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ARTICLE INFO ABSTRACT

Viral capsid proteins play an important role in the viral infection process. To identify the cellular proteins in
shrimp that interact with the Penaeus stylirostris densovirus capsid protein (PstDNV-CP), we constructed a yeast
two-hybrid (Y2H) cDNA library of the muscle tissue of Litopenaeus vannamei, and hybridized the bait vector
PGBKT7-CP with this library. Cloning and sequencing showed that the shrimp protein interacting with PstDNV-
CP was a homolog of BRCA2 and CDKN1A(p21)-interacting protein (BCCIP). We named this protein L. vannamei
BCCIP (LvBCCIP). Further analysis showed that LvBCCIP interacted with L. vannamei calmodulin (LvCaM). We
validated the interactions between PstDNV-CP and LvBCCIP, and between LvBCCIP and LvCaM, with GST
pulldown assays. The gene expression of LvBCCIP increased significantly after PstDNV challenge. In addition, the
PstDNV titer of PstDNV-challenged shrimp was significantly reduced after LvBCCIP expression was inhibited
using double-stranded RNA (dsRNA) interference. These results indicated that LvBCCIP is critical to PstDNV
pathogenesis in L. vannamei. Interestingly, the growth rate of L. vannamei was significantly reduced when
LvBCCIP gene expression was silenced, indicating that LvBCCIP may also be associated with growth regulation in
L. vannamei. Thus, the interaction between PstDNV-CP and LvBCCIP might explain why PstDNV infection leads
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to runt-deformity syndrome in shrimp.

1. Introduction

The Pacific white shrimp (Litopenaeus vannamei), also known as the
white shrimp or the whiteleg shrimp [1], is one of the three most
commonly-farmed shrimp species in the world [2]. However, in recent
decades, the L. vannamei aquaculture industry has been threatened by
several viral pathogens, including white spot syndrome virus, Taura
syndrome virus, and Penaeus stylirostris densovirus (PstDNV) [3].
PstDNV, also known as infectious subcutaneous and hematopoietic
necrosis virus (IHHNV) [4], is particularly important, infecting both
farmed and wild shrimp [5]. PstDNV is the smallest of the known
shrimp viruses [6]: the PstDMV virion is a non-encapsulated icosahe-
dron with a diameter of 22nm [6]. The nucleic acid of the PstDMV
virion is a 4.1 kb linear single-stranded DNA molecule, containing only
three open reading frames (ORFs) [7]. Two of these ORFs encode non-
structural proteins (NS1 and NS2), and one ORF encodes the capsid
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protein (CP) [7,8]. In L. vannamei, PstDNV may lead to runt-deformity
syndrome (RDS), which is characterized by slow growth and morpho-
logical malformations [9]. Although RDS is generally not fatal [10], this
disease causes severe economic losses due to reduced yields and irre-
gular body shapes [11,12]. In order to prevent and effectively treat
RDS, a thorough characterization of the molecular mechanism of RDS is
urgently needed.

Viral capsids play various necessary roles in viral infections [13]. In
non-enveloped viruses, the capsid encapsulates and protects the viral
nucleic acid, enabling the initial virus-host interaction [14]. After re-
ceptor binding, viruses are internalized by the host cell; the outer viral
shell then breaks down, delivering viral genomic and accessory proteins
into the host [13]. After the virion invades the host, it interacts with
host proteins, blocking normal physiological activities, and causing a
series of gene- and protein-regulation disorders [15,16]. Therefore,
studying the interaction between the viral capsid and shrimp cellular
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proteins might clarify the mechanisms by which PstDNV infects shrimp
and RDS is triggered.

Here, we aimed to identify the L. vannamei cellular proteins that
interact with the PstDNV viral capsid using yeast two-hybrid (Y2H)
assays; Y2H is powerful technique that detects both transient and stable
interactions between proteins [17]. We also aimed to characterize the
role of these interactions during the PstDNV infection process and
during the growth of infected L. vannamei using real-time quantitative
PCR (qRT-PCR) and RNA interference.

2. Materials and methods

2.1. Screening for the cellular proteins interacting with PstDNV-CP using
Y2H

Total RNA was extracted from the muscle tissue of L. vannamei using
Trizol reagent (TaKaRa, Japan), following the manufacturer's instruc-
tions. Double-stranded ¢cDNA was synthesized using SMART cDNA
synthesis kits (TaKaRa, Japan), and short cDNA fragments were re-
moved using CHROMA SPIN TE-400 columns (Clontech, USA). cDNAs
were then recombined with pGADT7-Rec vectors (Clontech, USA), and
transferred into yeast Y187 (Clontech, USA) to construct a cDNA Y2H
library. The primers IN-F and IN-R (Table 1) were designed based on
the genomic DNA sequence of PstDNV (GenBank accession no. NC_
002190.2) [18] wusing Primer Premier v6.2 (http://www.
premierbiosoft.com) [19]. The PstDNV-CP gene sequence was ampli-
fied using PCR. The PCR cycling program was as follows: preheating at
94 °C for 30s; then 35 cycles of 94 °C for 30, 58 °C for 30s and 72°C
for 1 min, and a final extension at 72 °C for 10 min.

