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Identification of a Double-b-Defensin with Multiple
Antimicrobial Activities in a Marine Invertebrate

Bang Xiao,*,† Yue Wang,*,† Danrong Xian,*,† Taolin Fan,*,† Jianguo He,*,†,‡,§

and Chaozheng Li*,†,‡,§

b-Defensins are a family of cysteine-rich antimicrobial peptides that are generally monodomain. Interestingly, the avian b-defensin 11
(AvBD11) is unique, with two b-defensin motifs with a broad range of antimicrobial activities. However, a double-sized b-defensin has
not been identified and functionally characterized in invertebrates. In this study, we cloned and identified a double-b-defensin in shrimp
Litopenaeus vannamei (named LvDBD) and explored its potential roles during infection with shrimp pathogens Vibrio parahaemolyticus
and white spot syndrome virus (WSSV). LvDBD is an atypical double-sized defensin, which is predicted to possess two motifs related to
b-defensin and six disulfide bridges. The RNA interference�mediated knockdown of LvDBD in vivo results in phenotypes with increased
bacterial loads, rendering the shrimp more susceptible to V. parahaemolyticus infection, which could be rescued by the injection of
recombinant LvDBD protein. In vitro, rLvDBD could destroy bacterial membranes and enhance hemocyte phagocytosis, possibly
attributable to its affinity to the bacterial wall components LPS and peptidoglycan. In addition, LvDBD could interact with several viral
envelope proteins to inhibitWSSV proliferation. Finally, the NF-kB transcription factors (Dorsal andRelish) participated in the regulation of
LvDBD expression. Taken together, these results extend the functional understanding of a double-b-defensin to an invertebrate and suggest
that LvDBD may be an alternative agent for the prevention and treatment of diseases caused by V. parahaemolyticus and WSSV in
shrimp. The Journal of Immunology, 2023, 210: 1324�1337.

Invertebrates rely solely on innate immune responses to control
and clear invading pathogens. Antimicrobial peptides serve as
the first line of defense in innate immunity against a large spec-

trum of pathogens, such as bacteria, fungi, parasites, and viruses (1).
The primary function of antimicrobial peptides is the direct killing
or inhibition of invading pathogens. Generally, the antimicrobial
mechanism of most antimicrobial peptides involves membrane dis-
ruption via their direct interaction with certain membrane constitu-
ents (2, 3). In some cases, the hydrophilic and hydrophobic regions
of an antimicrobial peptide confer the ability to bind both lipid com-
ponents and phospholipid groups of the microbial membrane, caus-
ing the disintegration of the lipid bilayer structure (4, 5).
b-Defensins are a class of antimicrobial peptides characterized by

a conserved b-sheet-rich fold stabilized with three pairs of intramo-
lecular disulfide bridges by six conserved cysteine residues that are
linked in the 1�5, 2�4, and 3�6 pattern (6, 7). b-Defensins are ubiq-
uitous and present in all vertebrates but only in some invertebrates.
For example, in a recent study, a native form b-defensin-like pep-
tide from Homarus americanus was identified and characterized by

mass spectrometry (8). Among vertebrate defensins, the family of
avian b-defensin 11 (AvBD11) has a unique structure composed of
two b-defensin domains by the typical disulfide array Cys1�Cys5,
Cys2�Cys4, and Cys3�Cys6 (9). These “polydefensins” have not
been reported in mammals. The reasons for the emergence of such
polydefensins during evolution in particular lineages of vertebrates
and functional gain over conventional “monodefensins” have not
been fully determined (10). Gga-AvBD11 was richly detected in the
chicken egg and embryo, and it possessed broad antimicrobial activity
against Gram-positive and -negative bacteria, parasites, and viruses
(9, 11). Besides, the N-terminal domain of Gga-AvBD11 mediated
antibacterial and antiparasitic activities; notably, the antiviral activity
requires the full-length protein, and the role of the C-terminal
domain of Gga-AvBD11 remains unclear (9). However, only a few
double-b-defensins have been discovered or reported in inverte-
brates, and their antimicrobial function has not been elucidated.
The shrimp Litopenaeus vannamei (Arthropoda, Crustacea,

