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Abstract

To better understand the pathogenesis of white spot syndrome virus (WSSV) and to determine which cell pathways
might be affected after WSSV infection, two-dimensional gel electrophoresis (2-DE) was used to produce protein
expression profiles from samples taken at 48 h post-infection (hpi) from the stomachs of Litopenaeus vannamei (also called
Penaeus vannamei) that were either specific pathogen free or else infected with WSSV. Seventy-five protein spots that
consistently showed either a marked change (>50%) in accumulated levels or else were highly expressed throughout the
course of WSSV infection were selected for further study. After in-gel trypsin digestion followed by LC-nanoESI-MS/MS,
bioinformatics databases were searched for matches. A total of 53 proteins were identified, with functions that included
energy production, calcium homeostasis, nucleic acid synthesis, signaling/communication, oxygen carrier/transportation,
and SUMO-related modification. 2-DE results were shown to be consistent with relative EST database data from a
previously developed EST database of two Penaeus monodon cDNA libraries. For seven selected genes, 2-DE and EST
data were also compared with transcriptional time-course RT-PCR data. This study is the first global analysis of
differentially expressed proteins in WSSV-infected shrimp, and in addition to increasing our understanding of the
molecular pathogenesis of this virus-associated shrimp disease, the results presented here should be useful both for
identifying potential biomarkers and for developing antiviral measures.
© 2006 Elsevier Ltd. All rights reserved.
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as white spot syndrome virus (WSSV) [10-12].
WSSV has many unique properties. In addition to
many non-standard proteins with functions that are
not yet known, WSSV was also recently shown to
have at least 39 structural proteins [13,14], one of
which, WSSV664 is the largest viral protein
reported to date [15]. WSS has been formally
recognized since 1992, but it was only recently that
the virus was designated by the International
Committee on the Taxonomy of Viruses as the
type species of a new genus, Whispovirus, family
Nimaviridae [16].

To understand the pathogenesis of any disease,
knowledge of the interactions between virus and
host is critical. Virus—host interactions may result in
immune responses against the invader, and may also
result in changes in the expression levels of host
genes that favor virus replication. To date, virus—
host interactions of WSSV have been studied at the
transcription level using expressed sequence tags
(ESTs), RT-PCR, microarray chips, suppression
subtractive hybridization and differential hybridiza-
tion [17-24]. However, many of these studies
focused on immune cells (lymphoid organ cells
and hemocytes) and although this has provided
good insights into biodefense mechanisms, these
immune-related cells are not primary WSSV targets
[25-27], and their cellular pathways are, therefore,
not necessarily representative of the host cells in
which virus replication occurs. Further, even those
studies that investigated the modulation of protein
expression were not global but instead focused
mainly on only a few immune-related defense genes
such as beta-glycan-binding protein [28-30]. In
consequence, little is known about the cellular
events associated with WSSV infection in permissive
cells. In the present paper we, therefore, use
comparative proteomics to identify proteins whose
accumulated levels in stomach cells (a main target
organ of WSSV) are altered significantly after
WSSV infection. Identifying these proteins is an
important first step toward improving our under-
standing of the cellular pathways that are necessary
for WSSV infection.

Our basic approach was to use two-dimensional
electrophoresis (2-DE) [31] with immobilized pH
gradients (IPG) [32] to produce protein profiles for
stomach cells from specific pathogen free (SPF) and
WSSV-infected Litopenaeus vannamei (also called
Penaeus vannamei). In addition to an invariable
control (beta-actin), proteins that were either
markedly up- or down-regulated or else were highly

expressed throughout WSSV infection were then
identified by in-gel trypsin digestion followed by
LC-nanoESI-MS/MS and a search of bioinfor-
matics databases. ESTs and RT-PCR were used to
confirm that changes in transcription levels over
time were in good agreement with the accumulated
protein (i.e. translation level) results given by the
proteomic analysis. Lastly, we look at which cellular
pathways might be altered and discuss the physio-
logical implications of these results.