The recombinant bait vector pGBKT7-CP was constructed using the
Fusion HD Cloning Kit (Clontech, USA), following the manufacturer's
instructions. After testing the autoactivation and toxicity of pGBKT7-CP
(following the instructions in the Clontech Matchmaker Gold Yeast
Two-Hybrid System User Manual), the single colony containing
PGBKT7-CP was resuspended in 2 X YPDA medium (Clontech, USA),

Table 1
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mixed with the Y2H library, and transferred to a 2L conical flask. The
flask was incubated at 30 °C with shaking at 45 r/min for 24 h, and then
centrifuged at 1000 x g. The precipitate was resuspended in 10 mL of
0.9% NaCl, and 150 pL aliquots of this resuspension were spread on
SD/-Ade/-His/-Leu/-Trp plates. Plates were cultured at 30°C in the
dark for 5 days. Clones larger than > 2 mm in diameter were selected
and cultured on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/Aba plates at 30 °C
in the dark for 5 days. Blue clones were randomly selected and then
sequenced by the Beijing Genomics Institute (Beijing, China).

We searched for sequences homologous to the L. vannamei gene
sequence in GenBank using BLAST (http://www.ncbi.nlm.nih.gov/
BLAST) [20]. Based on our results, we named the novel gene
LvBCCIP. The open reading frame (ORF) of LvBCCIP was identified with
ORF finder(https://www.ncbi.nlm.nih.gov/orffinder), while the mole-
cular weight and the isoelectric point of the encoded protein were de-
termined with pI/Mw tool (http://web.expasy.org/compute_pi/). Con-
served protein domains were identified with Pfam (http://pfam.xfam.
org/) [21]. The nine protein sequences most homologues to LvBCCIP
were downloaded from GenBank. A neighbor-joining (NJ) phylogenic
tree was constructed based on this multiple protein sequence alignment
with Mega v5.1 [22].

2.2. Y2H screening for cellular proteins interacting with LvBCCIP

To identify cellular proteins interacting with LvBCCIP, we designed
the primers BC-F and BC-R (Table 1), based on the LvBCCIP gene se-
quence, with Primer Premier v6.2 (http://www.premierbiosoft.com)
[19]. After PCR amplification of the LvBCCIP gene sequence, the re-
combinant bait vector pGBKT7-LvBCCIP was constructed using the In-
Fusion HD Cloning Kit (Clontech, USA), following the manufacturer's
instructions. Next, the vector pGBKT7-LvBCCIP was hybridized with the
Y2H library to identify the cellular protein interacting with LvBCCIP as
described in Section 2.1. Preliminary results indicated that L. vannamei
calmodulin (LvCaM) interacted with LvBCCIP.

Primers used in this study. The primers 18s-F and 18s-R have been previously published [26]; all other
primers were designed in this study using Primer Premier v6.2 (http://www.premierbiosoft.com).
Underlining indicates restriction sites for cloning.

Name

Sequence (5"-3")

Primers for plasmid construction
IN-F

IN-R

BC-F

BCR

GST-CP-F

GST-CP-R

GST-CaM-F

GST-CaM-R

V5-LvBCCIP-F

V5-LvBCCIP-R

Primers for real-time quantitative PCR
18s-F

18s-R

LvBCCIP-F

LvBCCIP-R

PstDNV-F

PstDNV-R

Primers for RNA interference
T7-LvBCCIP-F

T7-LvBCCIP-R

GAGGACCTGCATATGATGTGCGCCGATTCAACAAGAGCA
GGCCGAATTCCCGGGTTAGTTAGTATGCATAATATAACA
CATGGAGGCCGAATTCATGTCTGGCCCGATGAAGAA
GCAGGTCGACGGATCCTCAATATACAGCATCTTTCACTT
CGCGGATCCATGTGCGCCGATTCAACAAGAG
CCGCTCGAGCGTTAGTTAGTATGCATAATATAAC
CGCGGATCCATGGCTGATCAACTGACTGAAGAAC
CCGCTCGAGCGGTCACTTCGAGGTCATCATC
CGCGGATCCATGTCTGGCCCGATGAAGAAACC
CCGCTCGAGCGATATACAGCATCTTTCACTTTC

GCCTGAGAAACGGCTACCACATC
GTAGTAGCGACGGGCGGTGTGT
ATGAAGGAATGGGTAACGGTG
GCTGTCCTAAGACCTGCTATGC
CATGGAGGCCGAATTCATGTTATATCTCTATGGTCTAAAGAGC
GCAGGTCGACGGATCCTTATTTAAGTTCGTCTCCATTTGGTCC