Decapoda, and Penaeidae) has become one of the most impor-
tant farmed species in the world. Considering the high-density
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tolerance and rapid growth rate of L. vannamei, it has dominated over
80% of global shrimp production each year (12). With the enlarge-
ment of the cultivation scale, shrimp farming has been threatened by
multiple disease risks. Highly virulent shrimp pathogens, especially V.
parahaemolyticus and white spot syndrome virus (WSSV), have
caused considerable economic losses in the shrimp aquaculture
industry worldwide (12). The bacteria V. parahaemolyticus, which
carries a virulence plasmid of PirA/B, leads to a severe disease in
farmed shrimp known as “acute hepatopancreatic necrosis disease”
(13). WSSV is a bacilliform, nonoccluded enveloped virus (14),
which has an extremely wide host range with up to 98 species and
can cause 100% mortality within 7�10 d after viral infection (15).
Antibiotic abuse in shrimp aquaculture for the control of bacterial
diseases has caused severe threats to the ecological environment and
human health (16, 17). Therefore, an environmentally friendly and
effective prevention method is urgently needed for diseases, espe-
cially those caused by V. parahaemolyticus and WSSV.
The presence of two b-defensin motifs in an antimicrobial pep-

tide is rare in vertebrates and invertebrates. In the present study, we
identified a two�b-defensin-like peptide from L. vannamei, abbrevi-
ated LvDBD, which was regulated by the NF-kB pathway. LvDBD
has potential antibacterial activity with ability to bind to bacteria
and destroy bacterial membrane structure. It could inhibit WSSV
infection by interacting with the viral envelope proteins (VPs),
including VP19, VP24, VP26, and VP28. Together, our findings
extend the functional understanding of a double-b-defensin to an
invertebrate, and the LvDBD may be an alternative therapeutic
agent to develop for the prevention and treatment of diseases caused
by V. parahaemolyticus and WSSV in shrimp.

Materials and Methods
Animals and pathogens

Healthy L. vannamei (average 5 g each) used in experiments were specific
pathogen-free and obtained from the Hai Xingnong Company shrimp farm
in Maoming, Guangdong Province, China, and were cultured in a recirculat-
ing water tank system filled with air-pumped seawater with 25& salinity at
27◦C and fed to satiation three times per day with a commercial diet. Gram-
negative bacteria, including V. parahaemolyticus (ATCC17802), Aeromonas
hydrophila (ATCC35654), Pseudomonas aeruginosa (ATCC27853), and
Escherichia coli (ATCC25922), and Gram-positive bacteria, including Staph-
ylococcus aureus (ATCC29213), Enterococcus faecalis (ATCC29212),
Micrococcus luteus (ATCC49732), and Bacillus subtilis (ATCC6633), were
purchased from Guangdong Microbial Culture Collection Center and cultured
in Luria broth (LB) medium overnight at 37◦C. The numbers of bacteria
were quantified by counting the microbial CFUs per milliliter on LB agar
plates. The final injection concentration of bacteria (V. parahaemolyticus)
should be controlled to yield ∼1 × 105 CFU/50 ml (18).

Cloning of full-length cDNA sequence of LvDBD

Based on the L. vannamei transcriptome data in our laboratory (19), a partial
cDNA sequence was obtained to amplify the full-length cDNA sequence
using the RACE method according to a previously published method (20).
In brief, RACE PCR and nested PCR were performed using a SMARTer
RACE cDNA amplification kit (Clontech, Dalian, China) in accordance with
the manufacturer’s instructions. The final PCR products were cloned into the
pMD-19T cloning vector (Takara, Dalian, China), and eight positive clones
were selected and sequenced. The transcription starting site of LvDBD was
determined according to the 59-RACE PCR amplification. Primer sequences
are listed in Table I.