2. Materials and methods
2.1. Virus, virus inoculum and experimental animals

The virus used in this study, WSSV T-1 isolate
(GenBank accession number AF440570) [8,33], was
prepared from a batch of WSSV-infected Penaeus
monodon collected in Taiwan in 1994. To prepare
the WSSV inoculum, we first selected one of the
original, frozen (—80°C) 1994 P. monodon speci-
mens that tested PCR positive for WSSV, but tested
negative for other shrimp viruses (infectious hypo-
dermal and haematopoietic necrosis  virus
[IHHNYV], Taura syndrome virus [TSV], yellowhead
disease virus/gill associated virus [YHV/GAV],
P. monodon-type baculovirus [PMBV], mourilyan
virus) using commercial PCR detection kits (Farm-
ing IntelliGene Tech. Corp., Taiwan). Carapace and
integument tissues (0.5 g) from this frozen specimen
(body weight 30 g) were minced and then homo-
genized in 4.5ml of sterile PBS buffer. After
centrifugation (400g, 10 min, 4 °C), the supernatant
was filtered through a 0.45 pm membrane and used
immediately to infect an adult, SPF L. vannamei
(body weight 45¢g; High Health Aquaculture. Inc,
Hawaii) by injection (200 pl) as described previously
[26]. At 24 hours post-infection (hpi), hemolymph
was extracted from this moribund shrimp, diluted
4 x with phosphate-buffered saline (PBS; 137mM
NaCl, 2.7mM KCI, 10mM Na,HPO,, 2mM
KH,PO,), and frozen at —80°C for use as virus
stock. The experimental inoculum was then pre-
pared from the supernatant of this stock after
centrifugation at 400¢g for 10 min at 4 °C and further
dilution (10~2) with PBS [34].

Since it is still very difficult to acquire P. monodon
specimens that are SPF, the experimental shrimp for
the 2-DE/MS studies were the SPF offspring (mean
body weight 2.6g) of SPF L. vannamei brooders
purchased from High Health Aquaculture, Inc.,
Hawaii. These shrimp were bred and cultured at the
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Marine Research Station, Academia Sinica, Tai-
wan. The disease-free status of randomly selected
samples of the experimental shrimp was confirmed
using the same commercial PCR detection kits for
WSSV, ITHHNV, TSV, YHV/GAV, PMBV and
mourilyan virus (see above), and the shrimp were
then challenged with WSSV (100 pl/shrimp) by
intramuscular injection following Tsai et al. [26].
Shrimp injected with PBS vehicle only were used as
controls. The experimental shrimp (n = 480) were
kept in 2.51 tanks (30 shrimp/tank) containing
filtered, aerated seawater (33%o salinity; 1.81 sea-
water/tank) at constant temperature (28+1°C).
Every 8h, the tanks were checked, and dead and
moribund shrimp were removed. A parallel study
(data not shown) found that cumulative mortality
reached 40-50% at 48 hpi, and at this time, the
stomachs (and other tissues) of the active (as
opposed to moribund) surviving infected and
control shrimps in all but 4 of the tanks were
collected and frozen using liquid nitrogen. For the
time-course study, SPF L. wvannamei offspring
(n = 40; mean body weight 9 g) were experimentally
infected using the method described above, and
sample specimens were collected at 0, 6, 12 and
36 hpi.

2.2. Two-dimensional electrophoresis

For each 2-DE, the frozen stomachs from three
shrimp were ground to a fine powder at —80 °C. The
powder was then suspended in a three-fold dilution
of PBS buffer containing protease inhibitor cocktail
(applied according to the manufacturer’s protocol,
Roche Diagnostics, Mannheim, Germany). After
centrifugation at 3000g (30 min, 4°C), the super-
natant was collected and a TCA/DTT mixture was
added (final concentration: 10% w/v TCA and
0.1% DTT). After standing on ice for 30 min and
another centrifugation (10,000¢, 30 min, 4 °C), the
supernatant was discarded and the pellet resus-
pended in acetone containing 0.1% DTT. The
sample was spun again (10,000g, 30min, 4°C),
and the pellet-dried under vacuum and then
solubilized in rehydration buffer (9.8 M urea, 2%
CHAPS, 20mM DTT, 0.5% IPG buffer [pH 4-7 or
3-10; Amersham Biosciences]). After a final cen-
trifugation (10,000g, 30 min, 15°C), the superna-
tant, which contained the soluble protein fraction,
was used as a 2-DE sample. Protein concentration
of 2-DE samples was estimated using a 2-D Quant
Kit (Amersham Biosciences).

The first dimension of the 2-DE, isoelectric
focusing (IEF), was performed in 13 cm Immobiline
DryStrip gel (Amersham Biosciences) using an
integrated system, the Ettan IPGphor (Amersham
Biosciences), where rehydration with the sample
and IEF are performed automatically. Two pH
gradient strips were used: linear pH 4-7 and 3-10.
Each sample (250 pg protein) was dissolved in 250 pl
rehydration buffer with a trace of bromophenol
blue and placed in the base well of an IPGphor
stripholder. An IPG strip was then placed on the
top of the sample, and after rehydration in the
IPGphor (16h at 50V), automatic IEF was
performed using the following step voltage focusing
protocol: 1hat 300V, 1hat500V,2hat 1000V, 2h
at 4000V and 10h at 8000V. All the above
procedures were carried out at 20 °C. After the first
dimensional IEF, the IPG strips were equilibrated in
a sodium dodecyl sulfate (SDS) equilibration buffer
(6M urea, 2% SDS, 30% glycerol, 50mM
Tris—HCI, pH 8.8) containing 1% DTT for 15 min.
The IPG gel strips were then removed to another
equilibration buffer containing 2.5% iodoacetamide
and equilibrated for a further 15min. The equili-
brated IPG strips were then placed onto a poly-
acrylamide gel that consisted of 14% acrylamide,
pH 8.8, for the separating gel, and 4% acrylamide,
pH 6.8, for the stacking gel. The second dimensional
separation was run at 20mA per gel at 15°C for
5-6h. At the end of each run, the gels were stained
with sypro ruby, and the protein patterns of the gels
were scanned using a Typhoon 9400 scanner
(Amersham Biosciences). Gel image matching was
done using PDQuest software (Bio-Rad).