GGATCCTAATACGACTCACTATAGG TGCCAGCGATTCAACAAACC
GGATCCTAATACGACTCACTATAGGATGAGCACTCGTCGGTAAGG

LvBCCIP-F1 TGCCAGCGATTCAACAAACC
LvBCCIP-R1 ATGAGCACTCGTCGGTAAGG
T7-egfp-F GGATCCTAATACGACTCACTATAGGGTGCCCATCCTGGTCGAGCT
T7-egfp-R GGATCCTAATACGACTCACTATAGGTGCACGCTGCCGTCCTCGAT
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2.3. Preliminary verification of protein—protein interactions

Positive yeast colonies (identified based on sequencing results)
grown in sections 2.1 and 2.2 were selected and cultured at 30 °C in the
dark for 24 h. Yeast plasmids were extracted and co-transfected with
pGBKT7-CP or pGBKT7-LvBCCIP into yeast Y187 (Clontech, USA). Al-
ternatively, yeast plasmids were extracted and co-transfected with
PGBKT7-CaM or pGBKT7-LvBCCIP into yeast Y187 (Clontech, USA).
After culture at 30 °C for 24 h in the dark, yeast suspensions were spread
on different SD/-Ade/-His/-Leu/-Trp/X-a-Gal/Aba plates. Plates were
incubated at 30 °C in the dark for 5 days. Blue colonies were considered
positive clones.

2.4. Glutathione S-transferase (GST) pulldown verification

2.4.1. Construction and expression of the pIZ-V5-LvBCCIP plasmid

The primers V5-LvBCCIP-F and V5-LvBCCIP-R (Table 1) were de-
signed based on the LvBCCIP ORF sequence using Primer Premier (V
6.2) (http://www.premierbiosoft.com) [19]. After PCR amplification,
the amplicons were ligated to vector pIZ-V5 to construct the pIZ-V5-
LvBCCIP plasmid. The pIZ-V5-LvBCCIP plasmid was transfected into
High-Five cells (Invitrogen, USA) using Cellfectin II kits (Invitrogen,
USA), following the manufacturer's instructions. High-Five cells were
sampled before and after transfection. Sampled cells were fixed with
4% paraformaldehyde, stained with 4’,6-diamidino-2-phenylindole,
and then incubated with rhodamine-labeled goat anti-mouse antibody
at 30 °C in the dark for 2 h. We then observed the expression plasmid in
the High-Five cells under a fluorescence microscope (Olympus, Japan).
After 48 h of transfection, the medium was aspirated and the cells were
washed once in phosphate buffer saline (PBS) (containing 1% Triton X-
100 and 100 x protease inhibitor). Washed cells were resuspended in
1 mL of pre-cooled PBS. The cell suspension was transferred to a 1.5 mL
centrifuge tube, and sonicated on ice at 300 W for 15 min. After soni-
cation, the solution was centrifuged at 14,000 x g at 4 °C for 10 min. The
supernatant was collected for GST pull-down.

2.4.2. Construction of the GST-CP and GST-CaM expression plasmids

The primers GST-CP-F, GST-CP-R, GST-CaM-F, and GST-CaM-R
were designed based on the PstDNV genome sequence (GenBank ac-
cession no. NC_002190.2) [18] and the LvCaM gene sequence (GenBank
accession no. HQ832611.1; Table 1) [23]. The expression plasmids
PGEX-6P-1-CP and pGEX-6P-1-LvCaM were constructed and separately
transfected into Escherichia coli strain BL21. The plasmid pGEX-6p-1
was transfected into E. coli strain BL21 as a control. Single colonies
were selected and inoculated into 5mL of Luria-Bertani (LB) culture
medium (containing 100 pg/mL ampicillin). We then added Isopropyl
B-p-1-thiogalactopyranoside (IPTG) (Solitaire, China) to the culture
medium to a final concentration of 0.5 mM. The bacterial solution was
then cultured at 37 °C with shaking at 200 x g until the optical density
at 600 nm (ODgg) was 0.6. The culture was then induced for an ad-
ditional 24 h at 16 °C with shaking at 200 X g. After induction, cells were
collected by centrifugation at 4°C and 5000 X g for 5min, then re-
suspended in 5mL PBS (containing 1% Triton X-100 and 100 X pro-
tease inhibitor). The suspension was then sonicated on ice at 300 W for
30 min. The sonicated cells were centrifuged at 4 °C and 14,000 x g for
10 min, and the supernatant was collected. We then detected the pro-
tein expression of GST-CP and GST-CaM in the supernatant using so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis with Coomassie blue staining [24].

