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ARTICLE INFO ABSTRACT

Keywords: Thrombospondins (TSPs) are extracellular, calcium-binding glycoproteins that play an essential role in cell
Thrombospondin homeostasis and development, wound-healing, angiogenesis, connective tissue organization, immune response
Penaeus monodon etc. and it conserves from sea sponges to mammals. However, their role in shrimp immunity is poorly under-
WSSV ) stood. In the present study, the differential expression profiling of TSP transcripts in Penaeus monodon tissues
immunostimulants . . . . .

p-glucan such as gills, lymphoid organs, hepatopancreas, and hemolymph challenged with white spot syndrome virus

(WSSV), were studied by quantitative real-time PCR. Further, shrimps fed with the immunostimulant ($-glucan)
when challenged with WSSV showed significant upregulation of TSP expression in gills, hepatopancreas, and
lymphoid organ at the early phase of WSSV infection. The results suggest that TSP may be an inducible acute
phase response protein to WSSV infection. The possibility of differences in mRNA expression pattern seen in
immunostimmulated shrimp after the viral challenge, possibility due to altered immune mechanisms getting

triggered during immunostimulant administration and virus infections in the host.

1. Introduction

Thrombospondins (TSPs) are extracellular, multidomain, calcium-
binding glycoproteins, which play an essential role in cell homeostasis
and development, wound-healing, immune response, and tumor growth
of adult tissues in animals [1]. In the case of vertebrates, TSPs exhibit
many complex tissue-specific roles such as activities in wound healing
and angiogenesis, vessel wall biology, connective tissue organization,
synaptogenesis, and also in the pathological processes of various car-
diovascular diseases [2-4]. They have been highly conserved, right from
sea sponges to mammals [5]. TSP was first identified in association with
platelet membranes as a thrombin-sensitive protein [6]. There are five
known members of the TSP family, namely TSP-1, TSP-2, TSP-3, TSP-4,
and TSP-5/COMP (cartilage oligomeric matrix protein). The association
of TSP-4 with tissue inflammation and pro-inflammatory differentiation
of macrophages in-vivo was reported by Rahman et al. [7]. The
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nucleotide and amino acid sequence of TSPs has been reported in many
vertebrates, such as chicken [8], human [9], bovine [10], and rat [11].
Besides vertebrates, the protein has also been characterized in some
invertebrates like Drosophila melanogaster [12], Marsupenaeus japonicus
[13], Fenneropenaeus chinensis [14], and Penaeus monodon [15].

Our knowledge and understanding of the function and mechanism of
action of TSPs in crustaceans are limited apart from its role as a physical
barrier and protective component to the eggs as they form a gelatinous
layer. Their role in initiating the sperm acrosome reaction present in
water-soluble components of P. monodon cortical rods and its function as
an anti-bacterial agent has been reported [13,14,16]. The black tiger
shrimp, P. monodon is an economically significant penaeid shrimp
cultured worldwide in large quantities. However, its susceptibility to
viral pathogens is a constant threat to shrimp production. White spot
disease, caused by white spot syndrome virus (WSSV), is the most
important shrimp disease, and the infection leads to cumulative
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mortality of up to 100% within 3-10 days in cultured shrimp [17].

The shrimp defense mechanism is predominated by the innate im-
mune response to get rid of invaders. Although considerable progress
has been made in understanding the interaction between host and
pathogen, the knowledge of genes involved in the immune response
against viral infection is far from clear in crustaceans. A better under-
standing of the shrimp response will undoubtedly help design more
efficient strategies for the control and management of viral pathogens.
This study aimed to investigate the expression pattern of TSP gene in the
tissues of WSSV challenged black tiger shrimp and see the efficacy of
f-glucan as an immunostimulant for the expression of TSP during WSSV
infection.

2. Materials and methods
2.1. Experimental animals

Healthy black tiger shrimp (P. monodon) (n = ~100), weighing
approximately 20 g each, were collected from the University farm,
Marine Fisheries Research and Information Center (MFRIC), Ankola,
Karnataka, India. The maintenance, feeding, screening for WSSV, and
Vibrio harveyi infection in the stock etc. was done as detailed in our
previous study [18].