2.3. In-gel protein digestion and protein identification

Protein spots of interest were manually excised
from the gels, washed twice with 25 mM ammonium
bicarbonate buffer (pH 8.5) in 50% acetonitrile, for
15min each time, dehydrated with 100% acetoni-
trile for 5min, vacuum dried, and rehydrated with
100 ng of sequencing-grade, modified trypsin (Pro-
mega) in 25 mM ammonium bicarbonate, pH 8.5, at
37°C for 16 h. Following digestion, tryptic peptides
were extracted twice with 5% formic acid in 50%
acetonitrile for 15min each time with sonication.
The extracted solutions were pooled and evaporated
to dryness under vacuum. Samples were dissolved in
0.1% formic acid in 50% acetonitrile and analyzed
by LC-nanoESI-MS/MS. Proteins were identified
by MS/MS ion search using the search program
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MASCOT and the NCBI protein and EST sequence
databases. For MS/MS ion search, the mass
tolerance parameter was 0.25 Da, MS/MS ion mass
tolerance was 0.25Da, and up to one missed
cleavage was allowed. Variable modifications con-
sidered were methionine oxidation and cysteine
carboxyamidomethylation. Significant hits (as de-
fined by Mascot probability analysis) were regarded
as positive identification.

2.4. EST-based transcription analysis of identified
protein genes

This analysis used two cDNA libraries, PmTwI
(WSSV-infected) and PmTwN (non-infected). To
construct these libraries, RNA was extracted from
P. monodon postlarvae (PL20) that had either been
exposed to WSSV by immersion 66h previously
(for PmTwI), or else were left unchallenged (for
PmTwN). From the extracted RNA, cDNA was
synthesized by RT-PCR, and the two libraries were
then constructed using a A-Zap II vector construc-
tion kit (Stratagene), followed by conversion to the
pBluescript plasmid by mass excision according to
the manufacturer’s instructions. From these
libraries, a total of 14152 ESTs (7335 from PmTwI;
6817 from PmTwN) were generated by subjecting
randomly selected clones to 3’ sequencing. The raw
traces were base-called by running Phred (Q>13),
and the resultant sequences were then masked for
pBluescript vector and WSSV (AF440570) using the
“Cross_match” package with default parameters
(minimatch 12, penalty —2, minscore 20). The Prap
assembly program produced a total of 2183 and
2075 unique sequences from PmTwI and PmTwN,
respectively, and these were then checked for
matches in the GeneBank nr (non-redundant)
peptide sequence databases (http://www.ncbi.
nlm.nih.gov) and SWISS PROT (http://www.ebi.
ac.uk/swissprot/) using BlastX and InterPro Scan
with default parameters. After checking, there were
still 2155 unique sequences that remained un-
matched, but these were further subjected to 5
sequencing and analysis as above, and ultimately all
but 1056 unique sequences were successfully identi-
fied. After the genes had been identified, the gene
ontology (GO) database (http://www.geneontology.
org/) was used to classify the ESTs by biological
process, cellular component, and molecular func-
tion. In addition, the Kyoto Encyclopedia of Genes
and Genomes (KEGG http://bioinfo.weizmann.
ac.il:3456/kegg/kegg.html) [35] was used to classify

the genes according to their biochemical roles. To
identify genes that might be differentially expressed,
the number of EST clones that matched the gene in
each library was expressed as a percentage relative
to the total number of ESTs in the same library.

2.5. Time-course RT-PCR

WSSV-challenged L. vannamei were sampled at 0
(i.e., immediately before infection), 6, 12 and 36 hpi.
Total RNA was extracted from the stomachs of the
L. vannamei harvested at each time point. The
stomachs (n = 3) from each time point were pooled,
purified with TRIzol Reagent (Invitrogen) and then
treated with RNase-free DNase I (Roche) to remove
any residual DNA. First strand cDNA synthesis
was performed using the oligo-dT primer, and 2 pl
(1 pg) of the cDNA was subjected to PCR in a 50-pl
reaction mixture containing an appropriate primer
pair (Table 1). For comparison, an ICP11 gene
fragment was also amplified from the same tem-
plates by the primer pairs ICP11-F/ICP11-R. A
shrimp beta-actin primer set, actinF1/actinR1, was
used as an internal control for RNA quality and
amplification efficiency. To confirm there was no
WSSV DNA contamination of the RNA samples, a
WSSV genomic DNA-specific primer pair, IC-F2/
IC-R3, derived from an intergenic region of the
WSSV genome, was also used as a quality control.

