGCAGCGGCCCCTECTACATACTTCAAGCATATCTGCAAGCA 193
94: ATGARAACATGGCTGCTATTAGCGACTCTGCTCOTGEGAGCGAGCTTAGCT 1144
1: M K T W L L L & T L ¥ v G A S L A :17
145: ARCATCCTGGACAGCAARTGCAGGGGTGCAATGGGTAATCGGGATATGTAC 195

18:; N 5 B € R 6 &2 M G N AT 4 134
196: AACAAGGTGGAGCGTGTTTGCCAGGACTGCACCAATATCTACCGGTTACCA ;246
EREE: K Y © R OV C E D ¢ T N I Y 2 51
247 1297
52 : 68
2598: : 348
69: N Hh K R E A E L ) e 1
349: TGGATCAGCATCCTCAATGCCGGCCGGCCETGETGATCTTTCCTTCTCTGA @ 399

36
400: AAGCATCCCACGCGCCCCAGCCTCAGTCCTGATCAGGGACACCTGGCAGGRE 450
451: CGCTGGCACAGCTCTCGAGTCTCCCCCTGCGCTATTARACGTGATCATTGS 501
502: AAAPAGACATCTCTAGGCCGATTCGGATGCTTCGACGCCTTGGCTGTATTC 552
553: CTTTATGAATACATTTAGGAGTGGATAGGTCCTCTCTCAGTGTAATTTAAG 603
604: GGCGTATTATTGCATTAGAGARAGTCTAAGTACTCTAGAATCARATTTTTC 654
655: TTTCGTTTCACTGCTATCTATTGTTTTCAATTTTGTTTCCCATCTTTTACT 1705
T06: TGTTTTCCCTGGTCTCAGTGCCCTETTTTCAAGGGGAACTGATTCGGAAAT 756
757 AAAARTTGAAGATGACCCCATAATGCTTTCTETTGARMCATTGCGCACTTC 1807
808: TTAATGTTTAGCATATCCTGTGTATATTAATTTTCOGTTAAALTAARGTCS 858
859: ACCIiA),

Figure 3. Nucleotide and deduced amino acid sequences of Pem-GIH cDNA. The amino acids are
presanted in one-letter symbol. The mature peptide of Pem-GIH is highlighted in black. The asterisk

marks the stop codon, and the polyadenylation signal is underlined.

Tissue-specific expression of Pem-GIH

The expression of Pem-GIH In several tissues of P. monodon was examined by RT-PCR to
detect spacific transcript of GIH. The Pem-GIH transcript at the expected size of 385 bp was found
in the eyestalk neurai Hssues, brain, thoracic ganglia and abdominal nerve cord, whereas no
franseript could be detected in other tissues examined. Moreover, tissues from both adolescent and

adult male and female P. monodon were examined for Pemn-GlH expression. The transcript of Pem-
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GIH was found 10 be expressed in the same tissves in both male and fermale of adolescent and

adult shrimp {figure 5).

signal peptlde 4———T——¢ matbie peptide
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Pem-GIH
Mee-GIH
Hoa=-GIH
Nen-GlH
Pem-MIH]
Pem-MINZ
Pej-SGPF-TV :
Mee-HMIH
Liv-MIH1
Fec-MIH

T

S
Ut en
= &

=

identity to Pem=GIH
pro/mature
Pem-GIH
Mee-GIH
Hoa=-GIH
Nen-GIH
Pem-MIH1
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Flgure 4. Amino acid sequence comparison GIH and MIH from diverse species. Pem-GiH sequence
is shown in the top line. The Identity between the Pem-GIH and other hormones in both the pro- and

the mature peplides are shown on the right of the alignment,

bp M ES B TG Nc H Hp M -ve M ES B TG Mc H Hp M -we
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Figure 5. Specific expression of Pem-GIH In P.monodon's tissues. The transcript of Pem-GIH was
detected by RT-PCR in muscle (M), eysstalk neurons {ES). brain (B), thoracic ganglia (TG),
abdominal nerve cord (Nc), heart {H) and hepatopancreas {Hp). The expression of Pem-GIH in the

tissves of both female and male of adolescant and adull P. monodon Is pressnied in indicaled

panels.



Expresslon of recombinant Pem-GIH In P. pastoris

Tha recombinant clones containing Pam-GlH cassefte integrant were screen for expression
in 1 ml cullure. The clone that gave the highest expression level of recombinant Pem-GIH was
selacted io detarmine the optimal expression condition by varying the concantration of methano!
from 0 to 4 % and the induction peried from 0 to 7 days. The result in figure 6 showed thail the
highest expression was obtained with the induction by 3% methanol for 2 days. However, the level
of recombinan! Pem-GlH expression was several folds lower than {hat of recombinant CHH. .To
obtain higher amount of recombinant Pem-GIH, tha expression was conducted in E. coll expression

system instead.
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Figure 6. Expression of recombinant Pem-GiH in P. pastoris. The figure shows SDS-PAGE analysis
of recombinanl Pem-GtH in the culture medium of recombinant clenes. (A} The concantration of
mathanol was varied from 1 to 4 % for the period of 2 days. (B) The expression was induced with
3% methano! for 0 to 7 days. M represents broad range protein marker; KM71 is the culture medium
of the Km71 nost; LA is culture medium of KM71 containing pPICZ0LA vector and CHH represents

the culture medlum of recombinant KM71 containing Pem-CHH.

Expression of recombinant Pem-GIH in E. colf

The axpresslon of recombinant Pem-GIH in E. coli was induced by 0.4% IPTG at 0.5 ODgg
of the culture for 4 h. The expression temperature was varied at 30°C and 37°C. Figure 7 showed
the expression level of recombinant Pem-GIH of different recombinant clones at both temperatures
in the condition either with or without IPTG induction, The result revealed that the expression level
from each clones are similar but the expression at 30°C gave a2 iittle bit higher level of the

recombinant Pem-GIH than expression at 37°C. Clone number 10-1 was selscted for further study.
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Figure 7. Expression of recombinant Pem-GIH in E. coll. SDS-PAGE analysis shows the expression
from different recombinant clones. The exprassion was expressed at 30°C (A) and 37°C (B) either
without (-} or with (+) the induction of 0.4 mM IPTG for 4 h. pET3a represents the protein expressed

from recombinant clone containing pET3a vector alone.

Purificatlion of recombinant Pem-GIH

The inclusion of the expressed product from clone 10-1 was solubllized in § M urea and
purified by size exclusion chromatography. The eluted fractions were analyzed by SDS-PAGE. The
result in figure 8§ revealed that the recombinant Pem-GIH could be purified as a single peak from

other proteins in fractions 11 to 14,
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Figure 8. Purification of recornbinant Pem-GiH by size exclusion ¢chromatography. The Inclusion was
solubllized in 8 M urea and purified by Superdex 75 column. The elution profile is shown in (A) the
numbers indicate the coflected fractions. The proteins in each fraction were analyzed on SOS-PAGE
{8}. Lane U represents the unpurified soluble proteins. M is broad range standard protein marker.

Each lane is corresponded to the fraction indicatad in (A).
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Production of double-stranded RNA of Pem-GIH

The DNA templates for the synthesis of two complementary RNA strands of GIH were
amplified by PCR using T7-containing forward primer {T7-matGIHF) with reverse primer {matGIHR)
for sense strand tempiate, and forward primer (malGiHF) with T7-containing reverse primer {T7-
matGIHR} for antisense strand template (figure 9A). These two tlemplales were subjecled to in vitro
transcription, and the transcribed sense and antisense RNA of mature Pem-GiH were annealed o
yield double-stranded RNA (Figure 9B). The GIH double-stranded RNA {dsRNA) was completely
digested with RNase 1] but resisted to RNase A digestion indicaling thal the annealing product was

reafly in the form of dsRNA.

Flgure 8. The synthesls of GIH dsRNA

A. Amplification of DNA ternplate for in vitro transcription of sense (S} and antisense {AS)
RNA strands of Pem-GIH.

8. Annealiing product (DS) between sanse and antisense strand transcribed from the
template in (A) to produce GiH dsRNA

dsRNA-mediated Pem-GIH knockdown In shrimp explant culture

The GIH-dsRNA was firsl detemrminad for ils efficacy to knockdown GIH expression in GIH
expressing tissues ie. eyestalk neurans and abdominal nerve cord. The eyestalk XOSG neurons and
abdominal nerve cord explants were cultured in 2 culture medium thal containegd GIH-dsRNA. RT-
PCR result showed the barely detectable level of GiH transcript in the GIH-dsRNA treated eyestalk
X0OS8G culture from adult female shrimp after 3 h (Fig. 10A) indicating that GIH-dsRNA could
efficlently inhibit GIH exprassion. Similar results were observed when the abdominal nerve cord from
either adult or adolescent female shrimp was Incubated with GIH-dsRNA at 3 and 6h (Figs. 108 and
10C). However, the irrelevant dsRNA, GFP-dsRNA.-failed to knockdown Pem-GIR mRNA expression
as the abdominal nerve cord incubated with GFP-dsRNA expressed similar level of Pem-GiH
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transcript to that of the controi sample into which no dsRNA was added. These results indicated that
GIH-dsRNA was capable of triggering sequence-specific knockdown of Pem-GIH expression in

shrimp explant culture, and thus was a potent tool for functional study of Pem-GIH in the shrimp.

3h 6bh
3h
[ gsaiH | ve \ dsGIH dsﬁPl dsGIH dﬁPl
-+ oh - + + - + + -ve
(A) (B)
3h 6 h

|dsGIH dsﬂ |dsGIH dsﬂ |

Pem-GIH

Oh - + + - + + -ve

{®)
Figure 10. Specific knockdown of Pem-GIH expression by GIH-dsRNA in shrimp explant culiure.
The eyestalk neurons and abdominal nerve cord were incubated in the culture medium with (+) or
without (-} GIH-dsRNA. dsRNA of green fiuorescent protein {dsGFP) was used as the control. The
Pem-G!H transcript in each sample was defected by RT-PCR after 3 or 6 hour of incubation. The
experiments were performed with eyestalk from aduit femaie P. monodon (A) and abdominal nerve

cord of adult (B) and adolescent {C) female.

Biologlcal assay for vitellogenesis-inhlbting activity of Pem-GIH by dsRNA

To test whether Pem-GlH knockdown by dsRNA would interfere with the process of Vg
synthesis in the hepatopancreas, female P. monedon was Injected with GIH-dsRNA and the level of
Pem-GIH expression as well as the expression of Vg transcript in the shrimp was determined by RT-
PCR. First, the expression of GIH in eyestalk ganglia and Vg in the hepatopancreas was
investigated in shrimp at different stages. The RT-PCR result in figure 11 illustrated that GIH and Vg
were expressed throughout the life cycle of the shrimp from juvenile to adult. Due to the unavaileble
of adult femaie, the effect of GIH-dsRNA on GIH and Vg mRNA level was investigated in adolescent
shrimp Instead. The result in figure 12 showed .that Pem-GIH transcript level in the eyestalk
decreased more than 75% in the shrimp administered with GiH-dsRNA at 72 h following dsRNA
injection comparing with the control shrimp that was injected with PBS only. The conseguence of the
depletion in GIH transcript on Vg synthesis was next investigated. RT-PCR analysis revealed that Vg

transcription levels were exerted about twofold in the hepatopancreas of GIH-knockdown shrimp
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Figure 11. Expression of Pem-AGO and viteltogenin (Vg) at different stages of P. monodon. The
Pem-AGO and Vg transcripts were detected by RT-PCR in juvenile {J), adolescent (A), immature

fernale (1) and mature female (M) of P. monodon.

when compared with that in the control shrimp {figure 12). The increase in the ratio of Vg to actin
transcripts in GIH-depleted background suggested that knockdown of Pem-GIH led to the induced

expression of Vg in the hepatopancreas.
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Figure 12. Effect of GIH dsRNA on the expression of GIH and vitellogenin (Vg) in shrimp.
Adolescent P. monodon were divided into two groups. The control group (n = 14) was injected with

PBS whereas the experimental group {n = 8) was injected with dsGIH (5 Llg/shrimp. The transcripts
of GIH (A) and Vg (B) were detected by RT-PCR and normalized with the level of actin transcript.

Effect of GIH-dsRNA on ovarian maturatlon in female P. monodon

To investigate the consequence of Pem-GIH knockdown on ovargian maturation, GIH-dsRNA
was injected into adult female shrimp at stage O of ovarian development. After injectlon the shrimp
were retumed t¢ the cullure pond and the development of the ovary was followed everyday. The

control shrimp were subjected to eyestalk ablation in stead of dsRNA injection and the negative
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confrol group was injected with PBS. The result in table 4 showed that eyesfalk ablation could
induce ovarian maturation and successful spawning in four out of nine shrimp in the control group.
By contrast, only one from nine shrimp of the negative control group could spawn. The shrimp in the
experimental group that were injected with GIH-dsRNA showed moderate percentage of successful
spawning (2 out of 11 shrimp} comparing to both the eyestalk-ablated and the PBS-injected groups.
This prefiminary result suggests that silencing of Pem-GIH expression by dsRNA-mediated
knockdown may have posifive influence in induction of ovarian maturation that led to successful

spawning in aduit female shrimp.
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Table 4. Ovarian maturation and spawning in female broodstock of P. monoden. Female broodsiock at stage
0 of ovarian development were unilaterally eyestalk-ablated (A), injected with PBS (B) or injected with GIH

dsRNA (C). The development of ovaries and spawning was followed and recorded for 12 days (D0-D11).