2.2. WSSV challenge studies

Shrimps were randomly separated into three groups of ten each. The
first group was healthy, unchallenged, normal shrimps. Shrimps from
the second group were injected with 0.1 ml TN buffer (20 mM Tris-HCI,
400 mM NaCl, pH 7.4), and the third group was infected with 0.1 ml
WSSV inoculum containing 3.9 x 10° viral copies by intramuscular in-
jection using a syringe with a 26-gauge needle [18]. The gills, lymphoid
organs, hepatopancreas, and hemolymph samples were collected at 2,
12, 24, and 48 h post-challenge from three randomly selected shrimp
from each group and stored at -80°C for further use. The hemolymph was
withdrawn from the ventral sinus located at the base of the first
abdominal segment by using an equal volume of pre-cooled modified
Alsever’s solution (MAS) as an anticoagulant [19].

2.3. Immunostimulation of shrimp and WSSV challenge studies

Commercial p-glucan derived from Saccharomyces cerevisiae was
obtained from M/S Mangalore Biotech Lab, India. Shrimp were equally
divided of ten each, and the groups were labeled as p-glucan-WSSV,
immunostimulant fed control, and untreated control. Shrimp were fed
with a commercial diet for one week to acclimatize them before the
experiment. A diet containing p-glucan (4g /kg) was given at the rate of
2% body weight twice a day for five days, followed by regular feed for
the next day. On the sixth day, shrimp was challenged with 3.9 x 10° of
WSSV inoculum [18]. Immunostimulant control and healthy untreated
control shrimps were maintained in the same manner as described
above. Gills, lymphoid organs, hepatopancreas, and hemolymph were
collected from randomly selected three shrimps after 2, 12, 24, and 48 h
post-infection and preserved as described previously.

2.4. cDNA preparation and reverse transcription (RT)-PCR analysis of
TSP gene

The extraction of total RNA from gills, lymphoid organs, hepato-
pancreas, and hemolymph was carried out using TRIzol™ Reagent
(Invitrogen, USA) as described in the manufacturer’s protocol. The
cDNA was prepared by using M-MLV reverse transcriptase (Invitrogen,
USA), oligodT;g primer (0.5 mg/ul), and about one microgram of total
RNA and stored at -20 C for further use. RT-PCR was employed to study
the expression of TSP mRNA in healthy shrimp tissues like gills,
lymphoid organs, hepatopancreas, and hemolymph. The TSP primer
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pair (Forward: 5’-GACGGATCCATGTTTGCAAA -3’; Reverse: 5’-
GACATGGGCCACAGGTATAGA -3’) was designed from the sequence of
TSP available in NCBI (GenBank accession no.: GU451715.1) using
Primer3 express software [20]. Elongation factor 1-alpha (EF1-a) gene
was used as the internal control [21]. The cDNA from all the above said
tissues were subjected to RT-PCR for the detection of both TSP and EF1-a
genes. The PCR program was as follows: denaturation at 95°C for 5 min,
followed by 35 cycles of 95 C for 30 s, 60°C for 30 s and 72°C for 30 s,
and a final extension step at 72 C for 10 min. The PCR products were
electrophoresed on 2% agarose gel containing ethidium bromide, and
the gel was viewed using UV- transilluminator (Gel Doc System, Hero
Lab Germany). The quantitative real-time PCR (qQPCR) assay was per-
formed using StepOnePlus Real-Time PCR Systems (Applied Biosystems,
USA) in a tube containing 2 x SYBR green super mixes (Roche, Ger-
many) as detailed in our previous study [18]. The relative expression
was determined by the 2722C; method [22]

2.5. Statistical analysis

The data were analyzed using one-way ANOVA using IBM SPSS V.21
software to determine the significance of gene expression among
different time points. An independent t-test was performed and consid-
ered statistically significant at p < 0.05.

3. Results
3.1. Distribution of TSP mRNA in shrimp tissues

The results of RT-PCR revealed the presence of TSP in all tissue
samples examined with different levels of expression (Fig. 1).