3. Results

3.1. 2-DE analysis and protein identification of
protein spots in stomach cells of WSSV-infected
shrimp

Mortality among the WSSV-infected shrimp
approached 50% at 48 hpi and at this time, the
stomachs of surviving PBS control (mock-infected)
and WSSV-infected shrimp were collected and
subjected to 2-DE. After staining with sypro ruby,
automatic detection of the protein profiles revealed
500 protein spots (Fig. 1). A total of 75 eligible spots
(i.e. spots that were present in three replicates) were
subjected to LC-nanoESI-MS/MS and submitted to
database searches for peptide matching and protein
identification. Table 2 showed the 53 protein spots
that were successfully identified. Some proteins were
identified in more than one spot (e.g. glyceralde-
hydes-3-phosphate dehydrogenase in spots 37, 38
and 43). For the known proteins, the experimental
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Table 1
Primers used in temporal RT-PCR analysis

Target gene

Primer name

Primer sequence (5'-3')

Glycoaldehyde-3-phosphate dehydrogenase

Fructose-bisphosphate aldolase

Enolase

Cytochrome C oxidase polypeptide VIb

Calcium-binding protein alpha-B and -A chains, SCP alpha chain

ICP11

Beta actin

GAPDH-F 5-CGAGTGCTCCTACGATGATCAAGG-3'
GAPDH-R 5-GTACTTAGCGTCGAAGATGGAGGACC-3'
Aldolase-F 5'-CAACGTTGAGAACACCGAGGAGAACC-3'
Aldolase-R 5-GTTCTTGCCGATCTTCAGGACACAGC-3
Enolase-F 5-CAACCAGATTGGCAGTGTGACAGAGTC-3’
Enolase-R 5'-CAAACTTAGCATTGCCTCCAAGCTCCTCC-3
COX6b-F 5'-GCATATGTCTGAGGAAGCTAAAATGGAAACTG-3
COX6b-R 5-CCTCGAGTCCTGGGAAGATTCCATTATC-3
CBP-F 5'-CCAGGGCAAGAAATACGGCGAATTCC-3'
CBP-R 5'-CGCTGCAAGACTCATCAGGGTTGG-3¥
ICP11-F 5-CCATATGGCCACCTTCCAGACTGAC-3
ICP11-R 5'-CCTCGAGTTCTGTTGTTGGCACAATC-3
Actin-F 5'-GAYGAYATGGAGAAGATCTGG-3

Actin-R 5-CCRGGGTACATGGTGGTRCC-3'

and theoretical MW and pl were mostly in close
agreement (Table 2).

3.2. Differential analysis of WSSV-infected and
mock-infected stomach cells

For normalization purposes, we regarded beta
actin as an invariable protein in response to WSSV
infection because its mean intensity (spot 20) in
the four replicates for the PBS controls (96,497
15,246,292;  18,453,858; 15,785,132; mean =
12,395,445) was always very close (within 5%) to
the four corresponding replicates for the WSSV-
infected samples (99,023; 16,145,483; 19,094,090,
17,171,348; mean = 13,127,486). To normalize the
spot intensities before they were compared, the
intensity of each protein spot as measured in the gels
was corrected by reference to the beta-actin protein
intensity in the same gel. The changes in accumu-
lated protein levels for the 53 spots were presented
as ratios (*standard deviation) that represent the
normalized, accumulated protein expression levels
at 48 hpi relative to the mock-infected PBS controls.
As shown in Table 2, WSSV infection for 48h
caused no change (defined as <50% change, ratios
between 0.67 and 1.5) for 24 spots, while the other
27 spots showed at least a 50% increase
(ratios > 1.5) or decrease (ratios <0.67) in intensity.

The differentially expressed genes in the stomach
included only one WSSV gene, the non-structural