A
ES ablation group {righl eye) . Tolal = 9 adull female shimp (50}
lime {Day)
body weaighl (g)

No. Jength {inch) Do D1 02 03 D4 =5] 06 07 D8 De 010 238
410 115086 50 S0 20 50 80 50 $1 : 50 S0
i1 10358.0 S0 50 <0 50 S0 S0 50 50 50 30 50 S0
12 s7ge 50 S0 50 50 50 50 Maolt+A) S0 50 50 50 50
{13 102g.8.0° S0 S0 50 S0 S0 S0 S0 50 50 S0 50 S0
114 9282 S0 50 ] S0 50 S0 + S0 #olte Al 50 S0 S¢ S0
16 130G 6 4" s 50 50 $1 51 | 50 S0 Molt+Al 50
17 855:8.17 50 50 S0 30 S0 S0 S0 Maoli+AY 50 S0 30 S0
120 107p:8.47 50 81 3 50 81 50 Moit+ Al 50 50 50
121 126°8.4” 50 50 S0 S0 $i SaSpain || Moleal 51

B

Uma {Day)
body weighl (g} D1
No. lzngth {nch} Do Df o2 03 o4 o5 05 D7 oa 0] 0 D11
125 133g:8 5" 50 30 $0 S0 50 50 20 S0 50 50 S0 | MoivAl
123 108g:8.3" S0 S0 50 S0 S0 50 $0 S0 Molt+Al S0 50 S0
134 87g7.7" 50 50 S0 30 S0 S0 | MolteAl 50 30 50 so | s
137 10808 4 50 S0 51 51 Molts Al S0 50 50
128 10398 1* s0 30 50 50 s¢ | S0 | Molteal S0 50 so | so m
140 87g8.2" 50 S0 50 Mott+Al 50 S0 50 S0 S0 50 S0 | 51
T 150g.9.2" 50 50 S0 S0 S0 S0 50 $0 MalteAl 50 50 S0
142 1145 8.5” 50 50 50 30 S0 ) S0 50 Molts Al 50 S0 50
144 9.50:8 4" S0 S0 S0 50 50 50 S0 Mol At S0 S0 S0 )
14§ 83g'8.07 S0 g0 S0 S0 56 S0 S0 S0 Molt+Al S0 50 S0
147 121g:8.4" 50 S0 50 S0 S0 S0 | Moit+al 51 50 50
C
num body weight (g} urng (Gay}
ber Jength finch) Do o1 D2 03 D4 [oF [+ o7 Da DY 010 on
22 115g:8.2- S0 30 30 S0 50 S0 50 50 50 S0 S0 S0
123 122g:8.0" S0 80 50 $0 50 S0 S0 S0 30 50 50 50
126 101g.8. 2 50 50 S0 S0 $0 50 50 S0 S0 S0 Moti+Al 50
V27 1300:8.5" SO 50 50 S0 0 S0 50 ManeAd S0 S0 S0 50
128 122g8.3 S0 50 50 50 §0 50 $0 50 SO $0 50
530 130g:8.5" 50 50 50 51 S1 51 S0 ) S0 50 50
131 128:8.4" S0 S0 S0 4] 50 S0 S0 51 Moll+Al S0
132 1029.8.4" 50 30 S0 S0 50 50 Mol Al 50 S0 0 30 50
| 138 102982 S0 S0 50 S0 51 81 31 50 Malt+ Al 50 S0 50

50 to 54 represent stage 0 {o gtage 4 of ovarlan developmant. Al = artificial insemination
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Discussion

This study has identified and characterized a cONA encoding gonad-inhibiting hormone
{GIH) of the black tiger shrimp P. monodon. Due to the close similarity in the primary structure of
moit-inhibiting hormone (MIH) and GIH, the two hermenes that comprise type 1l of the CHH hormone
family of crustacean (Chen et al., 2008), the degenerate primers for cloning of GIH cDNA were
designed from the conserved regions of these two hormones. The RNA sample for cDNA cloning
was extracted from adult female shrimp with developing ovaries at different stages. Generally, the
reproductive stages in shrimp are induced at the intermolt, the stage during which high level of MIH
s needed to prevent molting. Therefore, it Is not surprising that the majority of cDNA fragments
obtained by 3'RACE using degenerate primers from MIH/GiH conserved regions belonged to MIH
sequences, Only 7 out of 89 clenes showed homology to GIH sequences. These Pem-GiH clones
were identical. The deduced amino acid sequence possesses all characteristics that are in
agreement with the type Il hormone of the CHH family. The C-terminus of Pem-GIH had an
extension of two aminc acid residues when compared with that of MIH, a typical feature that is
shased by other GIH sequences. Moreover, the high expression of Pem-GIH in thoracic ganglia
rather than the eyestalk neurons also agreed well with GIH of M. ensis (Gu et al., 2002) and the
tentative GIH of Marsupenaeus japonicus (Ohira et al., 2006). This Pem-GIH cDNA was therefore
further examined for its rele in inhibition of vitellogenesis , the key process during ovarian maturation.

RNA interference (RNAI) is a process whereby double-stranded RNA (dsRNA) is cleaved
into short RNA fragments about 21-23 nucleotides called small interfering RNA {siRNA) which is
then triggers the cleavage of cognate mRNA (Hannen, 2002) This specific cleavage requiras perfact
complementary between the siRNA and the mRNA target. RNAI has been widely used as a
powerful technique for functional study of an interesting gene (Volz et al., 2005; Martin et ai., 2006),
In this study RNAI was employed as a tool to study the function of Pem-GIH cDNA in vitsllogenesis
inhibition. Double-stranded RNA was synthesized from the coding sequence of mature Pem-GIH,
This GIH-dsRNA does not contain any regions in which longer than 21 consecutive identical
nucleotides were found between GIH and MIH or CHH of P. monodon. Thus, this GIH dsRNA would
specifically target the cleavage of Pem-GIH mRNA only.

RNAi knockdown of Pem-GIH expression was first examined in explant culture of eyestalk
ganglia and abdominal nerve cord. The tesult clearly demonstrated that Pem-GIH dsRNA was able
to sitence expression of GIH efficiently (Figure 11). By contrast, Irrelevant dsRNA of green
fluorescent protein (GFP) failed to knockdown Pem-GIH transcript suggesting that the silencing of
Pem-GIH by dsRNA occurred in a sequence specific manner. The potency of GIH dsRNA to silence
Pem-GIH expression was alse demonstrated in shrimp (Figure 12A). The consequehoe of GIH
sifenicing by dsRNA on vitellogenin expression was investigated in GIH knockdown shrimp in order to
establish the role of Pem-GIH on vitellogenesis. Although the mode of action of GIH on
vitellogenesis is still unclear, it has been demonstrated that recombinant GIH of Homarus
amerfcanus could inhiblt expression of vitellogenin in the ovary of heterologous species, M.

Japonicus (Ohira st al., 2006). In addition to the ovary, hepatopancreas has also besn shown to be
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another site for vitellogenin synthesis (Tseng et al., 2001). Since the adolescent shrimp were used in
our study, the consequence on vitellogenin synthesis was only examined in the hepatopancreas. An
increase in the level of vitellogenin expression in the hepatopancreas of GiH-knockdown shrimp
indicating that Pem-GIH plays inhibitory role in vitellogenesis by inhibiting the expression of
vitellogenin. We also achieved high-level expression of recombinant Pem-GIH in E. cofi The
biological function of Pem-GIH in vitellogenesis could be further confirmed by an assay that utilizes
this recombinant Pem-GIH to inhibit the exprassion of vitellogenin in the ovary or the
hepatopancreas.

It has been shown that vitellogenin expression in the hepatopancreas is correlated to
ovarian maturation (Jayassankar et al.,, 2002). Therefore, we also investigated the consequence on
ovarian maturation by silencing GIH expression in female broodstock of P. monodon by GIH dsRNA
and tracking the development of the ovary as welf as spawning. Although no conclusive result was
obtained, it still provided promising information that silencing of GIH expression by dsRNA could
induce ovarian maturation in the female brocdstock to certain extent. This result is In concurrence
with the precocious ovarian development after the main source of GIH synthesis was removed by
eyestalk extirpation (Browdy and Samocha, 1985). Our studies on functional knockdown of Pem-GIH
in both the explant culture and the shrimp also revealed the relationship between vitellogenin
synthesis in the hepatopancreas and the ovarian maturation. Additionally, it could be postulated that
Pem-GIH plays role at the early step In vitellogenesis.

The expression of Pem-GIH was also detectable in male shrimp, which is similar to GIH of
H. americanus and the Norway lobster Nephrops norve:gfcus (De Kleiin et al., 1992; Edomi et al.,
2002). The role of GIM in male crustacean is not well established. However, eyestalk ablation in the
crayfish Cherax quadricarinatus resulted in an over-expression of androgenic gland (AG)
polypeptides, which caused direct effact on the male reproductive system. It is therefore possible
that GIH may play a more versatile role in male crustacean as well.

Finally, the GIH dsRNA that was synthesized in this study has been demonstrated to have
potency in the induction of ovarian maturation via inhibition of vitellogenesis. Hence, this dsRNA
could be applied as an alternative method to induce spawning of P. monodon's female broodstock.
This strategy can substitute the eyestalk ablation method and will help prevent over-exploitation of
wild broodstock as well as increase the efficiency of shrimp domesticated program. This will

constantly make Thailand retains its leader position of the shrimp exporter worldwide.
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Abstract

The action of molt-inhibiting hommone (MIH) on the inhibition of ecdysone release from the
Y-organ of decaped crustacean keeps the animal in the intermolt stage that dominates its molting
cycle, MIH is thus onc of the major keys in mediating growth and reproduction. This study has
isolated ¢cDNA encoding two types of MIH, Pem-MIHI and Pem-MIH2, froin the black tiger
shoimp, Penaeus monodan on the basis of sequence homology to MIH from-two other shrimp
species. The full-length cDNA of Pem-MIH! was charactenized. Pem-M{H [ ¢DNA harbored 318
bp open reading frame that coded for a transiated product containing 28 amino acids of the signal
peptide and a putative mature Pem-MTH of 77 amino acids. The recombjnant Permn-MIH1 was
expressed in Pichia pastoris 2s a secreted protein, After purification by gel filtration, the purified
Pem-MIH1 exhibited the ability to extend moiting duration of P monodon from 11.8 days to 16.3
days suggesting that Pem-MIH] be responsible for melt-inhibiting function in the shritmp, The
attempt to clone Pem-MIH! and Pem-MIH2 genes was achieved by direct PCR amplification and
PCR-based genome walking strategy, respectively. The structure of both Pem-MIH genes,
containing three excns interrupted by two introns, was similar to each other and also to that of
MIBE penes of other crustaceans reported so far. Expression study of Pem-MIH! and Pem-MIH2
in various tissues of P monodon revealed the difference in expression patterns. Pem-MIH{
expresscd in both the eyesialk and the thoracic ganglia whilst Pem-MIH2 expression was himited
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E-mail address: staud@mahidol.ac.th (A. Udomkit).

0022-0981/% - sec front matter € 2004 Elsevier B.V. Alt rights reserved.
doi:10.1016/.jembe. 2004.06.006



102 5. Yodmuang et al. / J. Exp. Mar. Biol. £col 312 {2004) 101 -114
to the eyestalk. The expression of MIH in non-cyestalk tissue may suggest additional role of this
hormone.

€ 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Molting is an important physiolegical process that is essential for growth and
development in crustacean. The molting process is regulated by two antagonistic
hormones, Ecdysteroids, released from the Y-organ, function as a molting hormone to
trigger the onset of this process (Skinner. 1985). The synthesis of ecdysteroids is presumed
to be negatively regulated by molt-inhibiting hormone or MIH (Mattson and Spuziani,
1985: Skinner, 1985). Molt-inhibiting hormone is synthesized by a cluster of neuro-
secretory cells called the X-organ sinus gland complex located in the medulia termiralis of
the eyestalk (Ketler, 1992).

Owing to amino acid sequence similarity, MIH is classified as a2 member of the
crustacean hyperglycemic hormone (CHH) family (Kcller, 1992; de Kleijn and Van Herp.
1993). The hormones in this family share similar sizes and aming acid sequences
{(approximately 30-80% identity). A distinctive feature of the CHH ncuropeptide family is
the presence of six cysteine residues that are aligned at the same positions in all members
(Keller, 1992). The CHH family is classified into two types, type [ and type T based upon
their primary structure (Lacombe el al., 1999). All CHHs identified so far fall into type [
consisting of 72 amino acids with amidated carboxyl terminus (Chang, (997). The
hormones in type II vary in size from 73 to 81 amino acids and contain an amino acid
glycine at position 12, which is not present in type I hermones (Lacombe et al., 1999).
Type Il of the CHH family includes MIH and the other two hormones, gonad-inhibiting
hormene (GIH) and mandibular organ inhibiting hormone (MO-[H).

Although MIH has been shown to inhibit the synthesis of the molting hormone,
ecdysone, it is plausible that CHH family peptides other than MIH also play integrated
roles to control molting process. For instance, CHH of the crab Carcinus maenas showed
inhibitory effect on ecdysteroid secretion by the Y-organ in vitro (Webster and Keller,
1986). Likewise, MIH iiself may influence other processes. In the shrimp Metapenaeus
ensis, the level of MIH-B transcript increased as the gonad maturation proceeded, and thus
the hormone might have important function in the regulation of female reproduction (Gu et
al.. 2002).

MIH has been isolated from the sinus gland of the lobsters (Chang ¢t al., 1990; Marco
et al.. 2000}, the crabs (Webster, 1991; Chung et al., 1996), the crayfish (Aguilar et al.,
1956; Nagasawa ct al., 1996) and the prawn (Yang ct al., 1996). Based on the amino acid
sequences of these peptides, the ¢cDNA encoding MIH has been obtained from several
species by the use of recombinant DNA technology {(Klein et al., 1993: Chan et al., 1998:
Umphrey et al., 1998; Gu and Chan, 1998a; Lu ct al.. 2001; Gu et al., 2002). This has
enabled further studies on regulation as well as functional aspects of this hormone.
Recombinant MIHs have been produced and demonstrated to be biologically active either
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by the inhibition of ecdysone release from the Y-organ (Ohira ¢1 al., 1999) or by extending
the moliing cycle duration (Gu et al., 2001, 2002). In addition, several putative binding
sites for transcription factors have been identified that may play roles in the regulation of
MIH gene expression {(Chan ct al.. 1998: Lu et al., 2000).