Sequence and phylogenetic analysis

The open reading frame of the cDNA and the deduced amino acids of LvDBD
were predicted by using the EditSeq software from DNAStar. The functional
domains of proteins were predicted through the Simple Modular Architecture
Research Tool (21). ExPASy software (22) was used to predict the protein
molecular mass and isoelectric point values. The neighbor-joining phylogenic
tree was constructed on the basis of deduced amino acid sequences of LvDBD
by using MEGA 5.0 software with 1000 bootstrap replications (23). The three-
dimensional models of LvDBD protein were generated by SWISS-MODEL

online (https://swissmodel.expasy.org) (24). The structure of LvDBD-FL (full
length), LvDBD-N (N-terminal), and LvDBD-C (C-terminal) were predicted
by SWISS-MODEL by using the structure of Gallus gallus b-defensin 11
(SMTL ID: 6qeu.1) and Mus musculus b-defensin 7 (SMTL ID: 1e4t.1).

Total RNA extraction and cDNA synthesis

Total RNA was extracted from different tissues of shrimp using the Eastep
Super Total RNA Extraction Kit (Promega, Shanghai, China). The genomic
DNA of shrimp tissues was extracted using a genomic DNA extraction kit
(V, Guangzhou, China). First-strand cDNA synthesis was performed using a
cDNA synthesis kit (Takara, Dalian, China).

Tissue expression and immune challenge analysis by quantitative PCR

The relative expression levels of LvDBD were determined by quantitative PCR.
For tissue expression distribution, shrimp tissues of eyestalk, epidermis, stomach,
gill, heart, hepatopancreas, antenna, intestine, nerve, appendage, and muscle,
as well as hemocytes, were sampled and pooled from 15 shrimp. For
immune stimulation, the treated groups were injected with 5 mg LPS, 5 mg
polyinosinic-polycytidylic acid, 50 ml V. parahaemolyticus suspension (∼1 ×
105 CFU), 50 ml S. aureus suspension (∼1 × 105 CFU), or 50 ml WSSV
(∼1 × 105 copies) at the second abdominal segment of each shrimp, and the
control group was injected with PBS solution. Hemocytes of challenged
shrimps were collected at 0, 4, 8, 12, 24, 36, 48, and 72 h after injection,
and the samples at each time point were pooled from 15 shrimp. Total RNA
extraction and quantitative PCR were performed as described previously
(25). Expression levels of LvDBD were calculated using the Livak (2−DDCT)
method after normalization to L. vannamei EF-1a (https://www.ncbi.nlm.nih.
gov/nuccore/GU136229). Primer sequences are listed in Table I.

Recombinant protein expression and purification

The coding sequence of LvDBD (without the signal peptide, 1�18 aa) was
amplified by PCR using corresponding primers (Table I) and subcloned into
pET-32a(1) plasmid (Merck Millipore, Darmstadt, Germany). After confir-
mation by sequencing, the recombinant plasmid was transferred into E. coli
Rosetta (DE3) cells (TransGen Biotech, Beijing, China). Then, positive clones
harboring the desired fragment were selected for inducing expression. After
4 h of induction with 0.1 mM isopropyl b-D-thiogalactoside at 30◦C, cells
were pelleted by centrifugation and sonicated for 30 min in ice water. The
supernatant from the sonicated proteins was purified by using Ni-NTA agarose
(Qiagen, Düsseldorf, Germany) according to the manufacturer’s instructions.
The rLvDBD (full length), rLvDBD-N (N-terminal), rLvDBD-C (C-terminal),
and rTrx-His-tag was induced and purified in the same way. The purified
rLvDBD, rLvDBD-N, rLvDBD-C, and rTrx-His-tag proteins were checked
by Coomassie staining or Western blot analysis. The concentration of the
purified proteins was determined using a bicinchoninic acid protein assay kit
(Beyotime Biotechnology, Shanghai, China).