protein ICP11 (spotl), which was strikingly in-
creased. Differentially expressed host genes had
functions that included: chitin and chitodextrin
hydrolysis (up-regulation of chitinase [spot 3]);
carbohydrate metabolism and/or energy production
(up-regulation of cytochrome oxidase polypeptide
VIb [spot 16], enolase [spots 32 and 33], the alpha
and beta subunits of mitochondrial ATP synthase
[spots 7 and 47], triosephosphate isomerase [spot 24;
but spot 31 was unchanged], glyceraldehydes-3-
phosphate dehydrogenase [spots 37 and 38; but spot
43 was unchanged] and fructose biphosphate
aldolase [spot 41; but spots 42 and 48 were
unchanged]); nucleic acid synthesis (up-regulation
of nucleoside diphosphate kinase [spot 46]); the
major pathway for metabolite flux through the
mitochondrial outer membrane (up-regulation of
voltage-dependent anion-selective channel protein 2
[spot 51]); signaling/communication (up-regulation
of a 14-3-3 like protein [spot 11] and a putative
activated protein kinase C receptor [spot 50]);
oxygen carrier/transportation (up-regulation of
hemocyanin [spot 28]); structure/mobility (up-reg-
ulation of Rab GDP dissociation inhibitor [spot 18]
and down-regulation of calponin [spot 45]); tricar-
boxylic-acid (TCA) cycle (up-regulation of aconi-
tase [spot 27] and isocitrate dehydogenase [spot 30]);
calcium homeostasis (up-regulation of sarco/endo-
plasmic reticulum (ER)-type calcium-transporting
ATPase [spot 6], and down-regulation of a calcium
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Fig. 1. 2-DE protein profiles of the stomachs of experimental shrimp. (A) IPG 3-10, PBS control, (B) IPG 3-10, WSSV infected, (C) IPG
4-7, PBS control, (D) IPG 4-7, WSSV infected. Eligible protein spots that showed consistent expression change or were constant during
WSSV infection are circled. Numbers correspond to the entries in Table 2.

binding protein of the invertebrate sarcoplasmic
calcium-binding protein (SCP) family [spot 13]);
calcium binding chaperone (up-regulation of
calreticulin [spot 2]); SUMO related modification
(down-regulation of a small ubiquitin-like modifier
[spot 14]); carotenoid astaxanthin binding (down-
regulation of crustacyanin A2 subunit [spot 25]);
and digestion related activity (down-regulation of
trypsin [spot 4], carboxypeptidase B [spot 8] and
chymotrypsin [spot 12]).

WSSV infection did not affect the accumulated
levels of several other important proteins with
functions that include cellular components (tropo-
myosin isoforms [spot 9], beta-actin [spot 20] and
actin-depolymerizing factor [spot 26]), the ATP
buffering system/resistance to environmental stres-
ses (cytosolic malate dehydrogenase [spots 21 and
23] and arginine kinase [spots 35 and 36]), protein
folding activity (protein disulfide isomerase [spot 29]),
transportation (intracellular fatty acid-binding
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protein [spot 53]), antioxidant activity (catalase
[spot 39]) and amino acid catabolism (aspartate
aminotransferase [spot 49]).

3.3. EST analysis of gene transcription levels

Out of the 53 protein spots that were identified,
39 spots (a total of 30 genes) were cross-referenced
in two P. monodon cDNA libraries and EST
databases, PmTwl and PmTwN (Table 3). The
relative EST abundances of 11 of these protein
genes were quite consistent with the corresponding
changes in accumulated protein levels in Table 2,
namely: the increased transcription levels of enolase,
fructose biphosphate aldolase, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), mitochon-
drial ATP synthase and nucleotide diphosphate
kinase; the decreased transcriptional level of cal-
cium-binding protein alpha chain, SUMO proteins,
carboxypeptiase B, chymotrypsin BI, trypsin and
crustacyanin A2. From this we conclude that
regulation of the accumulated protein levels of these
genes is mediated by regulation at the transcription
stage. We note, however, that for two genes, the
data were inconsistent in the two tables: tropomyo-
sin and intracellular fatty acid-binding protein were
both down-regulated according to Table 3, but their
protein levels were unchanged in Fig. 1 and Table 2.
Other genes (including phosphoglycerate mutase
and calreticulin) were not sufficiently well
represented in the EST databases to derive mean-
ingful data.

3.4. Time-course transcriptional and translational
analysis of selected differentially expressed genes

Time-course RT-PCR assays were used to confirm
the expression levels of several genes that were
consistently up- or down-regulated in both the
proteomic analysis and EST database analysis. Three
of the seclected up-regulated genes were for three
enzymes in the glycolytic pathway (glyceraldehydes-
3-phosphate dehydrogenase, fructose biphosphate
aldolase and enolase). Also selected were the down-
regulated gene for the calcium-binding protein
SCP alpha chain, the energy production-related
gene for cytochrome c¢ oxidase polypeptide VIb
(which had up-regulated protein levels [Table 2],
but which was only represented once in the EST
databases), and the WSSV gene for the non-
structural protein ICP11. The differential mRNA
levels of these genes in the time-course RT-PCR

(Fig. 2) showed that the transcription levels of the
calcium-binding protein decreased dramatically at
the late phase (12 and 36hpi), which is in good
agreement with the two-fold decrease found in the
EST and proteomic analyses. The other RT-PCR
results were also in broad agreement with the
EST and proteomic analyses: GAPDH and
fructose biphosphate aldolase and enolase-produced
transcripts that increased at 6hpi and remained
fairly constant thereafter, and increases in the
cytochrome ¢ oxidase subunit VIb and WSSV non-
structural protein ICP 11 transcripts were also
observed.