In this study, the gene and the cDNA encoding molt-inhibiting hormone (Pem-MTIH) of
the black tiger shrimp, Penaeus monodon, one of the most important cultured species in
the world were cloned and characterized. The biological activity of the recombinant Pem-
MIH was demonstrated. Finally, the expression of Pem-MIH in several types of shrimp
tissues was examined.

2. Materials and methods
2.1. RNA isoluation and cDNA synithesis

P. monodon were purchased from local farms nearby Bangkok. Thailand. Neural tissues
were dissected from the eyestalks of live shrimps and subjected to RNA isolation using
TRI Reagent® (Molecular Research Center). Total RNA was used in ¢cDNA synthesis
primed with PRT primers in the reaction containing 5 pg of total RNA, 20 mM Tris—-HClI
pH8.4, 50 mM KCI, 2.5 mM MgCl;, 10 mM DTT, 500 nM PRT primer, 500 uM each
dATP, dCTP, dGTP, dTTP and 200 units of SuperScript I Reverse transcriptase (GIBCO
BRL). The reaction was incubated at 50 C for 50 min before terminated by heating at 70
*C for 15 min. The RNA template was degraded by incubation with 2.5 pl of SN NaOH at
53 °C for 30 min. The reaction was neutralized with 72 pl of 1% acetic acid, and the
cDNA was recovered by purification using QIAGEN PCR purification kit (QIAGEN).

2.2. Rapid amplification of cDNA ends

The degenerate MG1 primer used in 3 RACE of Pem-MIH ¢DNA was designed from
an amino acid block RGVMGN that is conserved between the MIH of Marsupenaeus
Jjaporicus and M. ensis. An 8 pl aliquot of the cDNA was amplified with MG1 and PMI
primers in a reaction containing 20 mM Tris~-HC| pH8.4, 50 mM KCI, 1.5 mM MgCl;,
200 aM each primer, 200 pM each dATP, dCTP, dGTP, dTTP. The reaction mixture was
heated o0 94 °C for 3 min before the addition of 2.5 units of #7th DNA polymerase
(Biotools). Amplification was carried out in a DNA Thermal Cycler (GeneAmp 2400, PE
Applied Biosystems) with 40 cycles of 94 °C for 30 5, 55 °C for 30 s and 72 ”C for 1 min
foliowed by 7 min incubation at 72 °C.

For 5 RACE, the ¢cDNA was synthesized with the MTH1 primer that was designed
from the nucleotide sequence of the 3¥ RACE fragment using the same condition as
described in Section 2,1, A 10-pl aliquot of the ¢cDNA was tailed with dATP at 37 °C for
10 min in 25 pl of the following reaction; 10 mM Tris-HCI pH 8.4, 25 mM KCl, |.5 mM
MgCl;, 200 pM dATP and | il of terminal deoxynucleotidy! transferase (TdT) (Promega).
After heat-inactivation of TdT at 65 °C for 10 min, the PCR amplification was performed
with 5 pl of the dA-ailed ¢cDNA. The reaction was performed as described for the 3’
RACE using 200 nM of MIH2 and PM | primers. Subsequently, nested amplification was
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performed with 200 oM of MIH3 and PM1 primers to obtain specific product. The
nucleotide sequences of the primers used in all amplifications are shown in Table 1.

2.3. Construetion of expression vector and transformation of Pichia pastoris

A cDNA fragment encoding the mature region of Pem-MIHI1 was amplified with
MIH1-F and MIH1-R primers (Table 1) that contain recognition siie for Sef 1 and Xba | at
the 5 end, respectively. This Pem-MI1I{ cDNA fragment was digested with Saf 1 and Xba
I before ligated to the expression vector, pPICZxA that had been previously digested with
Xho Land Xba 1 resulting in a recombinant expression plasmid. aMIH-EX (Fig. 1). The in-
frame inscrtion of the cDNA was verified by DNA sequencing.

The recombinant expression vector was introduced into P pasforis cells by electro-
poration at 1.5 kV, 25 pF, 2002 using a Gene Pulser (Bio-Rad). The transformants were
selected on YEPD plate [2% (w/v) peptone, 2% (w/v) glucose, 1% (w/v) yeast extract, 2%
agar] containing 100 mg/ml Zeocin™ (Cayla).

2.4. Expression of recombinant Pem-MIH !

An ovemnight culture of P. pastoris transformants was transferred into 100 ml of fresh
BMGY medium [1% (w/v) yeast extract, 2% (w/v) peptone, 0.67% (w/v) YNB, 4 pp/m!
D-biotin, 100 mM potassium phosphate, pH 6.0 and 1% (v/v) glycerol]. After growing at
30 °C with shaking until the ODygye reached 5-6, the cell pellet was collected and
resuspended in 1/$ volume of BMMY medium [ 1% (w/v) yeast extract, 2% (w/v) peptone,

Table 1
Primers used in this study and their nucleotide sequences
Primer Nucicotide sequence (5 -->3')
¥ RACE
PRT CCGOAATTCAAGCTTCTAGAGGATCCTTTTTITTTT T TTTT
PMI1 CCOGAATTCAAGCTTCTAGAGGATCC
MGI [ACHOCINGGNGTNATGGGNAA
5 RACE
MIHI GATCTCGTCCTCCCTGTT
MIH2 TAGACAAATCAGGAACCA
MTH3 CGGAATTCGTTGTAGAAGCACCG
Mature Pem-MIH]1 cDNA
MIHL-F CCTCGAATTCGTCGACAAAAGAAGTTTCATAGACGGCAC
MTHI-R GCGTAGATCTTCACTGACCGGCGTTCAGGATG
Ampiification of Pem-MIHI gene
5 MIH] ACAGCATCCACGCCGTCT
3 MIHI AAGCATTCCAGTAACTTT
Genome walking of Pem-MIH2 gene
5 gMTH-O CGGAATTCGTTGTAGAAGCACCG
5 gMIH2-1 TACAGGTGCCGTCCATGAGALTGC
RT-PCR
Pem-MIH2Z: MTHZ-F TOGGAATTCGTCGACAAAAGAAGTCTCATGGACGGCAC

MIH2-R ACTCTAGATCAGGCGTTCAGAATACT
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Kex2
a-factor Pem-MIH

5'AOX1

ColE1 CYC1TT

Fig. |. Physical map of aMIH-Ex. A cDNA encoding the matnre Pem-MII was inscried into pPICZaA
expression vector downstream of and in-frame with the o-factor secretion signal and the cleavage sites for Kex2
enzyme.

0.67% (w/v) YNB, 4 ug/ml D-bistin, 100 mM potassium phosphate]. Methanol was added
to a final concentration of 3% (v/v), and the incubation was continued at the same
condition. An aliquot of the cuiture was collected on day 5 after the induction. The culture
medium was subjected to further analysis by 16.5% Tricine-SDS-PAGE.

2.5. Protein purification

The culture medium of 2 pastoris transformants was collected and the recombinant
protein was recovered by precipitation with ammonium sulfate at 50-55% saturation. The
proteins in the precipitate were resuspended in PBS pH 7.4 before subjected to further
purification step by size exclusion chromatography. The protein solution was loaded onto
the Superdex 75 PC 3.2/30 column (Amersham Pharmacia Biotech) and subsequently
eluted with PBS pH 7.4 at the flow rate of 0.4 ml/min.

2.6. Biological assay for MIH activity

Individual juvenile £ monodon (13-15 g) was cultured in separate compartment
(15%15x 15 em?®) containing artificial sea water at 10 ppt salinity with aeration. Forty-five
shrimps were divided into three groups, each contained fifteen shrimps. The shrimps were
allowed 1o molt once. On the third day after the first mols, individual shrimp was injected
as follows: the shrimps in the control group were injected with 100 ut of PBS buffer; the
shrimps in the positive controi group were injected with one-pair equivalent of the
eyestalk’s sinus gland extract and the experimental group was injected with 5 pg of
purified recombinant Pem-MIH1, Moiting cycle duration of the shrimps in each group was
menitored. Molting was judged by the pull-off of the newly molted shrimps from their old
exoskeleton.
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2.7. PCR amplification of Pem-MIH! gene

Genomic DNA was prepared from the abdominal muscle of 2 monoden by QIAGEN
Genomic-Tip and the Genomic DNA buffer set (QIAGEN). The primers used for PCR
amplification, 5*MIH] and 3' MIH I, were designed from the § and 3’ ends of Pem-
MIHI cDNA, and their nucleotide sequences are shown in Table 1. The reaction
contained 150 ng of genomic DNA, 20 mM Tris-HCI {pH 8.4}, 50 mM KCl. 2 mM
MgCl,. 200 nM each primer and 200 pM each dATP, dCTP, dGTP, dTTP in a total
volume of 50 pi. The reaction was heated to 94 “C for 3 minutes then, 2.5 units of
Tag DNA polymerase (Promega) were added. The amplification was carried out with
35 cycles of 94 °C for 45 5. 55 °C for 45 s and 72 “C for 2 min followed by the final
extension at 72 “C for 7 min.

2.8. Cloning of genomic fragment by PCR-based genome walking strategy

The 5 region of Pem-MIH2 gene was obtained by the use of PCR-based genome
walking. GenomeWalker library was constructed with Dra | enzyme as described in the
Universal GenomeWalker Kit user manual (CLONTECH). The library was first amplified
with outer adaptor primer AP and outer gene specific primer, 5 gMIH-O derived from the
conserved block DRCFYNE of Pem-MIH sequences. The nested amplification was
performed with inner adaptor primer AP2 and inncr gene specific primer. 5" gMIH2-I thai
were designed to be specific to Pem-MIH2. The PCR reactions were carried out according
to the manufacturer’s instruction,

2.9. Reverse transcription polvmerase chain reaction (RT-PCR) of Pem-MIH wranscripts
Total RNA exitracted from various tissues of P monodon, i.e. eyestalk, gill, hean,
muscie and thoracic ganglia was used as a template for reverse transcription with PRT
primer as described in Section 2.1, The amplification of specific transcript was performed
with specific primers to each Pem-MIH cDNA: MIHI-F and MIHI-R for Pem-MIH!
transcript; MIH2-F and MIH2-R for Pem-MIF2 transcript,
2.10. Homology modeling of Pem-MIH
The structure of recombinant Pem-MIH! was determined from the soluble structure of
the MIH of M. japonicus (Pej-MIH) (Katayama et al., 2003) using SWISS-PDB Viewer
(v 3.7) software (http://fwww.expasy.ch/spdb/ mainpage.himl).
3. Results
3.1. Cloning and characterization of Pem-MIH! cDNA

Two types of cDNA were obtained form 3 RACE, designated as Pem-M7H! and
Pem-MIH2. These two cDNA fragments shared 60% identity in their nucleotide
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Pem-MIH I

57 cagcatccacgcocgtctcag
ggtagaggtocticgagtegegtetocttgggtteattecgtcoctacgattatacactc
atgiatcggoetggegatgaagacatgyectggegatagtgattgtagtagtigggacaage
M ¥ R L A M K T W L A I v I Vv v Vv g T §
ctcbttctttgacacogoecteoggocagtitcatagacggeoacttgbcgaggecgtaatggge
L P D T8 G R

aatcgtgacatttacaagaaggtagtgogtgtgtgtgaggattgcaccaatatottcega
cttocaggettggacggoatgtgocagagatecggtgetitctacaacgaatggttcoctgatt

tgtetaaaggctgccaacagggaggacgagatcgaaaaatltcaaagtitggatcageatc
- L K & &4 H R E D E I E & F K ¥ W I
ctgaacgecggicagtyaggtocgaargegacaggactccttocacttgoaaggectaget
cccgcaggocragtaccgacgacacttggcgactaatgaaccttatcattagtttttatta
Caattactaagtattatttggttttcoccogttagtttactggtaccagtaaatgatatyge
cagtctgageoctacaaggectyggeggtocatgtigagtatttagacgaaaaagtacgtygtg
aaatacktccctoctgatttgotatocatttgttgtaacggaatcoggatacoctgtttattee
aaacttcaataggtgtactgattttaatttggaagttcaactaaagasatatcacghgnt
ttaatatttatgtatattoctccgaggatactttttatgtgatttaattgettcctcattg
ttatgatggacataaataaaagttactggaatgcttaaag 37

Fig. 2. Nuclcotide and deduced amino acid sequences of Pem-MIH I, The amino acids are present in one-letier
symbols. The highlighted amino acid sequence represents the putative mature peptide region.

sequences (data not shown). A set of specific primers were designed from the
sequences of these 3 MIH fragment in order to obtain the 5 portion of cach Pen-MIH
¢DNA. Unfortunately, only the product corcsponding o Pem-MiH! c¢DNA was

Pem-MIH1 50
Maj-MIH 50
Fec-HIE 50
Mae-MIE 50
Pem-SGP-cl 14
Pem-SEP-02 ¢ S0
Cam~-MIR 50
Cap-MIH 50
Pam-MIE]L

Maj-MIE

Fac-MIH

Mae-MIE &

Pem-SGP~cl

Pam-SGP-¢2

Cam-MIB

Cap-MIH i

Fig. 3. An alignment of amine acid sequences of MIH from several crustaceans: P monadon (Pem-MIHL; this
study, Pem-5SGP-Cl; GenBank accession ng. AB054187 and Pem-SGP-C2; GenBank accession no. ABOS41RR),
M. japonicus (Maj-MIH; GenBank sccession no. P55847), Feneropenaens chmensis (Fee-MTH; GenBank
accession no. AF312977), Metapenaens ensts (Mee-MIH; GenBank accession no. Q76534), Carcinus mgenis
(Cam-MIM; GenBank accession no. Q27225) and Cancer pagurus (Cap-MIN; GenBank accession no.
CACO5346). Amino acids that are conserved among all sedquences are highlighted in black. Dark and light
urey colors vepresent amino ackds with lesser degree of conservation.
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obtained from 5 RACE. Therefore, the full-length of this cDNA was cloned and further
analyzed. :

Pem-MIH! cDNA was composed of 840 nucleotides with an open reading frame
encoding 105 amino acid residues peptide (Fig. 2). The predicied signal peptide
contained 28 N-terminal amino acids, whereas the rest 77 amino acids comprised the
mature Pem-MiH]1. The deduced amino acid sequence of Pemn-MIH | showed the highest
degree of identity (95%) to MIH of M. japonicus. Comparable degrees of identity were
also found among Pem-MIH1 and MIH of the shrimps Fenneropenaeus chinensis (93%)
and M. ensis (87%). In addition, the amino acid sequence of Pem-MIH] was similar to
that of two recently identified MlH-related peptides, Pem-SGP-Cl and Pem-SGP-C2, of

A
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o eaba bl o Lo o brodul ol o Bislialol ool et Fraction no.
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66-2 _— W
450 — | -
310 —
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14,2 — | me—
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Fig. 4. Purification of recombinant Pem-MIHI. The culture supematam of P, pastoris transformant containing
aMIH-Ex was precipilated in 50 55% ammonium sulfate before subjected 1o further punfication through
Superdex 75 column. {A) An glution profile of proteins eluted from the column with PBS pll 7.4. The proteins
were detected by the absorbency at 280 nm. The fraction numbers ace indicated above the X-axis. {B) Tricine
SDS-PAGE analysis of ihe purified fractions. Lane M represents a broad range protein marker {Bio-Racd, USA}
and lane UJ represents the proteins patem of the sample before purification. The lanes labeled 11-15 are lnaded
with the proteins in the corresponding fractions from Ihe profile in (A).
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P nmornodon {Krungkisem ¢t al, 2002). However. only 44% and 46% identity were
observed when compared with MIH of the crabs, C maenas and Cancer pagurus,
respectively (Fig. 3).