3.2. Expression of TSP gene in WSSV infected shrimp

A time-course study of the relative fold induction of TSP mRNA
transcript was determined after WSSV and TN buffer injection. Thus,
basal level gene expression in unchallenged shrimp served as a cali-
brator for each sample. The expression profile of TSP in gills after WSSV
infection is shown in Fig. 2A. Upregulation of TSP gene was observed in
all the time points in WSSV challenged shrimp. TSP transcripts upre-
gulated at 2 h post-challenge and then decreased quickly at 12 h post-
challenge in both WSSV and TN buffer injected groups and showed
minimum expression at 48 h post-challenge in both the groups. A sig-
nificant difference (p< 0.05) in expression between WSSV and TN
buffer injected group was observed in 12, 24, and 48 h post-infection
samples. A relatively similar kind of expression pattern was observed
in hepatopancreas as well. A significantly different expression pattern
was observed between different time points (Fig. 2C). The highest in-
duction of TSP transcripts in both WSSV and TN buffer was found at 2h
post-challenge. Later, the expression was gradually reached the lowest
after 48 h of the viral challenge. A remarkable difference in expression
(p< 0.05) was observed between WSSV, and TN buffer injected groups
only at 24 h post-challenge samples.

The level of TSP transcripts in lymphoid organs of WSSV challenged
shrimp exhibited 162-fold and 11-fold induction in 2 and 12 h post-

G HL HP LAy
EFla

Fig. 1. RT-PCR detection of EFla and TSP gene expressions from different
tissues of healthy P. monodon. Lane 1: Gills (G); Lane 2: Hemolymph (HL); Lane
3: Hepatopancreas (HP); Lane 4: Lymphoid organ (LO).

TSP




M. Rajeish et al.

>

50
3 WSSV
@@ Buffer control

40+

Relative fold expression of TSP in Gill

@ WSSV
@x  Buffer control

Relative fold expression of TSP in HP

© d

2h 12h 24h 48h

Fish and Shellfish Immunology Reports 2 (2021) 100020

B

200
° = WSSV
2 1504 = Buffer control
e
w
=
k]
g
2 15q
=
5
-
z 10 .
o
=
3 s
~

d
0 T
48h

D 184

164 = WSSV
a e Buffer control
=
= 144
A~
w
£ 124
=]
=
2
% 2.0
=
5
- .51
k]
Z 1.04
=
5
& (.54

0.0

2h 12h 24h 48h

Time interval

Fig. 2. The time-course relative expression profiles of TSP mRNA in P. monodon injected with WSSV and TN buffer (control). A: Gills; B: Lymphoid organ (LO); C:
Hepatopancreas (HP); D: Hemolymph (HL). The expression of genes in infected and buffer challenged group is normalized to reference gene, EFla, and furthermore,
calculated relative to its expression in untreated healthy shrimp. Vertical bars represented the mean + SE (N = 3). Statistically significant differences (t-test) between
WSSV infected and buffer control group is represented with an asterisk (*). One-way analysis of variance (ANOVA) followed by Duncan’s multiple range test was
performed to determine the significant changes in expression at different time points are denoted by letters (a, b, ¢, d). Differences were considered statistically

significant at p < 0.05.

infection but showed down-regulation after 24 and 48 h (Fig. 2B). In TN
buffer injected samples, the transcripts gradually increased from 2 to 24
h post-injection and then dropped at 48 h. The significantly different
expression (p<0.05) pattern between WSSV and buffer injected group
was noticed in 2, 12, and 24 h post-infection samples. The expression in
hemolymph showed distinctly different trends compared to that in gills,
lymphoid organs, and hepatopancreas. The mRNA transcript level of
hemolymph in WSSV infected shrimp was immediately downregulated
at 2 h after infection compared to the basal level expression in untreated
shrimp but increased continuously from 2 to 48 h post-infection
(Fig. 2D). In buffer challenged shrimp, gene expression downregulated
in all-time points except at 12 h post-challenge where 13-fold induction
was observed.

3.3. Expression of TSP gene in f-glucan fed shrimp post WSSV challenge

Expression of the TSP genes in WSSV challenged P. monodon when
supplemented with immunostimulant was determined by qPCR analysis.
Dietary inclusion of f-glucan significantly altered the TSP-mRNA
expression in the WSSV infected and immunostimulant control group
of P. monodon. The upregulation of TSP was noticed after the p-glucan
exposure in gill samples of both immunostimulant control and WSSV
challenged shrimp, and the increment became prominent at 12 h post-
challenge in both the cases (Fig. 3A). The relative expression level
suddenly elevated at 12 h post-challenge and then decreased lower than
the 2 h post-infection at 24 and 48 h. Significant expression (p < 0.05)
profile was observed at 12, 24, and 48 h post-challenge between
immunostimulant control and WSSV challenged shrimp. The