2.4.3. GST-pull down and western blot analysis

Aliquots of the supernatant prepared in Section 2.4.1 (containing
the protein expressed by the pIZ-V5-LvBCCIP plasmid) were added
three different glutathione agarose resins, bound to GST, GST-CP, or
GST-CaM. The mixtures were incubated overnight at 4 °C with gentle
shaking, and then centrifuged at 2000 x g for 3 min. The supernatants
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were removed. Each precipitate was rinsed five times with 1 mL of pre-
cooled PBS, and centrifuged at 2000 x g for 1 min. For each tube, the
PBS was aspirated as much as possible, and then 50 pL of 2 x SDS
loading buffer was added. Each mixture was placed in a boiling water
bath for 10 min, and centrifuged at 12,000 X g for 1 min. The super-
natants were separated using SDS-PAGE [24], and the separated pro-
teins were transferred to PVDF membranes (Amersham Biosciences,
Sweden). The PVDF membranes were placed in blocking solution (5%
w/v skim milk powder dissolved in 1 X TBST, 20 mM Tris-HCI, 150 mM
NaCl, and 0.1% Tween 20; pH 7.6) with the anti-V5-HRP antibody
(diluted 1:5000 in the blocking solution; Life Technology, USA) at room
temperature for 3 h. After incubation, each PVDF membrane was wa-
shed three times with TBST (10 min per wash), and then incubated with
ECL chemiluminescence reagent [25] for 2minat 30 °C. Membranes
were then exposed using X-ray film.

2.5. Expression of LvBCCIP in L. vannamei after PstDNV challenge

Specific pathogen free L. vannamei were acclimated to the aquarium
equipment for two days before the challenge. Shrimp were randomly
divided into experimental and control groups (n = 36 per group). Each
experimental shrimp was injected with 100 uL of PstDNV solution
(~10° PstDNV copies/uL of solution), and each control shrimp was
injected with 100 uL PBS. At 0, 2, 4, 6, 8, 12, 24, 36, 48, 60, 72, and
84 h after injection, the hepatopancreas of three shrimp per group were
collected for RNA extraction.

Total RNA was extracted from the hepatopancreas using TRIzol
Reagent (Invitrogen, USA). qRT-PCR was performed with SYBR Premix
Ex TaqTM II kits (TaKaRa, Japan), following the manufacturer's in-
structions. The qRT-PCR cycling program was as follows: preheating at
95 °C for 30 s; then 40 cycles of 95 °C for 5s and 60 °C for 30 s. We used
18S RNA as the internal reference gene; 18S RNA was amplified using
the primers 18s-F and 18s-R [26] (Table 1). The primers PstDNV-F and
PstDNV-R for detection of viral titer were listed in Table 1. LvBCCIP was
amplified using the primers LvBCCIP-F and LvBCCIP-R (Table 1), which
were designed based on the LvBCCIP gene sequence using Primer Pre-
mier v 6.2 (http://www.premierbiosoft.com) [19]. Three parallel qRT-
PCRs were performed for both the experimental and the control groups.
The relative mRNA expression levels of LvBCCIP were calculated using
the 2724CT method [27], and significant differences in expression be-
tween the experimental and control groups were identified using Stu-
dent's t-test. We considered P < 0.01 statistically significant.

2.6. Synthesis of dsSRNA

dsRNAs were used to silence LvBCCIP gene expression. First, the
enhanced green fluorescent protein gene (egfp) was synthesized using
the T7 RiboMAX Express RNAi System (Promega, USA), following the
manufacturer's instructions. The primers T7-LvBCCIP-F, T7-LvBCCIP-R,
LvBCCIP-F1, and LvBCCIP-R1 (Table 1) were used to synthesize dsRNA-
LvBCCIP. The primers T7-egfp-F, T7-egfp-R, egfp-F and egfp-R (Table 1)
were used to synthesize dsRNA-egfp. The reaction contained 10 pL ri-
boMAXTM express T7 2 X Buffer, 1 ug template DNA, 2 pL enzyme mix,
and nuclease-free water to make 20 uL. The reaction volume was in-
cubated at 37 °C for 3h. The sense and antisense RNA strands were
mixed in equal volumes and annealed at 70°C for 10 min to form
dsRNA.

2.7. Effects of LvBCCIP gene silencing on PstDNV proliferation

Specific pathogen-free (SPF) L. vannamei were randomly divided
into three replicate control groups and three replicate treatment groups
(n = 20 per group). Each shrimp in each treatment group was injected
at the second abdominal segment with 20 ug of dsSRNA-LvBCCIP, while
each shrimp in each control group was injected at the second abdom-
inal segment with 20 ug of dsRNA-egfp. Each shrimp was identically re-
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injected after 24 h. At 0h, 24h, 36 h, 48 h, 60 h and 72 h after the first
dsRNA injection, hemocyte samples were collected from three ran-
domly-selected shrimp per group for RNA extraction. We then de-
termined the efficacy of the dsRNA injection using qRT-PCR. The qRT-
PCR cycling program was as follows: preheating at 95 °C for 30s; then
40 cycles of 95°C for 5s and 60 °C for 30s.