3.2 Expression of recombinant Pem-MiH] in P. pastoris

The expression of recombinant Pem-MIH | was directed in secreted form. Analysis of
the culture supematant of P. pastoris wansformant containing integrated oMIE-EX
showed an expected product of the size above 6.5 kDa, which was not detected in the
culture supematant of the transformant harboring pPICZa-A only (data not shown). The
yield of total secreted proteins was 100 ing/l. Most of the conlaminating protcins were
removed during ammonium sulfate precipitation except the proteins around 40-45 kDa
that were further removed by size exclusion chromatography (Fig. 4).

3.3. Biological assay for molti-inkibiting activity of Pem-MIH!

The function of Pem-MIM!| to prolong the molting cycle duration of P monodon
was determined in vivo. The shrimps in the control group injected with PBS required
11.82 1.5 days 1o complete the molling cycle, whereas shriinps injected with either
onc pair equivalent of crude sinus gland extract or 5 pg of purified Pem-MIHI
extended the duration of the molting cycle to 17.522.2 and 16.3:+2.0, respectively
(Fig. 5).

3.4. Primary structure of Pemt-MIH genes
The gene encoding Pem-MIHI was cloned by PCR amplification using 3 MIH and

3* MUH primers, whereas the information of Pem-MIH2 gene was successfully accessed by

20{
18'4

-

Moll duration (days)

PBS Eyestalk Pam-MIH
Experimental groups
Fig. 5. MM assay. The motting duration of shrimps injecled with PBS (PBS), one-pair equivalent of evestalk’s

sinus pland extract (evestalk) and 5 pg of purified Pem-MIH 1 (Pem-MIH) on day 3 after the first molt was
recorded as days between the first and the second molts. The ermor bars represent 8D values (#=6).
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| Pem-MIM1

Pem-MiH2

— 100 bp

Fig. 6. Schuematic representation of Pem-AffH! and Pen-MIE2 genes. Pached boxes represent the 5 and ¥
UTR. The cxon regions that encode the signal peptide and the mature hormone are shown ag solid boxes and open
boxes, respectively. Solid lines represent introns,

genome walking strategy. The Pem-MIH! and Pem-MIH2 genes (GenBank accession nos.
AY496454 and AY496455) were 1146 and 1079 bp long, respectively. Both genes
contained two introns that separated the coding regions at conserved positions, and their
peptides were encoded by three exons as shown in Fig. 6.

3.5, Tissue-specific expression of Pem-MIH

RT-PCR approach was used to detect specific transcript of Pem-MIH! and Pem-
MIHZ in several tissues of P monodon, By using the primers specific 10 Pem-MIH1,
the transcript of the expected size around 320 bp could be detected in the eyesialk and
thoracic ganglia, whereas no transcript was present in the heart. A lower amount of the
transcript at about the same size was alse detected in the gill and the muscle (Fig. 7).
However, further analysis of these PCR products by DNA sequencing revealed that the
BPCR products from the gill and the muscle were not of MIH transcript. In contrast,
Pem-MIH2-specific transeripl was detected only in the eyestalk but not in other lissues
(Fig. 7).

3.6. Homology-madeled siructure of Pem-MIF}

The tertiary structure of Pem-MIH| was determined by homology modeling using
SWISS-PDB Viewer (v 3.7) software. [Fig. 8 shows that the homology-modeled structure

ES €] H M TG

Fig. 7. Expression of Pemr-MTH! and Pem-MIH2 in . moanodon’s tissues The RT-PCR products were amplified
from the 1otal RMA of eyestalk’s sinus gland (ES), gill (G), heart (1), muscle (M) and thoracic ganglia (TG) using
- the primers that were specific to each Pem-MIH. The RT-PCR of the actin transeript was performed as an internal
control for the amount of RNA template in each sample.
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al C

Fig. 8. Ribbon-model of the homology-modeled structure of PFem-MIHIL. The N znd € lermins sy well as the five
a-helices (o l—aS) are indicaled

of Pem-MIH1 was very similar to the solution structure of M. japonicus s MIH, consisting
of five a-helices and the extended C-terminal tail.

4, Discussion

A cDNA encoding molt-inhibiting hormone of P. monodon (Pem-MIt1) was cloned
and characterized. Pem-MIH1 had al! characieristics of the hormones in the CHH family:
the length of 77 amino acids; six cysteine residues ai conserved positions when aligned
with the others. Moreover, the presence of glycine at position 12 suggested that Pem-
MIH] be a member of type Il peptides of this family.

MIH has been identified from a wide variety of crustaceans including crab, lobster,
crayfish and shnmp. Although the MIH from these organisms show overall similarity in
their primary structure, they can be divided into different types. The degrees of identity
among MIHs from different species scem to be related to the evolulionary distance of the
organisms. For example, the MIHs of the Penaeidace family (M. japonicus, F. chinensis and
M. ensis} shared highly conserved C-termini, which could be distinguished from those of
the Cancridae family {C. magister and C. pagurus) (Fig. 3). In this study, the primers
designed from the conserved amino acid blocks that are unique to MIHs of the Penacidae
family were successfully used 1o cione MIH of £ monodon (Pem-MIH). As discussed
above, it is not surprising that the Pem-MIH 1 was closer to those of other Penacidae than to
those of the Cancridae {Fig. 3).

Pem-MIFHI and Pem-MIH2 genes have the same structures. The interruption of the
three exons by the two introns occurs at the same positions in both genes. Similar structure
is also conserved in MIH genes of other species 1.e. M. ensis (Gu ¢t ai.. 2002) and C.
pagurus (Lu et al., 2000). Moreover, most of the CHH genes characterized so far possess
the same structure (Gu and Chan, 1998b; Gu ot al., 2000; Wiwepgweaw ct al., 2004), The
only exception is the gene for Pem-CHHI of 2 monodon that posseses only one intron
(Udomkir et al.. 2000). This suggested that hormones in the CHH family may have
evolved from a commen ancestor.
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In the biological assay, the shrimps injected with PBS served as the control group io
normalize both the endogenous MIH and the stress effect that could arise from injection.
The molting cycle duration of P, monodon was extended dramatically from 11.8 to 16.3
days when the shrimps were injected with recombinant Pem-MIHI1. This result reveals a
significant role of Pem-MIH1 as a molt-inhibiting hormone in P wmonodon. The molt
duration of the control shrimps was about 12 days, therefore on day 3 after the first molt
the shrimps should be in the intermolt period according to the relative proportion of each
molting stages during the molt interval (Stevenson, J985). At this stage, the ecdysteroid
level in the hemolymph has declined to a low level and soon will rise again when the
shrimps enter the premolt stage {Watson ct al., 2001). Injection of the recombinant Pem-
MIH] to the intermolt shrimps would therefore enhance the effect of endogenous MIH
resulting in the extended molt duration.

The homology-modeted structure of Pem-MIHI is similar to the solution structure of
MIH from M. japonicus (Katayama ct al, 2003}. This structure consisted of five o-
helices. The first a-helix and the extended C-terminus are sterically ¢losc to each other
in both MIH. This characteristic was suggested to be essential for M[H activity as it was
not cobserved in the homology-modeled structure of CHH from both M. japonicus
(Katayama et al., 2003).

The presence of Pem-MIH transcripts in the tissues other than the eyestalk suggests
alternative sources of MIH in £ monodon (Krungkasem ct al., 2002). The expression of
MIH mRNA in non-eyestalk tissues has also been demonstrated in other species. For
instance, MIH-B of M. ensis was expressed in the eyestalk as well as in the ventral nerve
cord as detected by RT-PCR (Gu ct al., 2002). Using the same approach, the MIH
transeript of C. pagurus was detected in the eyestalk and other parts of the central nervous
system such as ventral nerve cord and thoracic ganglia (Lu ¢t al,, 2001). A low level of
MIH expression was also detected in the brain of C. feriatus (Chan et al, 1998). By
contrast, expression of other MIHs, e.g. MIH-A of M. ensis (Gu et al., 2002), MIH of C.
magisier (Umphrey et al.. 1998), as well as the MIH-related peptide Pem-SGP-C of £
monodon (Krungkasem et al., 2002), was found restricted to the eyestalk, Our result
showed that Pem-MIHI differed from Pem-MIH2 in the expression pattern. While Pem-
MIHI expressed in both eyestalk and thoracic ganglia, the expression of Pem-MIH?2 was
restricted only to the eyestalk. This implics that the two types of Pem-MIH were regulated
in different fashions. Although the biological function of non-cyestalk hermones has not
been elucidated, it is possible that they play additional role or are attributed to other
functional roles rather than molt-inhibition activity. This would be in good accordance
with previcus finding of multiple biological activity of MIH (Gu et al., 2002).

In conclusion, our study has characterized the molt-inkibiting hormone of 2 monodon
in both structure and biological function aspects. We also demonstrated a non-eyestalk site
of MIH expression in the thoracic ganglia, which may suggest alternative function of this
hormene.
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Anti-CHH Antibody Causes Impaired Hyperglycemia in Penaeus monodon
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Crustacean hyperglycemic hormoue (CHH) plays a major
role in controlling glucose level in the haemolymph and
also triggers important events during molting and reproductive
cycles. In Peraens monodon, three types of CHH, namely
Pem-CHH1, Pem-CHH2 and Pem-CHH3, have been
previously charscterized. In fthis study, mouse polyclonal
antibedy was raised against recombinant Pem-CHHI that
was expressed in Escherichia coli. The anti-Pem-CHH1
antibody recognized all three types of Pem~-CHHs but did
not cross-react with either related hormone, molt-
inhibiting hormone of P monodon, or unrelated human
growth hormone. The hyperglycemic activity in the extract
from the eyestalk neural tissues was significantly depleted
after incobating with anti-Pem-CHH antibody. Direct
injection of the actibody into shrimp caused about 30-50%
reduction in the haemolymph glucose level The result
demonsirates the ability of anti-Pem-CHHI antibody to
deplete the activity of CHH in vive, and thus provides a
possibility of using anti-Pem-CHH1 antibody to inhibit the
hormone activity as a strategy to modulate growth and
reproduction in this species.

Keywords: Antibody, Black tiger shrimp, Crustacean
hyperglycemic hormone, Eyestalk, Sinus gland

Introduction

Crustacean hyperglycemic hormone (CHH) is the most abundant
homnone produced by the X-otgan in crustacean eyestalk. It plays
a major role in controlling sugar level in the haemolymph (Cooke
and Sulliven, 1982). CHH is a member of a peptide famity, so-
called the CHH family that is composed of CHH and the other
three hormenes: molt-inhibiting hormone (MIH); gonad-
inhibiting hormone {GIH); mandibular organ-inhibiting hormone

*To whora comrespondence should be addressed.
Tel: 66-2-800-3624 ext 1236; Fax: 66-2-441-9906
E-mail: staud@mahidol.ac.th

(MO-iH) (Charmantier e af., 1997). The CHH-family peptides
harbor special features among themselves. They are composed of
72-80 amino acid residues with six cysicine residues aligned at
conserved positions (Kellet, 1992). The homones of similar
characteristics to the CHH family have also been identified in
species other than crustacean. For example, the CHH-like peptide
of the silk worm, Bomibyx mori {Endo et af, 2000) and the 1on
ransport peptide (ITP) of the locust, Schistocerca gregaria
(Meredith er af. 1995).

The hyperglycemic activity of CHH through the elevation
of glucose level in the haemolymph is presumably exerted by
stimulation of glycogen breakdown, the reaction mediated by
glycogen phosphorylase, and by inhibitory effect on glycogen
synthase (Sedlmeier, 1982; Chang and Q’Connor, 1985). [n
addition, the level of cAMP and ¢GMP in the abdominal
muscle of Orconectes limosus was elevated after injection
with CHH (Sedlmeier, 1982) suggesting similarity between
the mode of action of CHH and those of vertebrate peplide
homones that oceur via cAMP or ¢cGMP as a second messenger.

A number of evidences have demonstrated other physiological
roles of CHH apart from its principle role in glucose
metabolism. For instance, CHH was invoived in osmoregulation
in the Ametrican lobster, Homarus americanus (Charmantier-
Daures ef af., 1994) and the crayfish, Astacus lepiodactylus
(Serrano et al., 2003). Lipid metabolism in several crustaceans
was also shown to be affected by CHH (Santos ef al., 1997).
Additionally, it has been clearly demonstrated that CHH was
involved in the mediation of ecdysteroid synthesis { Yasuda et
al., 1954} as well as ovarian protein synthesis (Khayat et al.,
1998; Avarre ¢f af., 2001).