The 2-DE time course results for the same 7 genes
(Figs. 3A and B) are also broadly in agreement with
the proteomic, EST and RT-PCR analyses. The
expression levels of GAPDH (spots 37 and 38),
fructose biphosphate aldolase (spot 41), enolase
(spots 32 and 33), and cytochrome c oxidase subunit
VIb (spot 16) were all increased after WSSV
infection. However, the calcium-binding protein
SCP alpha chain (spot 13), WSSV infection resulted
in an increase at 12hpi, but a decrease thereafter
(Figs. 1, 3A and B). The divergence between the
RT-PCR and 2-DE results for this gene may be due
to the different regulation mechanisms for tran-
scription and translation.

4. Discussion

The aim of this study was to characterize host
protein expression changes in shrimp stomach cells
after WSSV infection. To do this, we combined
proteomic and EST approaches to explore these
interactions at the molecular level. Both of these
technologies are powerful, high through-put tools
that can quickly identify differentially expressed
genes associated with a disease at the transcriptional
and (in effect) the translational levels, respectively.
A better understanding of host response to WSSV
will help to elucidate this unique pathogen’s
mechanisms of virulence and pathogenesis, and
here we identified 26 host proteins and 1 WSSV
protein with altered abundance at the mRNA
and/or protein levels after WSSV infection. Most
of these proteins have important biological roles in
the cell, and should be useful for identifying
potential biomarkers as well as development of
antiviral measures. We now attempt to interpret the
possible biological significance of the observed
infection-induced changes.
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Table 3

681

Increase/decrease in relative EST abundance of protein genes in the PmTwl (WSSV infected) and PmTwN (non-infected) Penaeus

monodon postlarva cDNA libraries

Spot Gene name PmTwI* (No/ PmTwN® (No Relative abundance after
percentage%) Percentage%) infection®

Glycolysis

32,33 Enolase 26/0.355 16/0.235 1.51

41, 42, 48 Fructose-bisphosphate aldolase 6/0.082 3/0.044 1.86

37, 38, 43 Glyceraldehyde-3-phosphate dehydrogenase 11/0.150 1/0.015 10.00

44 Phosphoglycerate mutase 1/0.014 0/0 0

24, 31 Triosephosphate isomerase 5/0.068 5/0.073 0.93

Calcium homeostasis

2 Calreticulin 1/0.014 0/0 0

13 Calcium-binding protein alpha chain 18/0.245 41/0.601 0.41

Signaling | communication

11 14-3-3b protein 1/0.014 0/0 0

Energy production

16 Cytochrome ¢ oxidase polypeptide VIb 1/0.014 0/0 0

7 Mitochondrial ATP synthase beta subunit 3/0.041 0/0 0

TCA cycle

21 Cytosolic malate dehydrogenase 4/0.041 1/0.015 2.73

30, 34 Isocitrate dehydrogenase 3/0.041 4/0.059 0.69

Cellular component

20 Actin 62/0.845 66/0.968 0.87

9 Slow tropomyosin isoform 3/0.041 22/0.322 0.13

ATP buffering system/resistance to environmental stress

35, 36 Arginine kinase 42/0.572 32/0.469 1.22

Protein folding activity

29 Protein disulfide-isomerase 2/0.027 1/0.015 1.80

Transportation

53 Intracellular fatty acid binding protein 0/0 6/0.088 0

Antioxidant activity

23 Superoxide dismutase like protein 2/0.027 1/0.015 1.80

Amino acid catabolism

49 Aspartate aminotransferase 1/0.014 0/0 0

SUMO related modification system

14 Small ubiquitin-like modifier 2/0.027 4/0.059 0.46

Structure/mobility

26 Actin-depolymerizing factor 0/0 1/0.015 0

Digestion related activity

8 Carboxypeptidase B 0/0 2/0.029 0

3,39 Chitinase 3/0.041 2/0.029 1.41

12 Chymotrypsin BI 2/0.027 11/0.161 0.17

10 Preamlase 0/0 4/0.059 0

4,5 Trypsin 4/0.041 101/1.480 0.03

Major pathway for metabolite flux through the mitochondrial outer membrane

S1 Voltage-dependent anion-selective channel protein 2 0/0 1/0.015 0

Carotenoid astaxanthin binding activity

25 Crustacyanin A2 subunit 4/0.041 13/0.101 0.41

Nucleobase, nucleoside and nucleotide interconversion

46 Nucleoside diphosphate kinase 37/0.504 2/0.029 17.38

ATP binding/Caspase activation

17 Valosin containing protein-1 1/0.014 0/0 0

aTotal ESTs = 7335.
®Total ESTs = 6817.