At 72h after the first dsRNA injection, each shrimp was injected
with 100 uL of the PstDNV solution (~10° PstDNV copies/pL of solu-
tion). At 12h, 24h, 36 h, 48h, 60h, and 72h after the PstDNV injec-
tion, three shrimp were selected from each replicate. We quantified the
viral load of each shrimp using qRT-PCR. First, total genomic DNA was
extracted from each shrimp using Marine Animal Genomic DNA
Extraction kits (Tiangen, China), following the manufacturer's instruc-
tions. Next, genomic DNA was used as a template for qRT-PCR. We
tested whether there was a significant difference in the viral load of the
treatment group as compared to the control group using Student's t-test.

2.8. Effect of LvBCCIP gene silencing on shrimp growth

Specific pathogen-free L. vannamei were randomly divided into
three replicate control groups and three replicate treatment groups
(n = 36 per group). Each shrimp in each treatment group was injected
with 20 ug dsRNA-LvBCCIP (diluted in 100 pL PBS), while each shrimp
in each control group was injected with 20 ug dsRNA-egfp (diluted in
100 pL PBS). Each shrimp was identically re-injected after 24 h. Shrimp
were then fed normally for 40 days, with a third identical dsRNA in-
jection after the first 20 days. After 40 days, the body weight of each
shrimp was measured. We tested whether there was a significant dif-
ference in body weight in the treatment group versus the control group
using Student's t-test.

3. Results
3.1. Identification of the L. vannamei protein that interacts with PstDNV-CP

The titer of the cDNA Y2H library that we constructed from the
muscle tissues of L. vannamei was more than 2.0 X 10° colony forming
units (cfu)/ml, and the cell density was 1.7 X 108 cells/ml. We detected
neither self-activation nor toxicity when the bait vector pGBKT7-CP was

Fig. 1. Screening of the Litopenaeus vannamei cDNA library with the Penaeus
stylirostris densovirus (PstDNV)-capsid protein, showing positive (blue) and
negative (white) clones on SD/-Leu-Trp-His-Ade/X-a-Gal/Aba agar plates. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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introduced into yeast. After the introduced yeast was hybridized with
the Y2H library, we selected 19 positive (blue) clones from those grown
on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/Aba plates (Fig. 1). All the se-
quences of the 19 positive clones were identical and were highly
homologous to previously published BRCA2 and CDKN1A(p21)-inter-
acting protein (BCCIP) gene sequences from other species, including
mediterranean fruit fly (Ceratitis capitata) (accession no. JAC02094.1),
Atlantic salmon (Salmo salar) (accession no. ACI67438.1), coleseed
sawfly (Athalia rosae) (accession no. XP_012255522.1), pharaoh ant
(Monomorium pharaonis) (accession no. XP_012538062.1), common
carp (Cyprinus carpio) (accession no. XP_018948384.1), Chinese ham-
ster (Cricetulus griseus) (accession no. RLQ70359.1), tropical clawed
frog (Xenopus tropicalis) (accession no. NP_001004968.1), salmon louse
(Lepeophtheirus salmonis) (accession no. ADD24052.1), human (Homo
sapiens) (accession no. AAL55438.1), climbing perch (Anabas testudi-
neus) (accession no. XP_026206301.1), emu (Dromaius novaehollandiae)
(accession no. XP_025971656.1), Nile tilapia (Oreochromis niloticus)
(accession no. XP_003441823.1), Burmese python (Python bivittatus)
(accession no. XP_007434157.1), rock pigeon (Columba livia) (accession
no. PKK28042.1) and eastern oyster (Crassostrea virginica) (accession
no. XP_022289211.1). We thus named the L. vannamei gene LvBCCIP.
The LvBCCIP gene sequence was submitted to GenBank (accession no.
KP247565). The LvBCCIP gene was 1027 base pairs (bp) long, and
contained an 882 bp open reading frame (ORF), encoding 293 amino
acids (aa) with a calculated molecular weight of 33.164 KDa and an
isoelectric point of 4.336. Domain analysis of the LvBCCIP protein se-
quence revealed that LvBCCIP had a BCCIP domain characteristic of the
BCCIP family. BLAST searches against GenBank showed that the BCCIP
domain of LvBCCIP was highly conserved among species. Our NJ
phylogenetic tree indicated that LvBCCIP formed a clade with the
BCCIP proteins of other arthropods, distinct from the BCCIP proteins of
vertebrates (Fig. 2).

3.2. Identification of the L. vannamei protein that interacts with LvBCCIP

To identify proteins interacting with LvBCCIP, we constructed the
bait vector pGBKT7-BCCIP. We detected neither self-activation nor
toxicity when the bait vector pGBKT7-BCCIP was introduced into yeast.
After the introduced yeast was hybridized with the Y2H library, we
selected 13 positive (blue) clones from those grown on SD/-4/X-a-Gal/
Aba plates. Sequencing showed that their sequences were identical.
BLAST searches against GenBank showed that the sequences of the 13
positive clones were highly homologous to the L. vannamei calmodulin
(LvCaM) gene sequence. Thus, our preliminary results indicated that
LvBCCIP interacted with LvCaM.