The recombinant peptide hormones with hyperglycemic
activity have been expressed from Lhe cDNA isolated from the
optic ganglia of the black tiger shrimp, Penracus monedon
{Treerattrakool er &, 2003; Udomkit er ¢., 2004). The aim of
our research here is the production of specific antibody
against Pem-CHHI of P monodon for studying whether its

. binding to CHH car inhibit the function of the hormone.

Furthermore, the anti-CHH antibody was used for injection
into £ morodon in order to examine its effect on the activity
of the hormone in the shrimp.
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Fig. 1. Physical map of Pem-CHH-Ex expression plasmid. A
¢DNA encoding the mawre peptide region of Pem-CHH! was
cloned into pET-3a vector at Mdel and BamHl sites downstream
of the T7 promoter.

Materials and Methods

Expression of recombinant Pem-CHH1 in Escherichia colt A
single colony of £. coli transformant containing Pem-CHH-EX in
which the cDNA encoding the mature Pem-CHH1 had been
inserted into pET3a vector (Fig. 1) was grown overnight at 37°C in
LB medium supplemented with 100 pg/ml ampicillin and 34 wg/ml
chloramphenical. The overnight culture was dituted (1 : 100) with
the same medium and incubated at 37°C with vigorous shaking to
an QDyy of 0.5-0.7. Isopropyl-1-thio-§-D-galactoside (LIPTG) was
added 10 the culture 1o a fina) concentration of 0.4 mM. and the
incubation was continued for 4 h. Then the bacterial cells were
harvested and resuspended in /20 culture volume of cold distilled
water. After breaking the cells in a French® Pressurc Cell Press
{AMINGOP, USA) at 500 psi, the supematamt was removed and
the pellet was washed with cold distilied water for 5 times.

FPurificatlen of recombinant Pem-CHHI1. The inclusion bodies of
Pern-CHH1 were solubilized in 88 Urea in FBS, pH 7.4. The
resulting solubilized fraction was loaded into a Superdex-200 (HR-
10/30, Global) gel filtration column that was connected to AKTA
Punification system (Amersham Phamacia Biotech, USA), The
column was efuted with 2 colunn votumes of 8M Urea in PBS, pH
7.4 at the flow rate of 0.23 ml/min. Finally, The ¢lution buffer was
replaced by extensive ulrafiltration (Centriplus-YM3, Millipore,
USA) by buffer exchange with 0.2% {w/v) SDS in PBS, pH 74.
The amount of proteins was determined using the Bio-Rad Protein
Assay kit (Bio-RAD, USA).

Polyclonal antibody production and dot blot analysis, Three
female mice (BALB/C) were injected intraperitoneally with 100 pg
purified Pem-CHH|I dissolved in PBS, emulsified with an equal
volume of Freund's adjuvant (Sigma, USA}) (The total volume of
the injection was 500 l). The second and third immunizations with
Pem-CHH! in incomplete Freund’s adjuvant were subsequently
carried out every week after the first injection. On day five after the
third injection, the sarcoma cell line (s180) was injected to induce

the secretion of ascetic Nuid. Either the ascetic fluid or the blood.
coliecied directly from the heant was incubated at 37'C for L h. The
antibody was collected by centrifugation al 3,000 g for 15 mins and
the supernatanl was stored in aliquols at ~30°C. The sensitivity and
specificity of the antibody were determined by dot blot analysis.

Preparation of sinus gland extract. The newral tissues were
dissected from eyestalks of £ monodon. The tissues were ground in
liquid nitrogen using cold martar and pestle. A phosphate butfer
saline (PBS) (100 plfone pair of eyesialk) was added 1o the ground
ussues and homogenized thoroughly. The supernatant conwining
crude sinus gland extract was collected by centrifugation at 3,000 g
for 20 min at 4°C.

Biological assay with anti-Pem-CHHI1 antibody-treated sinus
gland extract, Farm-grown £ monodon (~20 g) al inermolt stage
were bilaterally eyesialk ablated and kepl in the tank filled with
artificial seawater (approximately 1@ ppt of salinity) for 18h
without feeding.

Aboul fifty microliters ol the haemolymph were collecied from
individual shrimp for measurement of baseline glucose level before
injection was performed. £ monodon™s sinus gland extract in PBS
was pre-incubated with {1 500 dilution of anti-Pem-CHH | antibody
from mouse no. | at 4°C for 2 h. One pair equivalent of the reated
sinus gland extract in a total volume of 100 pl was injected into ten
individual eyestatk-ablaled £ monodon through the asthrodial
membrane of the second walking leg. For the negative and positive
control groups, each individual shrimp was injected with 100 2l of
sinus gland extract pre-incubated with 1 : 500 dilution of antibody
to human growih hormone (anti-hGH antibody; received as a gifi
from Dr. Lily Eurwilaichitc) and untreated sinus gland extract,
respectively. The fourth group of shrimp was injecied with 100 pl
of PBS, the glucose level of which would represent the flucuation
due (0 stress from the injection. The haemolymph was collected
from lhe shrimp at 30 min interval for 1.5 h. after injection and
frozen at —30°C. Before use, the haemolymph was centrifuged at
8,000 x g for § min and the glucose level in the haemolymph
sample was determined by glucose dignostic kit (Sigma, USA).
Statislical 1est of the data was performed by T-test {one population)
(Microcal Origin, USA).

Biological assay with anti-Pem-CHHI1 antibody. The experimental
shrimp were cultured in aerated artificial sea water withoul eye
stalk ablation. After 18 hour without feeding, 100 pi of diluted anti-
Pem-CHH 1 antibody was injected into twenty individual shrimp to
a final dilution of {: 500 (approximate haemolymph volume of
~20g P monodon is 1.5 ml) whereas the shrimp in the control
group were injected with 100 pl of PBS. The hacmeolymph was
collected and determined for the glucose level as described above.
The anti-Pem-CHH | antibody from mouse no. | was used in all
biological assays.

Results

lExpression and purification of recombinant Pem-CHH1.
The Pem-CHH} was expressed in E. cofi as inclusion bodies
that were mostly solubilized in 8 M urea. The soluble fraction
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Fig. 2. Punfication of recornbinant Pem-CHHI. Afier solubilized
in § M urea pH 84, the recombinant Pemn-CHH! was loaded
imo a Superdex-200 (HR-10/30, Global) gel filoration column.
The proteins were elwed with 8 M urea and fractions were
collected at the flow rale of 0.25 mlmin (A) An elution profile
of gel filration. The proteins eluted from the column were
detected by absorbance a1 280 nm. The asierisks mack the
fractions (0 be analyzed by ticine SDS-PAGE. (B} Tricine SDS-
PAGE analysis of the gel filration-purified fractions: fractions 8,
9, 11, 12, 15, 16 and 17 (lanes |-7, respeclively). The soluble
fraction of Pem-CHH] before subjected fo punfication was
loaded in lane S. Lanc M shows a broad-range protein marker
(Bio-Rad),

of Pem-CHH| was subsequently subjected lo gel filiration
FPLC chromatography, by which an approximate 8§ kDa protein
band of purified Pem-CHH! was obtained (Fig. 2). The final
yield of the purified Pem-CHH | was 12 mg/L. The purified
Pem-CHH]1 from fractions 15 to 17 (lanes 5-7, Fig. 2B) were
pooled together and used as the antigen for immunization.

Sensitivity and specificity of anti-rPem-CHHI antibody.
The sensitivity of anti-Pem-CHH | antibodies from three
mice was determined by dot blot analysis. Five nanograms of
purified Pem-CHH 1 could be detected by a |:20,000
dilution of the amibodies from all three mice whereas the
lysate of ¢.1 OD. E. cofi cells did no give any detectable
signal {data not shown). The anti-Pem-CHEI antibody from
mouse 1no. 1 was selected 10 be used in further experiments.
This antibody could recognize the purified Pem-CHH | whereas
no cross-reaclivity was detected with either strucrrally-related
protein, Pem-MIH, or unrelated proiein, human growth
hormone (hGH), as shown by western blot analysis (Figure
3A). In addition 1o Pem-CHH], the anli-Pem-CHH | anlibody
could recopnize, allweit at a lesser extent, another two types of
P monadon’s CHH, Pem-CHH2 and Pem-CHH3 (Fig. 3B).
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Fig. 3. Cross-reactivity of anti-Pem-CHHI antibody. Specificity
of anti-Pem-CHH1 antibody was tested by westem blol analysis.
The leR panel in boty (A) and (B) shows & Coomassie stained-
pattern of the proteins on the membrane whereas the right panel
shows the westemn blot detection by anti-Pem-CHEI antibody of
the corresponding membrane (A) Lane M shows a broad-range
molecular weight marker. Lane | was loaded with 0.8 mg human
growth hormone (hGH)Y; lane 2 with the lysate of 0.1 OD £ colf
cells; lane 3 with 0.8 mg purified Pem-CHH1. The crude
recombinant Pem-MIH secreling from Pichia pastorts transfommant
was analyzed in lane 4. (B) Lane M represents a broad-range
molecular weight marker. Lane 1 shows the culture medium of
£ pastoris containing pPICZaA expression vector only whercas
the culture medium of £ pastoris containing Pem-CHH1, Pem-
CHH2 and Pem-CHH3 was loaded m lane 2, 3 and 4,
respectively.

Effect of anti-Pem-CHHI1 anfibody on hyperglycemic
activity. Afler injection into eyestalk-ablated £ monodon, the
extract from the sinus gland caused aboul two-fold increasing
in the haerolymph glucose level within 0.5 h. The hacmolymph
glucose remained steady at this high level until at least 1.5 h.
The hyperglycemia effect of the sinus gland extract was
dramatically reduced when the extract was treated with anti-
Pern-CHHI antbody before injection. Comparing with the
haemolymph glucose level at 0 hr, the hyperglycemia effect of
the treated sinus gland extact was only about half of that
induced by the unireated sinus gland extract. By contrast, the
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Fig. 4. The effect of anti-Pem-CHH 1 antibody on hyperglycemia
in P. monodon. Glucose levels in the haemolymph of £ monodon
afler injected with PBS (M), evestalk extract (@), anti-Pem-
CHHI1 reated evestalk extract { &) and anti-hGH treated eyestalk
cxiract (') were shown The emor bars represent the SEM value
{n=10).

slvimp injected with anti-hGH antibody Urealed sinus gland
extract did not show any differences in the haemolymph
glucose level from those injecied with the sinus gland exiract
alone (Fig. 4).

In order to assay for the effect of anti-Pem-CHF antibody
on CHH activity /_vivo, two groups of shrimp were injecied
with either PBS or the antibody. The result in Fig. 5 showed
that following PBS injection, glucose level in the haemolymph
remained constant over the period of 2 h compared with those
before injection. However, injection of anti-Pem-CHH antibody
showed a greater degree of reduction in the ghucose level.
Only about 70% of the basal level was delected at the first 30
min afier injection, and a further reduction was observed until
only half of the glucose level remained in the haemolymph al
2 h after injection (Fig. 5). Therefore, comparison between the
glucose levels at cach time point of the anti-Pem-CHHI
antibody-injected shrimp with that of PBS-injected shrimp
revealed about 30-50% reduction in the pereeniage of glucose
concentration.

Discussion

To date, al least ¢ight crusiacean hyperglycemic hormones
have been reporied in P morodon. These can be divided into
two subgroups: Pem-CHHI to 3 (Treerattrakool e ai., 2002;
Udomkit et af., 2004) and Pm-sgp-I to V (Davey er al., 2000).
In this study. Pem-CHH! was expressed in £. cofi and used
for antibody production in mice. This ant-Pem-CHHI
anlibody could recognize not only Pem-CHY | but also Pem-
CHH2 and 3. This is not surpnsing since the mature peptides
of the three types of Pemn-CHH share more than 90%
homology in their amino acid sequences with most of the
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Fig. 5. A time course of changes in the glucose level afler
injection with PRS (solid bar) amd anti-Pem-CHH1 antibody
{open bar). The wvalues were represented as perceniages of
glucose in the hacmolymph campared with the basal level ai 0 h
{100%) in each group of shrimp.

differences tying within the first five N-terminal amino acid
residues.

Sithigomgul er f., 2002 has demonstrated thal the antibody
raised against 15 amino acid residues at the C-terminus of
Pem-CHH1 {previously called Pem-CMG) did not cross-react
with the antibedy made against C-terminus of CHH of
Macrobrachivm  rosenbergii, which recognized proleins
fractions from P monodon’s eyestalk that contain hyperglycemic
activity. Interestingly, the C-termini of CHH from M. rosenbergii
and Pm-sgp-1 to V of A monodon_are more similar 10 each
other than 1o that of Pem-CHHI 10 3, therefore the antibodies
were presumed 1o be able lo distinguish the peptides at their
C-tierminal sequences. This assumption can also explain the
failure of anti-Pem-CHH1 1o detect jis structuraily related
peplide, Pem-MIHL Although CHH and MIFE are similar in
their overall structure, the amino acid sequences of Pem-CI1H
and Pem-MIH (Yodmuang er o/, 2004) are also different al
the C-termini. Moreover, the soluton structure of MIH of
Marsopenaeus japonicus elucidated by NMR showed distinctive
characteristics from that of the homology-modeled structure
of CHII of the same species (Katayama ef af. 2003). The
MIH contains an additional a-helix at the N terminus and the
protruding C terminal tail, which are sterically closed to each
ather whereas CHH lacks these fealures. This site may play
significant role in conferring activity of the hormones and thus
be responsible for the specificity of the antibody produced
against Pem-CHHL.