“The relative abundance of a gene transcript is defined as the percentage of the ESTs matched to a gene in PmTwI divided by the

percentage of the ESTs matched to the same gene in PmTwN.
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Glyceraldehyde-3-phosphate dehydrogenase

Fructose-bisphosphate aldolase

Enolase

Cytochrome c oxidase polypeptide VIb

Calcium-binding protein, SCP alpha chain

ICP11

Beta-actin

Fig. 2. Temporal RT-PCR transcription analysis for 7 selected genes. These time-course results are quite consistent with the

corresponding changes in accumulated protein levels.

4.1. Energy production

Our present results show a marked or moderate
increase in accumulated protein levels in key
glycolytic enzymes (glyceraldehydes-3-phosphate
dehydrogenase, fructose biphosphate aldolase and
enolase). Up-regulation was also observed in the
oxygen carrier hemocyanin, in the electron
transport chain protein cytochrome c¢ oxidase
polypeptide VIb (a subunit of cytochrome oxidase,
the terminal enzyme of the respiratory chain that
transfers electrons to molecular oxygen, which then
reacts with hydrogen ions to form water), and in
both the alpha and beta subunits of mitochondrial
ATP synthase. Taken together, the increased avail-
ability of oxygen and the increased levels of some
key glycolytic enzymes and oxidative respiration
enzymes would suggest that oxidative respiration
was enhanced in WSSV-infected cells. If so, this
would allow the infected cells to increase their
energy yield by extracting energy from glucose
through aerobic respiration to yield ATP. Bearing
in mind that WSSV is an extremely virulent
pathogen with a very rapid onset [4], it seems
probable that the up-regulation of these energy
production-related proteins might not only meet the
requirement of a large burst of oxygen and energy
during rapid virus replication, but would also
facilitate energy-dependent detoxification (which

would help the cells tolerate the environmental
changes caused by WSSV infection) as well as other
energy-dependent biological processes. Improving
the survival capability of the infected cells also
benefits WSSV because cell-survival is essential for
successful virus replication.

4.2. Nucleic acid synthesis

In addition to energy production, we also note
that several of the proteins that are up-regulated
after WSSV infection have roles in energy-depen-
dent processes. For example, when nucleotide
triphosphates (NTPs) are synthesized from nucleo-
tide diphosphates (NDPs), the high-energy phos-
phate transfer from ATP proceeds via the
phosphorylated NDP kinases, and NDP kinase is
up-regulated after WSSV infection. NDP kinases
provide NTPs for nucleic acid synthesis, CTP for
lipid synthesis, UTP for polysaccharide synthesis
and GTP for protein elongation, signal transduction
and microtubule polymerization. NDP kinases are
also involved in cell growth, differentiation, and
tumor metastasis [36], and the control of endocy-
tosis through the regulation of dynamin [37]. All of
these functions are potentially important for WSSV
replication.
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Fig. 3. Temporal 2-DE profiles and quantitative relative
abundance for the same 7 genes (12 spots) shown in Fig. 2. (A)
2-DE spots of shrimp stomachs experimentally infected with
WSSV for the indicated times. The WSSV non-structural protein
ICP11 and beta-actin are also shown and used as reference
proteins. (B) Plotted data represent the intensity of each protein
spot after normalization relative to the beta-actin protein
intensity (spot 34) in the same gel. Each bar represents the
average relative abundance of 2-DE gels from two independent
experiments. An asterisk indicates a marked (> 50%) increase or
decrease relative to the immediately previous sampling time.

4.3. Calcium homeostasis

Through the course of the virus infection cycle,
the intracellular Ca®>* concentration is critical for
events such as virus infection and capsid transpor-
tation to the nucleus [38]. Moreover, increases in
intracellular Ca®" concentration have been asso-
ciated with many host cell defense responses, such
as apoptosis. The modulation of calcium related
proteins during WSSV infection is, therefore, likely
to be important.

Our present results show the protein expression
levels of three calcium-related proteins were altered
after WSSV infection. Expression of sarco/ER-type
calcium pump-ER Ca’>"-ATPase was up regulated

about 7-fold. This protein is located on the ER
membrane and its function is to refill the ER with
Ca’". Another up-regulated protein, calreticulin, is
an important molecular chaperone involved in
“quality control” within secretory pathways. This
protein is also involved in the regulation of
intracellular Ca®>* homeostasis and it increases the
Ca®" storage capacity of the ER [39]. The third
calcium-related protein, invertebrate SCP (SCP-
alpha chain) was down regulated. SCP-alpha chain
has three Ca®"-binding sites that are common to
EF-hand-type Ca® " -binding proteins. The EF-hand
calcium-binding proteins have remarkable sequence
homology and structural similarity, and they func-
tion in Ca®" buffering. A decrease in the accumu-
lated levels of a protein in this family might,
therefore, disrupt normal physiological function by
interfering with the Ca®* -dependent signaling path-
way [40,41], but it is interesting that several WSSV
proteins (e.g. the proteins encoded by WSSV ORFs
136 and 486 in GenBank Accession No AF440570)
contain an EF-hand calcium-binding motif that
would allow them to take over this function.