3.3. Preliminary verification of protein-protein interactions

Positive (blue) yeast colonies co-transformed with pGBKT7-CP and
PGADT7-BCCIP grew on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/Aba plates
(Fig. 3A), as did positive (blue) yeast colonies co-transformed with
PGBKT7-BCCIP and pGADT7-CaM (Fig. 3B). This preliminarily verified
the interaction between PstDNV-CP and LvBCCIP, and between
LvBCCIP and LvCaM.

3.4. GST-pulldown verification

To verify the PstDNV-CP/LvBCCIP and LvBCCIP/LvCaM interac-
tions, we first constructed the expression plasmid pIZ-V5-LvBCCIP.
After transfection, fluorescence microscopy showed that pIZ-V5-
LvBCCIP was expressed in High-Five cells, suggesting that plasmid
construction had been successful (Fig. 4). Our SDS-PAGE results in-
dicated that the expression plasmids pGEX-6p-CP and pGEX-6p-LvCaM
had been successfully constructed, and that the GST, GST-CP, and GST-
CaM proteins were expressed in E. coli (Fig. 5). Our western blot results
indicated that LvBCCIP was pulled down by both GST-CP (Fig. 6A) and
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1 TACATACGACGTACCAGATTACGCTCATATGTGGCCATTACGGCCGGGGGCAGTICTIGCCT
61 GAGAAGCCGACCGTGACTATCATGTICIGGCCCGATGAAGARACCACGTGCTGTITITCCA
1 M S G P M K K PRA AV F P
121 GAAGAGGAATATGTICCCAGAGGAGAGTGATGAGGARATGGAGCAGGACGAGATGATAGGG
14 E E E Y V P EE S DEEMEQDUEMMTIG
181 CAAATGATCAATGTGGACTTTGAAGGTTTCCCTGCARATGATTCGGACTTTCATGGGATC
34 Q M I NV D FEGVF PAND S DU FHG I
241 AAGAGGTTACTCCAGCARAACCTAAGAGGTCTTIGATGTAGACATCTICTGGAATTGCAGAT
54 K R L L Q O NL R GUL D VDI S G I A D
301 ACAGTTATATCACAGAACTATGTIGGGATCAGTTATARAACAAGTTGGAGGTGAAGRAGAT
74 T ¥ I 8 g 8% ¥Y v 6@ S ¥Y I K VY &6 &6 EE D
361 GGTGAGGATGAGGATGARRATGAAGGAATGGGTAACGGTGAGGAGGACAATGATGAAGTG
94 G E D E D ENEGMGNGEE DNDE V
421 TTTGGTGTAACTTICTGTCATTAACCTARCATCCAGARAGGATGARACTTGCATAGCAGGT
114 ¥ &6 VT S ¥ I B L2 &R EDET C I AG
481 CTTAGGACAGCTCTTIGTGGARARAAGTTCTGCCCATGCCAGCGATTCAACARACCARATG
134 L R T A L V E K S S A HA S D S TNQM
541 CTGCGGGAAATCCTTAGTAATGAGAGTARACATGTGGGATTTTTGATCTCGGAGAGAGTG
154 L R E X 2 5 B E S ERBRYS T I1L I S EZRNTDY
601 ATCAACCTTCCACCACAGTITITCCCTGCCAGTGTTTGAGAGCTTAGGARAAGGAAGTAGAR
174 I NL P P Q F S L PV FE S L GKE V E
661 GAGGCARRAAANGALGARRATGCCATACRACTTTICCTATCTTICTGTITGATATCARAAGTA
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901 CTCATCCTAGATGCTAGCCGCATGCCTGAGATTATIGTIGARAGTGARAGATGCTGTATAT
274 L I L DA S RMUPEI I V KV KDAV Y
961 TGAATTATTGGTTATIGARATAGTAATARATTCAGARATACAARARALALALALADADAN
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Fig. 2. Sequence analysis of Litopenaeus vannamei
BCCIP. (A) Nucleotide and deduced amino acid se-
quences of Litopenaeus vannamei BCCIP. (B)Neighbor-
joining phylogeny of the BCCIP proteins of Litopenaeus
vannamei and fifteen other species, downloaded from
GenBank and the accession numbers are as follows:
Ceratitis capitata (JAC02094.1), Salmo salar

(ACI67438.1), Athalia rosae (XP_012255522.1),
Monomorium pharaonis (XP_012538062.1), Cyprinus
carpio (XP_018948384.1), Cricetulus griseus

(RLQ70359.1), Xenopus tropicalis (NP_001004968.1),
Lepeophtheirus salmonis (ADD24052.1), Homo sapiens
(AAL55438.1), Anabas testudineus (XP_026206301.1),
Dromaius novaehollandiae (XP_025971656.1),
Oreochromis niloticus (XP_003441823.1), Python bi-
vittatus (XP_007434157.1), Columba livia (PKK28042.1),
Crassostrea virginica (XP_022289211.1). The numbers at
the branches show the percent bootstrap majority con-
sensus values after 1,000 replicates.