When the eyestalk extract was treated with anti-Pem-
CHHI antibody before injected into the shrimp. it lost abowt
half of ils hyperglycemic activily compared 1o thal of the
unireated eyestalk extract (Fig. 4), This result suggested that
the impaired hyperglycemia was due to the removal of CHH
fraction in the eyestalk extract by the antibody. Similar
experiments have been performed ih the shrimp, Palaemon
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elegans, in which the antibody 10 the CHH of the Norway
lobster, Mephirops norvegicus, could deplete the hyperglycemic
response 10 the level comparable to that when injected with
extraction buffer alone (Giulianini ez &/, 2002). However, m
their experiments the eyestalk extract was incubated with
1:20 dilution of antibody whereas in our study the extract
was mixed with 1 : 500 dilution of the antibody. The effect of
the antibody on hyperglycemic activity of the hormone may
be dose-dependent, and higher level of inhibition is expected
if higher concentration of antibody was used. Moreover, the
remaining activity could come from other isoforms of CHH in
P monodon that were not recognized by anti-Pem-CHHI
antibody, presumably Pm-sgp [ to V, although there is no
direcl evidence for the hyperglycemic activity of these
hormones so far. ’

Direct injection of anti-Pem-CHH1 antibody into 2 monodon
could reduce hyperglycemic activity in the haemolymph by
30-30%, which was significantly differemt from the basal
activity in PBS-injected shrimp. This inhibitory effect
demonstrated that the antibedy could recognize the hormone
and inhibit the hormone action i vivo,

Finally, since CHH activity wiggers important events in
some physiological processes, especially molting and ovarian
maturation {Yasuda ef al, 1994; Gu ef al., 2000}, the ir vive
inhibition of this hormone by specific antibody demonstrated
here therefore provide a promising stralegy 1o modulate
growth and reproduction of economically important species
such as P morodon.
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Summary

One of important peptide hormones that control reproduction in crustacean is
gonad-inhibiting hormone (GIH). GIH is known to modulate gonad maturation by
inhibiting the synthesis of vitellogenin (Vg), the precursor for yolk protein synthesis. In
this study, a cDNA encoding GIH peptide from the eyestalk of Pernaeus monodon was
cloned by using RT-PCR and RACE techniques. This GIH-like cDNA is 861 bp with a
single open reading frame of 288 bp in length. The amino acid sequence deduced from
this putative Pem-GIH c¢DNA consists of a 17 residues signal peptide and a mature
peptide region of 79 amino acids that showed typical features of type 1I peptide hormones
in the CHH family. Pem-GIH transcript was expressed in eyestalk, brain, thoracic and
abdominal nerve cords of the adult P. monodon. The gonad-inhibiting activity of this
peptide was investigated by using the RNA interference technique. Double-stranded RNA
(dsRNA) corresponding to the mature Pem-GIH coding sequence was capable of
triggering the depletion in the expression level of Pem-GIH transcript both in tissue
explant culture and in the shrimp. The increase in Vg expression in the hepatopancreas of
GIH-knockdown shrimp suggests the negative influence of Pem-GIH on Vg synthesis,
and thus implies its role as gonad-inhibiting hormone. This is the first report that
demonstrates the use of dsRNA to elucidate the function of gonad-inhibiting hormone,

via inhibition of Vg synthesis, in P. monodon.

Keywords.  Black tiger shrimp, Reproduction, RNA interference, Vitellogenesis



Intreduction

Female reproduction in crustacean is controlled by an elaborate endocrine system.
The prominent cellular activity that occurs during ovarian development is known as
vitellogenesis, which is the process whereby vitellogenin, a yolk protein precursor, is
accumulated in the developing oocyte [1]. Vitellogenesis is therefore an essential step in
ovarian maturation. Vitellogenin (Vg) can be synthesized in either the ovary or other non-
ovarian sites such as hepatopancreas or both [2-5]. The synthesis of Vg as well as
ovarian maturation is regulated by an eyestalk endocrine factor that is referred to as
vitellogenesis-inhibiting hormone (VIH) or gonad-inhibiting hormone (GIH) [6, 7].

GIH is a member of the neuropeptide family that is synthesized in neuroendocrine
cells located tn the eyestalk’s medulla terminalis ganglionic X-organ. Once produced,
these neuropeptides are transported to the axon terminals that form a neurohaemal organ
called the sinus gland, the site from which they are secreted [8]. This hormone family is
known as CHH family. All members in this neuropeptide family generally comprise
between 72 and 78 amino acid residues with the molecular mass about 8 to 9 kDa. These
hormones contain six cysteine residues that are aligned in conserved positions [9]. The
CHH family can be divided into two types, type ! and type II, as reflected by their
primary structure [lO,‘ 11]. The most abundant hormone in this family, crustacean
hyperglycemic hormone (CHH), belongs to type !, whereas the other two hormones,
molt-inhibiting hormone (MIH) and GIH, are categorized in type II. CHH or type I
contains in its precursor sequence a short peptide called CHH-precursor related peptide
(CPRP) followed by dibasic residue processing site. By contrast, type Il hormones are

preceded directly by the signal peptides. Additionally, alignment of amino acid sequence



reveals a deletion of the amino acid glycine (Gly) at the fifth position after the first
cysteine residue in type 1.

Comparing to CHH and MIH, only a limited number of GIH have been
characterized to date. The first peptide with in vive GIH activity was isolated from the
American lobster Homarus americanus [12]. Another peptide that has been demonstrated
for its activity to depress Vg mRNA expression in the ovary fragment is the Pej-SGP-1I1
of Marsupenaeus japonicus [13]. Likewise, similar approach was used to assay the
activity of vitellogenesis-inhibiting hormone from the crayfish Procambarus bouvieri
[14]. The MIH-B of the shrimp Metapenaeus ensis , although is capable of extending the
molting cycle, may be considered as another candidate for GIH since the mRNA levels of
this peptide dropped sharply at the early phase of gonad maturation and continuously
increased as the vitellogenic stages proceeded [15]. The ¢DNA encoding GIH-like
peptide is also found in a few other species such as the Norway lobster Nephrops
norvegicus [16] and the prawn Macrobrachium rosenbergii [17]. However, whether or
not the peptide encoded from these cDNAs functions as GIH needs further verification.

In our present study, a cDNA encoding gonad-inhibiting hormone from P
monodon and its potential role in vitellogenesis were demonstrated. Functional
knockdown of Pem-GIH by dsRNA was applied to demonstrate the negative effect on Vg
synthesis in the hepatopancreas of adolescent female shrimp, and thus provides evidence

for its role as gonad-inhibiting hormone.



Results
1. Cloning and characterization of Pem-GIH cDNA

A partial 3’ ¢cDNA sequence encoding GIH from P. monodon (Pem-GIH) was
amplified by using several sets of degenerated primers (Fig. 1) designed from the
conserved amino acid sequences of type Il-hormones in the CHH family. Nucleotide
sequence analysis revealed that 7 out of 213 recombinant clones harbored the GIH-like
nucleotide sequences as judged by the unique feature of the amino acid sequences at the
C-terminus which are longer than and different from that of MIHs. To obtain the 5’
region of this cDNA, a set of specific primers (table 1) was designed from the 3’sequence
of the cDNA as described in method 3. In addition, the full-length cDNA was amplified
with specific primers as shown in Fig | and table 1. The nucleotide sequences of the full-
length Pem-GIH cDNA of eight individual recombinant clones were sequenced, and they
were confirmed to represent identical clones. Fig. 2 shows the nucleotide sequence of
Pem-GIH c¢DNA (Genbank accession no. DQ643389) and its deduced amino acid
sequence. The full-length ¢cDNA encoding the putative GIH of P. monodon was
composed of 861 nucleotides containing a 5'-untranslated region (93 bp), an open reading
frame (288 bp), a stop codon {TGA), and 3’-untranslated region (476 bp) with a potential
polyadenylation signa]‘AATAAA located 7 bp upstream from the poly(A) tail. The open
reading frame of Pem-GIH codes for a protein of 96 amino acid residues. The signal
peptide, as predicted by SignalP 3.0 Server (WWW Prediction Server at Center for
Biological Sequence analysis, Technical University of Denmark) consisted of 17 amino
acids, whereas the rest of the 79 amino acids comprised the mature Pem-GIH peptide.

The deduced amino acid of putative Pem-GIH showed the conservation of 6 cysteine



residues in the mature peptide with a glycine residue at the fifth position after the first
cysteine residue. The mature peptide of Pem-GIH showed 68% amino acid identity to the
GIH of M. ensis, but a lower level of 45 and 48 % amino acid identity to that of H.
americanus (Hoa-GIH) and N. norvegicus (Nen-GIH), respectively (Fig. 3).
2. Tissue-specific expression of Pem-GIH

The expression of Pem-GIH in several tissues of P. monodon was examined by
RT-PCR using a pair of primers specific to Pem-GIH ¢DNA. GIH transcripts at the
expected size of 385 bp were detected in the eyestalk ganglia, brain, thoracic and
abdominal nerve cords of individual shrimp. Whereas no GIH transcript was found in
other tissues examined. This expression profile is similar to that of Mee-GIH expression
in mature female M. ensis [15]. Interestingly, expression of Pem-GIH in these tissues was
found in both male and female of adult and adolescent P. monodon (Figs. 4A-D).
3. dsRNA-induced Pem-GIH knockdown in shrimp explant culture

To investigate the role of Pem-GIH by dsRNA-mediated gene silencing via
RNAI, using double stranded RNA specific to the Pem-GIH. The coding sequence for
mature Pem-GIH was used as templates in the synthesis of GIH-specific dsRNA. The
efficacy of this GIH-dsRNA to knockdown GIH expression was first determined in GIH
expressing tissues. Briefly, the eyestalk XOSG neurons and abdominal nerve cord explant
were cultured in a culture medium that contained GIH-dsRNA. PCR resuit showed the
barely detectable level of GIH transcript in the GIH-dsRNA treated eyestalk XOSG
culture from aduit femate shrimp after 3 h (Fig. SA) indicating that GIH expression could
be efficiently inhibited by GIH-dsRNA. Similar results were also observed when the

abdominal nerve cord from either aduit or adolescent female shrimp that was incubated



with GIH-dsRNA at 3 and 6h (Figs. 5B -5D). However, the irrelevant dsRNA, GFP-
dsRNA, failed to knockdown Pem-GIH mRNA expression as the abdominal nerve cord
incubated with GFP-dsRNA expressed similar level of Pem-GIH transcript to that of the
control sample into which no dsRNA was added. These results indicated that GIH-
dsRNA was capable of triggering sequence-specific knockdown of Pem-GIH expression
in shrimp explant culture, and thus was a potent tool for functional study of Pem-GIH in
the shrimp.
4. Biological assay for vitellogenesis-inhibiting activity of Pem-GIH by dsRNA-mediated
functional knockdown

To test whether the knockdown of Pem-GIH expression by dsRNA would
interfere with the process of Vg synthesis in the hepatopancreas, female P. monodon was
injected with GIH-dsRNA and the level of Pem-GIH expression as well as the expression
of Vg transcript in the shrimp was determined by RT-PCR. Owing to the unavailability of
adult female for the experiment, the expression of GIH in eyestalk ganglia and Vg in the
hepatopancreas was first investigated in different stages of female shrimp. The RT-PCR
result in Fig. 6 illustrated that GIH and Vg were expressed throughout the life cycle of the
shrimp from juvenile to adult. Therefore the effect of GIH-dsRNA on GIH and Vg
mRNA level was investigated in adolescent as an alternative to adult female shrimp. At
72 h following dsSRNA injection the shrimp administered with GIH-dsRNA showed more
than 75% decrease in Pem-GIH transcript level in the eyestalk ganglia when compared
with the control shrimp that was injected with PBS only (Fig. 7). The consequence of the
depletion in GIH transcript on Vg synthesis was next investigated. The result in Fig. 7

revealed that Vg transcription levels was exerted about twofold in the hepatopancreas of



GIH-knockdown shrimp when compare with that in the control shrimp. The increase in
the ratio of Vg to actin transcripts in GIH-depleted background suggested that functional

knockdown of Pem-GIH led to the induced expression of Vg in the hepatopancreas.

Discussion

Due to the fack of information about GIH in penaeid shrimp, the attempt to clone
the GIH ¢DNA from P. monodon in this study was made by RACE approach using
degenerate primers that were designed form the conserved amino acid sequences among
MIH/GIH from other species of crustacean. To increase the possibility in obtaining the
GIH cDNA of P. monodon, the codons that are preferably used for CHH (GenBank
accession no. AF233295, AY346379 and AY346380) and MIH (GenBank accession no.
AY496454 and AY496495) genes of this species were also taken into consideration for
primer design. The mRNA from the eyestalk neurons of adult female P. monodon at
different vitellogenic stages as determined by gonado-somatic index (GSI) were used as
the template for cDNA cloning in this study as GIH mRNA has been shown to be
expressed at high levels in the eyestalk from previtellogenic stage to mature stage of the
reproductive cycle [18]. A putative GIH cDNA of P. monodon (Pem-GIH) was
successfully cloned by the aforementioned strategy. The deduced amino acid sequence of
putative GIH from P. mornodon possesses all characteristics that are in agreement with the
type Il hormone of the CHH family, which is composed mainly of MIH and GIH [10].
Moreover, the C-terminus of Pem-GIH had an extension of two amino acid residues
when compared with that of MIH. This is consistent with previously identified GIHs

from other crustacean species as shown in Fig. 3. This Pem-GIH ¢DNA was thus



subsequently examined for its gonad-inhibiting function by using RNA interference
(RNAJ) technique.

RNAI, a post-transcription gene silencing process in which double-stranded RNA
(dsRNA) triggers sequence-specific suppression of its cognate mRNA [19], has become a
powerful tool for the study of gene function in recent years [20-22]. In P. monodon a
dsRNA-induced gene silencing phenomenon has been recently demonstrated [23],
therefore it was selected as a tool for studying the functional knockdown of Pem-GIH
¢DNA in this study. The GIH-specific dSRNA was synthesized from the 240 bp coding
region of the mature Pem-GIH. The use of long double-stranded RNA provides
possibility to generate more varieties of effective siRNA (21-23 nucleotides) molecules.
Nevertheless, the non-specific silencing, known as off-target pheﬁomenon, could also
occur from these diverse siRNA products of the fong dsRNA [24-25]. To minimize this
off-target silencing, the GIH-dsRNA sequence was used to search for a possible region of
21-23 consecutively identical nucleotides in the sequences of all P. monodon’s CHH and
MIH. The nucleotide sequence comparison revealed no such region (data not shown) in
both CHHs and MIHs suggesting that the GIH-dsRNA should direct sequence-specific
silencing of Pem-MIH with a minimal off-target effect on other related genes. The
efficacy of GIH-dsRNA to silence Pem-GIH expression was manifested by the dramatic
depletion in Pem-GIH mRNA level in either shrimp eyestalk ganglia or abdominal nerve
cords at as early as 3 h after incubating with GIH-dsRNA.. This silencing was not affected
by irrelevant dSRNA, thus indicating that Pem-GIH knockdown occurred via a sequence-
specific fashion. Accordingly, any biological changes observed following GIH-dsRNA

injection could be considered as the consequence of Pem-GIH knockdown.