4.4. Voltage-dependent anion-selective channel

Another up-regulated protein was the voltage-
dependent anion channel (VDAC). In addition to
providing the major pathway for metabolite flux
through the outer mitochondrial membrane, VDAC
also binds to any hexokinase (HK) that translocates
to the mitochondrial membrane. VDAC-bound HK
is then able to use intramitochondrial ATP to
phosphorylate glucose, which is the first step of
glycolysis [42,43]. VDAC-bound HK also has an
anti-apoptotic function [44,45], but even through
apoptosis is inhibited in WSSV-infected cells [27],
we did not find any evidence here that HK was up-
regulated.

4.5. Cellular signaling

14-3-3b protein was also up-regulated after
WSSV infection. Proteins in the 14-3-3 family are
involved in cellular processes such as signal trans-
duction, cell-cycle control, apoptosis, stress re-
sponse and malignant transformation by binding
to specific phosphorylated sites on diverse target
proteins [46,47]. In our previous study (Wu et al.,
submitted), we found that WSSV infection led to
elevated 14-3-3 protein levels in lymphoid organ
cells and, to a lesser extent, in stomach cells as well.
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However, in the lymphoid cells, up-regulation of
14-3-3 protein was related to apoptosis, whereas in
the stomach cells, apoptosis did not occur. All these
results show that 14-3-3 proteins are up-regulated in
stomach cells, but suggest that the up-regulation of
14-3-3b protein is not related to apoptosis. Instead,
we tentatively conclude that it must be related to
other cellular processes that are often modulated
during virus infection, such as, for instance, cell-
cycle control.

4.6. Possible multifaceted roles of glycolytic
enzymes:. GAPDH, fructose biphosphate aldolase and
enolase

As noted above, the protein profiling of WSSV-
infected cells revealed an increase in GAPDH and
fructose biphosphate aldolase (aldolase) proteins
and their corresponding mRNAs. GAPDH is one of
the key enzymes in the glycolysis pathway. After
aldolase breaks fructose-1,6-diphosphate into gly-
ceraldehyde-3-phosphate (G3P) and dihydroxyace-
tone phosphate, GAPDH oxidizes G3P and reduces
NAD " to NADH. This not only facilitates energy
production but also creates a reducing environment
to protect macromolecules from being damaged by
free radical/reactive oxygen species during virus
infection. There was also an increase in another
NAD " /NADH-dependent enzyme, isocitrate dehy-
drogenase, which is additional evidence of the
importance of NADH in the WSSV-infected cells.
Lastly, an increase in the levels of NADH would be
useful to WSSV because such a large virus would be
expected to use the cell machinery to synthesize
many organic molecules, and NADH can supply the
reducing equivalents that are critical for the
biogenesis of carbohydrates and fats.

An increasing number of diverse non-glycolytic
activities of GAPDH have been reported, including
macromolecular transport, microtubule bundling,
nuclear tRNA transport and apoptosis [48,49].
GAPDH has also been variously implicated in virus
infections: in the replication of Hepatitis Delta
Virus, GAPDH interacts with viral RNA and
enhances ribozyme catalysis [50], and it has also
been reported that the GAPDH mRNA level of
human adherent monocytes is markedly increased
during vaccinia virus infection [49]. GAPDH
interacts with multi-function 14-3-3 proteins in
plants [51] and it is curious to note that the
expression of a 14-3-3-like protein also increased
after WSSV infection, although there is not yet

any evidence that this binds with GAPDH to regulate
apoptosis or any other of its multi-functions.

Finally, it has recently been shown that the
muscle-specific calmodulin-dependent protein ki-
nase forms a complex with the glycolytic enzymes
GAPDH, aldolase and enolase at the sacroplasmic
reticulum membrane [52]. This may provide another
mechanism for controlling Ca®* release and signal-
ing. Since we have shown here that GAPDH,
aldolase and enolase are the only three glycolytic
enzymes to be up-regulated (at both the mRNA and
protein levels) during WSSV infection, it will be
interesting to determine whether such a complex
exists in WSSV-infected cells.

In conclusion, the results presented here are
basic data that will be a useful starting point for
many subsequent studies. In particular, the pro-
teome maps (Fig. 1), which were very consistent
across multiple replications, should provide a
reliable baseline reference for identifying potential
biomarkers in future immuno-stimulant or vaccina-
tion studies, as well as in assays of anti-viral
drugs.
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