immunostimulant control showed higher relative fold expression of TSP
than the WSSV infected shrimp in all the time points. In the lymphoid
organs of WSSV challenged shrimp, TSP gene expression was down-
regulated at 2 h post-infection; however, it raised to the level of un-
treated samples at 12 h post-infection and again downregulated after 24
h. However, sharp upregulation of 32-fold induction was achieved after
48 h WSSV infection (Fig. 3B). In the case of immunostimulant control
shrimp, a significantly higher expression was recorded at 2 h post-
challenge than WSSV challenged shrimp. The expression level gradu-
ally decreased till 24 h post-challenge making it almost the level of
untreated shrimp. Nevertheless, the transcripts level touched the peak at
48 h post-challenge. At 2, 24, and 48 h post-challenge, the transcripts
level showed a remarkable difference (p < 0.05) between WSSV chal-
lenged and immunostimulant control groups.

TSP expression was downregulated in all the time points in the
hepatopancreas of WSSV challenged shrimp, and the trend was the same
in immunostimulant control shrimp except at 48 h post-challenge
(Fig. 3C). The transcript expression levels upregulated to 2.6-fold in
immunostimulant control than untreated samples at 48 h. The consid-
erable change (p < 0.05) of expression level between immunostimulant
control and WSSV challenged shrimp was observed at 24 and 48 h post-
challenge. The hemolymph samples showed upregulation of 8.6-fold,
and 4-fold in WSSV challenged shrimp at 2 and 12 h post-infection,
respectively, but later it dropped drastically (Fig. 3D). The immunosti-
mulant control samples exhibited downregulation at 2 h after challenge
and then raised up to the level of untreated samples at 12 h. The
expression was declined at 24 h post-challenge and recorded the incre-
ment in expression at 48 h. The significant change (p< 0.05) in the
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Fig. 3. The temporal relative expression profiles of TSP mRNA in p-glucan fed, WSSV challenged shrimp with immunosostimulant fed shrimp but without WSSV
challenge (control). A: Gills; B: Lymphoid organ (LO); C: Hepatopancreas (HP); D: Hemolymph (HL). [The expression of genes in infected and immunosostimulant
control group is normalized to reference gene, EFla, and furthermore, calculated relative to its expression in untreated healthy shrimp. Vertical bars represented the
mean + SE (N = 3). The statistically significant differences (t-test) between WSSV infected and immunosostimulant control group is represented with an asterisk (*).
One-way analysis of variance (ANOVA) followed by Duncan’s multiple range test was performed to determine the significant changes in expression at different time
points are denoted by letters (a, b, c, d). Differences were considered statistically significant at p < 0.05.

expression level between WSSV challenged, and immunostimulant
control was observed at time points of 2 and 12 h.

4. Discussion

Shrimp defense mechanisms primarily rely on their innate immunity
consisting of cellular and humoral components. The sustainability and
development of shrimp aquaculture are largely at stake because of
increasing viral diseases. WSSV is considered as the deadliest viral
pathogens of farmed shrimp. So, there is an immediate need to under-
stand the molecular basis of WSSV pathogenesis in shrimp. Under-
standing the shrimp defense system is a key element in establishing
strategies for the control of viral diseases in shrimp aquaculture.
Therefore, the identification and characterization of such immune
genes/ molecules may help to understand its role in the immune system
during host-viral interactions. TSPs are a family of five extracellular
calcium-binding proteins, which perform multiple functions [23] and
have been highly conserved from sea sponges to mammals [24]. In
crustaceans, only a few aspects of TSP functions have been studied, such
as its role as a physical barrier and protective component that prevents
polyspermy and mechanical damage to the eggs, an initiator of the
sperm acrosome reaction being present in water-soluble components of
P. monodon cortical rods as well as its function as an anti-bacterial agent
[13,15,16]. However, the information about the TSPs role in shrimp’s
defense system during viral infection and immunostimulation is still not

clear.