To date, no conclusive evidence about the mode of action of GIH on
vitellogenesis has been established. Recently, the recombinant vitellogeneis-inhibiting
kormone (VIH or GIH) of H. americanus has been reported for its biological activity to
inhibit Vg mRNA synthesis in the ovary of heterologous species, M. japonicus [26].
Apart form the ovary, hepatopancreas has been revealed as another site for Vg synthesis
in shrimp [27, 28]. Since the adolescent shrimp were used in this study due to some
difficulties in obtaining adult female shrimp for the experiment, the expression of Vg was
only determined in the hepatopancreas but not in the ovary. Although juvenile M.
rosenbergii did not express detectable level of Vg, [29], slight expression of Vg could be
detected in both juvenile and adolescent P. monodon. The induced Vg expression in the
hepatopancreas of GIH-knockdown adolescent P. monodorn indicates the inhibitory
function of Pem-GIH on Vg synthesis in this extra-ovarian tissue. Qur result is in good
concurrence with the gradual increase in Vg expression after eyestalk ablation in M.
rosenbergii [29]. These results suggested that the GIH-Vg modulation system functions
prior to the completion of sexuaily maturation.'Although the function of Vg that
originated from the hepatopancreas has not been clearly evidenced, it has been shown
that Vg expression in the hepatopacreas is correlated to ovarian maturation [30]. After its
synthesis in the hepgtopancreas, Vg undergoes post-translational processing by a
subtilisin-like endoprotease into smaller subunits which are then released into the
hemolymph. These hemolymph Vg subunits are further processed by an unidentified
enzyme before sequestered by the ovary, and form yolk protein (vitellin, Vn) subunits
[31]. Thus, it could be postulated that Pem-GIH plays role at the early step in

vitellogenesis. Empirically, our results conform well to the precocious ovarian



development after the main source of GIH synthesis was removed by eyestalk extirpation
[32]. Although the function of GIH is mainly studied in female crustacean, the expression
of Pem-GIH in the male P. monodon, which is similar to previous reports [16, 33] implies
that GTH may play a more versatile role in the male as well. Eyestalk ablation in the
crayfish Cherax quadricarinatus resulted in an over-expression of androgenic gland (AG)
polypeptides, which caused direct effect on the male reproductive system [34]. Whether
or not Pem-GIH is involved in reproduction in male P. monodon needs further
investigation.

In summary, the present study has identified and characterized Pem-GIH ¢DNA
of P. monodon in both molecular and biological aspects. The system of functional-
knockdown study was developed using GIH-specific dsRNA, and was employed to
reveal, for the first time, the influence of Pem-GIH on vitellogenin expression in the
hepatopancreas that directly linked GIH to vitellogenesis. Finally, the results herein
demonstrated that dsSRNA-mediated gene silencing has a potential as a powerful tool for

functional study of other genes in crustacean.



Materials and Methods
1. Animals

Live adult female P. monodor at different vitellogenic stages were purchased
from Chonburi province in Thailand (Thai-Gulf). Live adolescent female P. mornodon
were obtained commercially from local farms nearby Bangkok, Thatland.

2. Total RNA preparation and first sirand cDNA synthesis

The eyestalk neurons were dissected out from individual eyestaiks of adult female
shrimp at various stages of reproductive cycle and homogenized in TRI-REAGENT®
(MRC). Total RNA of eyestalks was extracted by using TRI-REAGENT® according to
instructions of the manufacturer’s protocol.

The reverse transcription step was performed with ImProm-II™ Reverse
Transcriptase (Promega, USA) according to the manufacturer’s protocol using 500nM of
oligo(dT) s or PRT primer to prime cDNA synthesis at 42°C for 60 min.

3. Rapid amplification of cDNA ends (RACE).

The degenerate primers used in 3’'RACE of Pem-GIH cDNA were designed from
the conserved amino acid sequences of MIH/GIH from several species of crustacean.

In the first round of PCR, a | pl aliquot of cDNA was amplified with 3’'RACE-
GIHIA and PM] primers in 25 ul of a reaction containing 10 mM Tris-HCI pH 9.0, 50
mM KCl, 0.1% Triton®X-100, 1.5 mM MgCl,, 200 nM each primer, 200 M each dATP,
dCTP, dGTP, dTTP and 1.25 units of Tag DNA Polymerase in Storage Buffer B
(Promaga). Amplification was performed in a DNA Thermal Cycler (GeneAmp System
2400, PE Applied Biosystems) with 35 cycles of 94°C for 30 sec, 50°C for 30 sec and

74°C for Imin following with 7 min incubation at 74°C as a final extension.



Subsequently, nested amplification was performed with 200 nM of 3’RACE-GIHIB and
PM1 primers to obtain the specific product.

For 5’RACE, the first strand ¢cDNA synthesis was performed in a reaction as
described in section 2, except that 1 uM of S’RAEC-GIH1 primer was substituted for
PRT primer. The reaction was carried out by using two step of reverse transcription (RT).
The first step of RT was incubated at 50°C for 60 min. The RNA template was denatured
again at 83°C for 3 min and immediately on ice for S min. The second RT step, a | pl of
ImProm-II™ Reverse Transcriptase was added in a reaction. The reaction was incubated
at 50°C for 60 min and then terminated at 70°C for 15 min. The RNA template was
degraded with RNaseH before proceeding with cDNA purification by QIAquick PCR
Purification Kit (QIAGEN). A 20 p) aliquot of purified cDNA was tatled with dATP in
30 ul of 100 mM cacodylate buffer (pH 6.8), 1 mM CoCls, 0.1 mM DTT, 200 pM dATP
and 20 units of terminal deoxynucleotidyl transferase (TdT) (Promaga). The reaction was
incubated at 37°C for 20 min and TdT was heat-inactivated at 65°C for 10 min. The first
round PCR with 3 ul of the dA-tailed cDNA template was carried out as described for
3’RACE using 200 nM of 5’RAEC-GIH2 and PRT primers, except that annealing was
performed at 55°C for 30 sec. The second round PCR was performed with 200 nM of
S'RAEC-GIH3 and PM1 primers to obtain specific amplified product,

The nucieotide sequences of the primers used in all amplifications are shown in
tablel.

4, Amplification of full-length Pem-GIH ¢cDNA.
Total RNA extracted from one pair of the eyestalk of adult female shrimp in stage

IV of vitellogenesis as described in section 2 was used to synthesize a cDNA template for



the cloning of full-length cDNA of Pem-GIH. A 1 pl aliquot of cDNA was amplified
with GIHF and GIHR primers (tablel) in a 25 pl reaction containing 1xPhusion HF
buffer including 1.5 mM MgCly, 500 nM each primer, 200 uM each dATP, dCTP, dGTP,
dTTP and 0.25 units of Phusion DNA Polymerase (Finnzymes). Amplification was
performed in a DNA Thermal Cycler (GeneAmp System 2400, PE Applied Biosystems)
with 35 cycles of 98°C for 10 sec, 50°C for 30 sec and 72°C for Imin following with 7
min incubation at 72°C as a final extension.

5. Reverse-transcription polymerase chain reaction (RT-PCR)

To detect tissue-specific expression of Pem-GIH, total RNA extracted from
several tissues of P. monodon including eyestalks, brain, thoracic nerve cord, abdominal
nerve cord, heart, hepatopancreas, ovary, and muscle was used as a template for reverse
transcription with PRT primer as described in section 2. The specific transcript of Pem-
GIH was amplified with GIHF and 5’RACEGIH] primers to detect Pem-GIH transcript
level in all experiments. The reaction was amplified with 35 cycles of 94°C for 30 sec,
50°C for 30 sec and 74°C for 1min following with 7 min incubation at 74°C as a final
extension. For the detection of vitellogenin (Vg) transcript in the hepatopancreas, Vg-F
(5> CTAAGGCAATTATCACTGCTGCT 3°) and Vg-R (5'AAGCTTGGCAATGTATT
CCTTTT 3’) primers that were designed from the EST clone containing Vg sequence
from P. monodon’s ovary (Sirawut Klinbunga, personal communication) were used in a
reaction with 32 cycles of 94°C for 30 sec, 50°C for 30 sec and 74°C for 1 min following
with 7 min incubation at 74°C. The actin transcript was amplified with PmActin-F
(S’GACTCGTACGTCGGGCGACGAGG 37) -and PmActin-R (5° AGCAGCGGTGGTC

ATCACCTGCTC 3’) primers in a reaction with 21 cycles of 94°C for 30 sec, 55°C for



30 sec and 74°C for 1min followed by further incubation at 74°C for 7 min. The expected
sizes of Pem-GIH, Vg and actin transcripts are 385, 354 and 539 bp, respectively.
6. Preparation of GIH-specific double-stranded RNA (GIH-dsRNA)

Two DNA templates for dsSRNA of GIH that span the coding sequence of the
mature Pem-GIH, each containing T7 promoter sequence at the 5' end on different
strands were synthesized by PCR from the full-length Pem-GIH cDNA. Two separate
PCR reactions were set up, one with T7-containing forward primer {(T7-matGIHF) and
reverse primer (5’RACEGIHI.1) for sense-strand template, the other with forward primer
(matGIHF) and T7-containing reverse primer (T7-matGIHR) for antisense-strand
template. The reaction was composed of denaturation at 94°C for 30 sec, annealing at
57°C for 30 sec and extension at 74°C for 1min for 9 cycles with a 1°C decrease in
annealing temperature per cycle; then the annealing temperature was remained at 48 °C
for another 30 cycles and followed by the final extension at 74°C for 7 min. The expected
PCR product were excised and purified with Gel extraction kit (QIAGEN), as described
in the manufacturer’s protocol. A mixture of 1 pug of each template was used in an in vitro
transcription reaction with MEGAscript?RNAi Kit (Ambion, USA) according to the
manufacturer’s protocol with some modifications, Briefly, sense and antisense-strand
templates were amplified in separate PCR reactions as described above. The two
templates were mixed in equal amounts and added to a single transcription reaction to
synthesize dsRNA with T7 RNA polymerase at 37° C for 6h. To increase the duplex
yield, the transcription reaction was incubated at 75° C for 5 minutes, and allowed to cool
to room temperature DNA templates. The reméining DNA template and single-stranded

RNA in the solution were digested with DNase | and RNase A at 37° C for | h. The



proteins, free nucleotides and degraded nucleic acid residues were removed from double-
stranded RNA by the filter cartridge as described in manufacturer's instructions. Finally,
double-stranded RNA was eluted with 100 pl of 95° C pre-heated 10 mM Tris-HCl pH 7,
I mM EDTA. The quantity of double-stranded RNA was determined by the UV-
specirophotometry at the absorbancy of Ajgg.
7. dsRNA-mediated Pem-GIH knockdown in shrimp explant culture

The eyestalk ganglia or abdominal nerve cords of P. monodon were dissected out
from individual shrimp. The eyestalk from a single shrimp was used in each experiment.
The XOSG neuron from the left eyestalk was used as a negative control whereas that
from the right eyestalk was treated with dsRNA as described below. The nerve cord from
the same shrimp was cut into approximately 0.8-1 cm pieces and used in one set of the
experiment. The explant samples were incubated in a well of 24-well plate filled with 1.5
ml of modified M199 culture medium consisting of M199 powder in crab saline (440
mM NaCl, 11 mM KCl, 13.3 mM CaCl,, 26 mM MgCl;, 26 mM NayS0O,, and 10 mM
HEPES), pH 7.2 supplemented with 100 pg/ml Peﬁicillin-Streptomycin antifungus and
40 pg/ml gentamicin sulphate. The samples were added with 3 pg of GIH-dsRNA and
cultured with shaking at 20-24 °C for appropriate time. The samples were then washed
with modified M199 medium plus antibiotic before collected for RNA extraction. The
level of Pem-GIH transcript was detected by RT-PCR with GIHF and $'RACEGIHI
primers as described earlier.
8. Functional knockdown assay for Pem-GIH activity

Adolescent female P. monodon at the same molting stage (Do-D,) (approximately

10-15 g each) were cultured in tanks filled with artificial seawater (approximately 10 ppt



of salinity). Shrimp were divided into two groups, each containing five shrimp. The
control group was injected through the arthrodial membrane of the second walking leg
with 100 ul of PBS and the experimental group was injected with 5 pg of GIH-dsRNA in
the same volume. The level of GIH and Vg transcripts in the eyestalk ganglia and
hepatopancreas, respectively were detected by RT-PCR at 72 h after administered with

dsRNA.

Acknowledgements

We acknowledge Hiu Kwan Tiu (Department of Zoology, The University of
Hong Kong) for her kind advice in shrimp explant cuiture technique. This work was
supported by The Royal Golden Jubilee Ph.D. program to ST, The Thailand Research
Fund (TRF) Research Scholar to AU and TRF Senior research Scholar to SP. SMC was
awarded a grant (HKU#7482.05M) from the Research Grant Council of the Hong Kong

SAR Government.



References

1. Tsukimura B (2001) Crustacean vitellogenesis: its role in oocyte development. Amer
Zool 41, 465-476.

2. Tsutsui N, Kawazoe I, Ohira T, Jasmani S, Yang W-J, Wilder MN & and Aida K
(2000) Molecular characterization of a cDNA encoding vitellogenin and its expression in
the hepatopancreas and ovary during vitellogenesis in the Kuruma prawn, Penaeus
Japonicus. Zool Sci 17, 651-660.