GST-CaM (Fig. 6B). These results again suggested that PstDNV-CP and
LvBCCIP interacted, as did LvBCCIP and LvCaM.

3.5. Expression of LvBCCIP in L. vannamei after PstDNV infection

Our qRT-PCR results showed that LvBCCIP gene expression levels
were significantly higher than those of the uninfected control 36-72h
after PstDNV infection (P < 0.05), peaking at 48h and returning to

202

basal levels at 84 h (Fig. 7). In contrast, LvBCCIP gene expression levels
in the uninfected control remained stable throughout the observation
period (0-84 h; Fig. 7).

3.6. In vivo interference with LvBCCIP gene expression

We next tested whether the injection of dSRNA-LvBCCIP would af-
fect LvBCCIP gene expression in L. vannamei. Our qRT-PCR results



D. Zeng, et al.

indicated that LvBCCIP gene expression was significantly down-
regulated in the shrimp injected with dsRNA-LvBCCIP, as compared to
those injected with dsRNA-egfp (p < 0.01; Fig. 8). This indicated that
the injection of dsRNA-LVBCCIP effectively interfered with LvyBCCIP
gene expression.

3.7. Effects of LvBCCIP gene silencing on PstDNV proliferation

After injection with either dSRNA-LVBCCIP or dsRNA-egfp, shrimp
were challenged with PstDNV. Our qRT-PCR results indicated that
shrimp injected with dsRNA-LVBCCIP tended to have fewer copies of
PstDNV 36-72 h after PstDNV injection, as compared to shrimp injected
with dsRNA-egfp (Fig. 9). At 72h after PstDNV injection, shrimp in-
jected with dsRNA-LVBCCIP had significantly fewer copies of PstDNV
than did shrimp injected with dsRNA-egfp (p < 0.01; Fig. 9). This
suggested that the inhibition of LvBCCIP gene expression reduced
PstDNV proliferation.
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Fig. 3. Yeast two-hybrid (Y2H) verifications of the inter-
actions between (A) the Penaeus stylirostris densovirus
(PstDNV)-capsid protein and Litopenaeus vannamei BCCIP,
and (B) Litopenaeus vannamei BCCIP and Litopenaeus van-
namei calmodulin (CaM). Co-transfected yeast was spread
on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/Aba plates; blue co-
lonies indicate a positive result. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

3.8. Effects of LvBCCIP gene silencing on the growth of L. vannamei

After injection with either dSRNA-LVBCCIP or dsRNA-egfp, shrimp
were allowed to feed normally. After 40 days, the average body weight
of shrimp injected with dsRNA-LVBCCIP was significantly lower than
that of the shrimp injected with dsRNA-egfp (p < 0.01; Fig. 10). Thus,
shrimp growth rate was significantly reduced after the inhibition of
LvBCCIP gene expression.

4. Discussion

PstDNV is one of the most important viral pathogens affecting
shrimp [5]. PstDNV infections in L. vannamei, although not lethal, cause
RDS, which leads to slow growth and reduces economic value [10].
Therefore, the identification of interactions between PstDNV and host
proteins increases our understanding, not only of RDS pathogenesis, but
also of the regulatory proteins involved in shrimp growth.

Fig. 4. Expression of the plasmid pIZ-V5-LvBCCIP in
High-Five cells, as observed under a fluorescence micro-
scope. (A) Unstained High-Five cells. Scale bar = 100 um.
(B) High-Five cells stained with 4/,6-diamidino-2-pheny-
lindole; blue indicates the nucleus. Scale bar = 100 pm.
(C) High-Five cells treated with rhodamine-labeled goat
anti-mouse antibody; red indicates LvBCCIP. Scale
bar = 100 um. (D) Merge of (A), (B), and (C). Scale
bar = 100 um. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 5. Expression of GST, GST-CP, and GST-CaM plasmids in Escherichia coli, as
detected by dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie blue staining. The expected molecular weights of GST, GST-CP, and
GST-CaM were 26.0 kDa, 63.4 kDa and 42.5 kDa, respectively.

As PstDNV encodes only three proteins, this virus is good model for
studies of the interactions between viral and host proteins. However,
the interactions between PstDNV proteins and host proteins have been
little investigated. It has been reported that the protein encoded by
PstDNV ORF2 interacts with actin in the shrimp Marsupenaeus japonicus
[28], and that the PstDNV capsid protein interacts with troponin I in L.
vannamei [29]. Here, our results indicated that PstDNV-CP interacted
with LvBCCIP.