TSP genes have been identified in many penaeid shrimp such as
M. japonicus [13], F. chinensis [14], and P. monodon [25]. Previous
studies clearly indicated the remarkable difference in mRNA expression
of the TSPs in different tissues. Lawler et al. [26] demonstrated high
levels of TSP-4 expression in heart and skeletal muscle, low levels in
brain, lungs, and pancreas, and undetectable levels in the placenta, liver,
and kidney of human tissues. The highest level of TSP3 expression in
mice was found in the lungs, with lower levels of expression in bone, tail,
and skin [27]. Pongsomboon et al. [28] reported a robust transcriptional
upregulation of TSP upon WSSV and V. harveyi infection in the lymphoid
organ of P. monodon using an expressed sequence tag (EST) approach;
suggesting the role of TSP in the lymphoid organ’s immune function.

In the present WSSV challenge experiment studies in shrimp, strong
upregulation of TSP gene expression in gills, hepatopancreas, and
lymphoid organ from the infected group at 2 h post-challenge and
subsequent downregulation in expression after 12 h showed that TSP
might be an early gene and involved in a transient immune response to
the stimulation caused by WSSV. In hemolymph, the TSP transcripts
expression was downregulated initially. A gradual increment of
expression level was recorded as time progressed and resumed to the
same level of the untreated shrimp at 24 and 48 h post-challenge. A
similar observation was made by Wang et al. [29] in F. chinensis, and
they reported the upregulation of TSP expression in lymphoid organ and
hepatopancreas at early hours i.e., only at 5 h post live WSSV challenge
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but could not detect the gene expression in hemocytes. The strong
upregulation of TSP in lymphoid organs, hepatopancreas, and gills at the
early phase of WSSV infection suggests that TSPs are inducible and
might be associated with the host’s response to WSSV infection.

TSPs are extracellular, multidomain glycoproteins that modulate cell
behavior in homeostasis and during development and have the ability to
bind large numbers of calcium ions [30]. The downregulation of TSP
expression 12 h post-WSSV infection may negatively affect the host’s
calcium ion-binding ability and leads to the imbalance of the normal
calcium ion concentration-dependent physiological properties [29]. The
downregulation of DD9A gene, reported to participate in calcification of
the shrimp exoskeleton, may responsible for the abnormal deposit of
calcium salts, better known as white spots, on the shells of WSSV
infected shrimp [31]. Hence, we hypothesize the downregulation of TSP,
a potent calcium-binding molecule, and expression 12 h post-WSSV in-
vasion might contribute to the appearance of white spots as the disease
progresses on the exoskeletons of WSSV infected shrimp. The down-
regulation of TSPs may be due to the viral strategy to evade the host
defense mechanisms.

In the immunostimulant experiment, a differential temporal TSP
expression pattern was noticed in all the shrimp tissues tested in both
WSSV infected and immunostimulant control groups. Interestingly,
higher expression was noticed in shrimp gills, hepatopancreas, and
lymphoid organs of immunostimulant control group than WSSV chal-
lenged group. It is thought-provoking to note that p-glucan did not
induce the TSP gene in infected hepatopancreas. However, in the he-
molymph of p- glucan fed shrimp analysis revealed the contradictory
results to other tissues to WSSV invasion, where transcripts reached the
highest level at the early phase of infection and thereafter decreased
significantly and finally reached the normal level. Indeed, TSP gene
appears to be upregulated in response to WSSV infection in gills, he-
molymph, and lymphoid organs of p-glucan fed shrimp. The B-glucan
must have modified the shrimp response to viral challenge by inducing
an up-regulation of TSP genes. Istiqomah et al. [32] stated that the
power of immunostimulant for the induction of natural immunity in fish
and shrimp is very good for the management of its health against various
diseases. The different expression profiles of TSP following WSSV
challenge in the presence or absence of -glucan stimulation may be due
to different mechanisms corresponding to immunostimulant and virus
infection alone in shrimp or the presence of p-glucan. Shrimp must have
applied different strategies to counter-attack the virus.

In conclusion, the present study demonstrates TSP gene upregulation
in response to WSSV infection in a crustacean host (P. monodon) in the
presence and absence of f-glucan stimulation. TSP expressions showed
different profiles in f-glucan fed shrimp post-WSSV challenge compared
to WSSV infected shrimp without p-glucan stimulation, indicating the
different strategies for protecting by the host in two different infectious
conditions. The results suggested that TSP is an inducible acute-phase
protein that may significantly impact WSSV pathogenesis in crusta-
ceans in general and shrimp in particular.
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