3. Avarre J-C, Michelis R, Tietz A & Lubzens E (2003) Relationship between
vitellogenin and vitellin in a marine shrimp (Penageus semisulcatus) and molecular
characterization of vitellogenin complementary DNAs. Biol Reprod 69, 355-364.

4. Tsang W-S, Quackenbush LS, Chow BKC, Tiu SHK, He JG & Chan S-M (2003)
Organization of the shrimp vitellogenin gene: evidence of multiple genes and tissue
specific expression by the ovary and hepatopancreas Gene 303, 99-109.

5. Yang F, Xu HT, Dai ZM & Yang WJ] (2005) Molecular characterization and
expression analysis of viteflogenin in the marine crab Portunus trituberculatus. Comp
Biochem Physiol B Biochem Mol Biol 142, 456-464.

6. Charmantier G, Charmantier-Daures M & Van Herp F (1997) Hormonal regulation of
growth and reproduction in crustaceans. In Endocrinology and Reproduction, Recent
Advances in Marine Biotechnology, Vol 1 (Fingerman M, Nagabhushanam R &
Thompson M-F, eds), pp. 109-161. Science Publishers Inc., New Hampshire,

7. Huberman A (2000) Shrimp endocrinology. A review. Aquaculture 191, 191-208.



8. Skinner DM (1985) Molting and regeneration. In The Biology of Crustacea,
Integuments, Pigments and Hormonal Processes, Vol 9 (Bliss DE & Mantel LH, eds), pp.
43-146. Academic Press Inc, Orlando.

9. Keller R (1992) Crustacean neuropeptides: structures, functions and comparative
aspects. Experientia 48, 439-448.

10. Lacombe C, Greve P & Martin G (1999) Overview on the sub-grouping of the
crustacean hyperglycemic hormone family. Neuropeptides 33, 71-80.

11. Chen SH, Lin CY & Kuo CM (2005) In silico analysis of crulstacean hyperglycemic
hormone family. Mar Biotechnol 7, 193-206.

12. Soyez D, Van Deijnen JE & Martin M (1987) Isolation and characterization of a
vitellogenesis-inhibiting factor from the sinus gland of the lobster, Homarus americanus.
J Exp Zool 244, 479-484,

13. Tsutsui n, Katayama H, Ohira T, Nagasawa H, Wilder MN & Aida K (2005) The
effects of crustacean hyperglycemic hormone-family peptides on vitellogenin gene
expression in the kuruma prawn, Muarsupenaeus japonicus. Gen Comp Endocrinol 144,
232-239.

14, Aguilar MB, Quackenbush LS, Hunt DT, Shabanowitz J & Huberman A (2002)
Identification, purification and initial characterization of the vitellogenesis-inhibiting
hormone from the Mexican crayfish Procambarus bouvieri (Ortmann). Comp Biochem
Physiol 102B, 491-498,

15. Gu P-L, Tobe S§, Chow BKC, Chu KH, He J-G & Chan S-M (2002) Characterization
of an additional molt inhibiting hormone-like neuropeptide from the shrimp Metapenaeus

ensis. Peptide 23, 1875-1883.



16. Edomi P, Azzoni E, Mettulio R, Pandolfelli N, Ferrero EA & Giulianini PG (2002)
Gonad-inhibiting hormone of the Norway lobster (Nephrops norvegicus): cDNA cloning,
expression, recombinant protein production, and immunolocalization. Gene 284, 93-102,
17. Yang W-] & Rao KR (2001) Cloning of precursors for two MIMH/VIH-related
peptides in the prawn, Macrobrachium rosenbergii. Biochem Biophys Res Commun 289,
407413.

18. De Kleijn DPV, Janssen KPC, Waddy SL & Hegeman R (1998) Expression of the
crustacean hyperglycemic hormones and the gonad-inhibiting hormone during the
reproductive cycle of the female American lobster Homarus americanus. J Endrocrinol
156, 291-298.

19. Hannon GL (2002) RNA interference Nature 418, 244-251.

20. Tsuzuki 8, Sekiguchi S & Hayakawa Y (2005) Regulation of growth-blocking
peptide expression during embryogenesis of the cabbage armyworm. Biochem Biophys
Res Commun 335, 1078-1084.

21. Volz J, Osta MA, Kafatos FC & Muller HM (2005) The roles of two clip domain
serine proteases in innate immune responses of the malarta vextor Anopheles gambiae. J
Biol Chem 280, 40161-40168.

22. Martin D, Maestro Q, Cruz ] Mane-Padros D & Belles X (2006) RNAI studies reveal
a conserved role for RXR in molting in the cockroach Blattella germanica. J Insect
Physiol 52,410-416.

23. Yodmuang S, Tirasophon W, Roshorm Y, Chinnirunvong W & Panyim S (2006)
YHV-protease dsRNA inhibits YHV replication in Penaeus monodon and prevents

mortality. Biochem Biophys Res Commun 341, 351-356,



24. Jackson AL & Linsley PS (2004) Noise amidst the silence: off-target effects of
siRNAs? Trends Genet 20, 521-524.

25. Quin S, Ademal M & Lane T (2005) A computational study of off-target effects of
RNA interference. Nucleic Acids Res 33, [834-1847.

26, Ohira T, Okumura T, Suzuki M, Yajima Y, Tsutsui N, Wilder MN & Nagasawa H
(2006) Production and characterization of recombinant vitellogenesis-inhibiting hormone
from the American lobster, Homarus americanus. Peptides 27, 1251-1258.

27. Tseng D-Y, Chen Y-N, Kou G-H, Lo C-F & Kuo C-M (2001) Hepatopancreas is the
extraovarian site of vitellogenin synthesis in black tiger shrimp, Penaeus monodon. Comp
Biochem Physiol A 129, 909-917.

28. Phiriyangkul P & Utarabhand P (2006) Molecular characte;ization of a cDNA
encoding vitetlogenin in the banana shrimp, Penaeus (Litopenaeus) merguiensis and sites
of vitellogenin mRNA expression. Mol Reprod Dev 73, 410-423.

29. Jayasankar V, Jasmani §, Tsutsui N, Aida K & Wilder MN (2006} Dynamics of
vitellogenin synthesis in juvenile giant freshwater prawn Macrobrachium rosenbergii. J
Exp Zoolog A Comp Exp Biol 305, 440-448.

30. Jayasankar V, Tsutsui N, Jasmani S, Saido-Sakanaka H, Yang WJ, Okuno A, Tran
TT, Aida K & Wilder MN (2002) Dynamics of viteflogenin mRNA expression and
changes in hemolymp vitellogenin levels during ovarian maturation in the giant
freshwater prawn Macrobrachium rosenbergii. J Exp Zool 293, 675-682,

31. Okuno A, Yang WIJ, Jayasankar V, Saido-Sakanaka H, Huong do TT, Jasmani S,
Atmomarsono M, Subramoniam T, Tsutsui N, Ohira T, Kawazoe [, Aida K & Wilder MN

(2002) Deduced primary structure of vitellogenin in the giant fresh water prawn,



Macrobrachium rosenbergii, and yolk processing during ovarian maturation. J Exp Zool
292, 417-429.

32. Browdy CL & Samocha TM (1985) The effect of eyestalk ablation on spawning,
molting and mating of Penaeus semisulcatus de Haan. Aquaculture 49, 19-29.

33. De Kleijn DPV, Coenen T, Laverdure AM, Tensen CP & Van Herp F (1992)
Localization of messenger RNAs encoding crustacean hyperglycemic hormone an d
gonad-inhibiting hormeone in the X-organ sinus gland complex of the lobster Homarus
americanus. Neuroscience 51, 121-128.

34. Khalaila I, Manor R, Weil §, Granot Y, Keller R & Sagi A (2002) The eyestalk-
androgenic gland-testis endocrine axis in the crayfish Cherax quadricarinatus. Gen Comp

Endocrinol 127, 147-156.,



Figure legends

Fig. 1. Schematic diagram showing the structure of the Pem-GIH cDNA and locations of
the primers used in this study. The 5’ and 3 untranslated regions are shown as a thin line.
The open reading frame is depicted by boxes: dotted box represents the signal peptide

and filled box represents the mature peptide.

Fig. 2. Nucleotide and deduced amino acid sequences of Pem-GIH. The amino acids are
present in one-letter symbols and shown below their codons in each line. The highlight
amino acid sequence represents the putative mature peptide region. Asterisk marks the
stop codon. The putative polyadenylation site is underlined. The numbers on the left and
the right of the sequences show the coordinate of nucleotides and amino acids in

corresponding lines.

Fig. 3. Alignment of Pem-GIH with GIH and MIH from other species of crustacean. The
deduced amino acid sequence of GIH form P. monodon (Pem-GIH; this study) is aligned
with GIHs of M. ensis (Mee-GIH;. AF294648), H. americanus (Hoa-GIH; X87192), N.
norvegicus (Nen-GIH;. AF163771), and MIHs of P. monodon (Pem-MIHI ; AAR89516
and Pem-MIH2; AAR89517), M japonicus (Pej-sgp-1V; BAA20432), M. ensis (Mee-
MIH; AAC27452), L. vannamei (Liv-MIH1;, AAR04348), F. chinensis (Fec-MIH;
AALS55258). Sequence identities are highlighted in black color, and light gray depicts the
conservative changes. The percent identity of the pro- and the mature sequences between

Pem-GIH and other hormones was shown on the right to the C terminus of the sequences.



Fig. 4. Expression of Pem-GIH in different tissues of P.monodon . RT-PCR products
were amplified from the total RNA of eyestalk (ES), brain (B), thoracic nerve (TG),
abdominal nerve cord (Nc), heart (H), hepatopancreas (Hp) and muscle (M) using the
specific primers for 5’region of Pem-GIH. The negative PCR reaction is indicated by —ve.
The actin transcript of P. monodon was used as an internal control of the amount of RNA
template. Each panel shows tissue distribution of Pem-GIH in adult female (A), adult
male (B), adolescent female (C) and adolescent male (D). The identity of RT-PCR

products was confirmed by DNA sequencing.

Fig. 5. Expression of Pem-GIH in shrimp explant culture after incubating with GIH-
dsRNA, The eyestalk ganglia and the abdominal nerve cord were dissected form live
shrimp and incubated in modified M199 culture medium either with or without the
specified dsRNA. The Pem-GIH and aciin transcripts were detected by RT-PCR at
indicated time points. (A) Expression of Pem-GIH in the eyestalk ganglia of adult
female shrimp at 3 h after incubating without (-) or with (+) GIH-dsRNA. (B) Expression
of Pem-GIH in the abdominal nerve cord of adult female shrimp at 3 and 6 h after
incubating without (-) or with (+) GIH-dsRNA or GFP-dsRNA as indicated. (C)
Expression of Pem-GIH in the abdominal nerve cord of adolescent female shrimp at 3
and 6 h after incubating without (-) or with (+) GIH-dsRNA. or GFP-dsRNA as indicated.
-ve in (A) to (C) depicts the negative PCR reaction (D} The graph representing relative
amounts of PemGIH/Actin transcript of the samples in (C) that were quantified from the
band intensity of RT-PCR products of Pem-GIH and actin transcripts using the Scion

Image Program. Symbols are as described in (C).



Fig. 6. Exrpession of Pem-GIH and Vg in shrimp at different stages. The expression of
Pem-GIH and Vg was investigated in juvenile (J), adolescent female (A), immature adult
female (I) and mature adult female (M) P. monodon. Pem-GIH transcript was detected by
RT-PCR from the total RNA of eyestalk ganglia whereas Vg transcript was detected in
the hepatopancreas. The lane depicted with —ve represents negative reaction of PCR. The

identity of RT-PCR products was confirmed by DNA sequencing.

Fig. 7. Influences of GIH-dsRNA on Pem-GIH and Vg expression in adolescent female
shrimp. The shrimp were injected with either PBS or GIH-dsRNA. The eyestalk ganglia
and hepatopancreas were collected at 72 h after injection to examine for Pem-GIH and
Vg mRNA levels, respectively, by RT-PCR. The values were shown as mean = S.E.M (n
= 14 in the control group and n = 8 in GIH-dsRNA injected group). Relative amounts of
Pem-GIH/Actin transcript in both the control (PBS injected) and GIH-dsRNA injected
shrimp are represented by gray bars (P< 0.02), whereas those of Vg/Actin transcript in

both groups of shrimp were shown in white bars (P<0.2).
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Table 1. The detail of primers used in this study

Primer Sequence (5°— 37)
I'RACE
PRT CCGGAATTCAAGCTTCTAGAGGATCCTTTTTTTTTITITTITE
Ml COGGAATTCAAGCTTCTAGAGGATCC
. . T
VRACE-GIHIA TG(TCHACIC(Inosine)GG(Inosine) GT(Inasine) ATGGG{TCIAAC
(AC)G{Inosine)AA(AG)GT
IRACE-GIHIB ATGGG(TC)AACIACIG(Inosine) G A{TCHATC) T Inosine)TA
(TCHGA)A(Inosine) AA(AG)GT
S'RACE
S"RACE-GIH1 CCACGGCCGGCCGGCATTGAG
5'RACE-GIH2 GGCCTCGCGCTTGGCCGAGTG
S'RACE-GIH3 TCGATTTCTGCACAAGCCATCCAGCTG

Full-length Pem-GIH cDNA

GIHF
GIHR

GAACGTCTCGTATAAAAGGTCTGCG
GOTCGACTTTATTTTAACGGAAAATTAAT

3’ region of Pem-GIH cDNA

matGIHF
GIHR

AACATCCTGCGACAGCAAATGCAGGG
GUTCGACTTTATTTTAACGGAAAATTAAT

5’ region of Pem-GIH cDNA

GIHF
5'RACE-GIHI.1

GAACGTCTCGTATAAAAGGTCTGCG
CCGOCATTGAGGATGCTGAT

GIH-dsRNA templates

T7-matGIHF
T7-matGIHR

TAATACGACTCACTATAGGGAGAAACATCCTGGACAGCAAATGCAGG
TAATACGACTCACTATAGGGAGACCGGCATTGAGGATGCTGAT

* T7 RNA polymerase binding site is underlined
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