To the best of our knowledge, this is the first report of the cloning of
a BCCIP gene in shrimp. BCCIP, originally identified as a BRCA2 and
Cipl/p21 interacting protein, contains a sequence similar to the cal-
cium-binding protein, calmodulin [30]. Thus, BCCIP is potentially a
calcium-binding protein. The BCCIP gene is indispensable for cell sur-
vival and genetic stability, playing important roles in cell cycle reg-
ulation, the homologous recombination repair of DNA damage, and the
maintenance of genomic stability [31]. Studies have shown that in-
sufficient BCCIP inhibits ribosome function and S7 promoter function,
restricting cell proliferation, and thereby affecting cell growth and
tumor development [32,33]. However, most of the available studies of
BCCIP function have been performed in human cells. Although BCCIP is
highly conserved among vertebrates and invertebrates, the function of
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Fig. 7. LvBCCIP gene expression (relative to 18sRNA) in the hemocytes of
Litopenaeus vannamei after challenge with Penaeus stylirostris densovirus
(PstDNV; orange bars) or PBS (control; green bars). Asterisks above bars in-
dicate a significant difference in relative gene expression as compared the
control. *, P < 0.05; **, P < 0.01. The error bars show the standard deviation
of three biological replicates. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

BCCIP in invertebrates has not been reported. Thus, the role of BCCIP in
shrimp immunity remains unclear.

Our results also indicated that the LvCaM protein interacted with
LvBCCIP. CaM, the primary intracellular and intramembranous calcium
(Ca®™") receptor, detects free Ca®™ and converts changes in Ca®* con-
centration into metabolic states [34]. The CaM gene has been cloned in
several shrimp species, including Procambarus clarkia [35], Penaeus
monodon [36], Crangon crangon [37] and L. vannamei [23]. As one of the
most important intracellular second messengers, Ca>™ plays a key role
in signal transduction [38]. Signal transduction regulates cellular pro-
cesses by activating various signaling pathways, including cell division,
secretion and differentiation, nerve conduction, DNA replication and
repair, muscle contraction, circulating nucleotide metabolism, and
glycogen metabolism [39]. CaM binds and regulates a variety of protein
targets, including protein kinases, phosphatases, phosphatases, and
cytoskeletal proteins; in this way, CaM affects many different cellular
functions [40]. In animals, CaM or CaM-associated signaling pathways
are involved in host defense against bacterial infections, suggesting that

Fig. 6. Western blots showing the Glutathione S-trans-
ferase (GST) pulldown verifications of the interactions
between (A) the Penaeus stylirostris densovirus (PstDNV)-
capsid protein and Litopenaeus vannamei BCCIP, and (B)
Litopenaeus vannamei BCCIP and Litopenaeus vannamei
calmodulin (CaM). Input, expression proteins of GST,
GST-CP, and GST-CaM plasmids.

M <—LvBCCIP

204
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Fig. 8. LvBCCIP gene expression (relative to 18sRNA) after injection with
double-stranded RNA (dsRNA) of LvBCCIP (orange bars) or dsRNA of the en-
hanced green fluorescent protein (egfp) gene (control; blue bars). Asterisks
above bars indicate a significant difference in relative gene expression as
compared the control. **, P < 0.01. The error bars show the standard deviation
of three biological replicates. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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dsRNA-egfp
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Fig. 9. Effects of LvBCCIP gene silencing on Penaeus stylirostris densovirus
(PstDNV) proliferation. Orange bars represent shrimp in which LvBCCIP ex-
pression was inhibited using double-stranded RNA; green bars represent con-
trols, in which LvBCCIP expression was unchanged. Asterisks above bars in-
dicate a significant difference in relative gene expression as compared the
control. **, P < 0.01. The error bars show the standard deviation of three
biological replicates. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

CaM may play an important role in immunity [41]. In a recent study,
CaM was identified as a potential regulator of growth of belonoid fishes
[42].

Therefore, we speculated that LvBCCIP might affect the growth and
immunity of L. vannamei by interacting with LvCaM. Indeed, our results
showed that the inhibition of LVBCCIP gene expression significantly
reduced shrimp body weight, indicating that LvBCCIP is an important
regulator of body growth in L. vannamei. As PstDNV-CP interacted with
LvBCCIP, this interaction might explain why PstDNV infection leads to
RDS in shrimp. However, it remains unclear whether LvBCCIP interacts
with additional proteins to affect shrimp growth; this question requires
further study. In addition, when LvBCCIP gene expression in L. van-
namei was inhibited, the proliferation of PstDNV was significantly re-
duced. This indicated that LvBCCIP plays an essential role in the pro-
liferation of PstDNV. However, the mechanisms underlying this effect
require further study.
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Fig. 10. Effects of LvBCCIP gene silencing on the growth of Litopenaeus van-
namei. Red bars represent shrimp in which LvBCCIP expression was inhibited
using double-stranded RNA; blue bars represent controls, in which LvBCCIP
expression was unchanged. *, P < 0.01. The error bars show the standard
deviation of three biological replicates. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)
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