SDS-PAGE and Western blot analysis

The purified rLvDBD and rTrx-His-tag were analyzed by SDS-PAGE gels
and Western blot analysis, and then the proteins were separated on 12.5%
SDS-PAGE gels and then transferred to polyvinylidene difluoride membranes
(Merck Millipore). After blocking with 5% nonfat milk diluted in TBST buffer
(150 mM NaCl, 0.1% Tween-20, 50 mM Tris-HCl, pH 8.0) for 1 h, and the
membrane was incubated with 1:1000 mouse anti-6×-His (Sigma-Aldrich,
St. Louis, MO) for 2 h at 25◦C. The polyvinylidene difluoride membranes
were washed three times with TBST and then incubated with 1:2000 goat
anti-mouse IgG (H1 L) HRP secondary Ab (Promega) for 1 h. Membranes
were developed using an ECL blotting substrate (Thermo Fisher Scientific,
Waltham, MA), and the chemiluminescent signal was detected using the
5200 Chemiluminescence Imaging System (Tanon, Shanghai, China).

Pull-down assays

Pull-down assays were performed to explore whether the recombinant rLvDBD
could interact with the main envelope proteins of WSSV (VP19, VP24, VP26,
and VP28). The recombinant GST-tagged VP19, VP24, VP26, and VP28 were
obtained from our previous studies (26). For GST pull-down assays, 5 mg
rLvDBD was incubated with 5 mg of GST-tagged WSSV protein solution at
4◦C for 3 h by agitation. Subsequently, 20 ml of the GST resin were added,
and the agitation continued for another 2 h. The resin was washed four times
with PBS. Finally, the resins were resuspended in 50 ml of the SDS-PAGE
sample buffer, boiled, and analyzed by Western blot analysis using 6×-His Ab.
For His pull-down assays, 5 mg rLvDBD was incubated with 5 mg of GST-
tagged WSSV protein solution at 4◦C for 3 h by agitation. Subsequently, 20 ml
of the Ni-NTA binding resin were added, and the agitation continued for
another 2 h. The resin was washed four times with PBS. Finally, the resins
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were resuspended in 50 ml of the SDS-PAGE sample buffer, boiled, and ana-
lyzed by Western blot analysis using GST-tag Ab.

dsRNA-mediated RNA interference (RNAi)

The dsRNAs, including LvDBD and GFP, were generated by in vitro transcrip-
tion with the T7 RiboMAX Express RNAi System kit (Promega) using the pri-
mers shown in Table I. The quality of dsRNA was checked by 1.5% gel
electrophoresis and with a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). The RNAi assay was performed as described previously (27). The
length of LvDBD and GFP dsRNA were 378 and 504 bp, respectively. The
experimental group was treated with the injection of dsRNA-LvDBD (10 mg

dsRNA in each shrimp in 50 ml PBS), whereas the control groups were
injected with GFP dsRNA and PBS, respectively. Gill tissues were sampled
from nine shrimp samples of each challenge group at 48 h after injection
and three shrimp samples pooled together, and quantitative PCR was used to
investigate the RNAi efficiency.

In immune challenge experiments, after 48 h dsRNA-LvDBD injection,
shrimp were injected again with 1 × 105 CFU of V. parahaemolyticus (n 5 30
in each group) and 50 ml 1 × 105 copies of WSSV or PBS, respectively. The
gills from each group (nine shrimp samples) were sampled for quantitative
PCR to detect the relative bacterial content of V. parahaemolyticus or the quan-
tification of WSSV copy number by absolute quantitative PCR. The survival

Table I. Summary of primers in this study

Primers Sequences (59 to 39)

RACE
LvDBD-5RACE1 CCAGACTCATCAGCAGGCAG
LvDBD-5RACE2 CCTTGCCTAGAACACGGATC
LvDBD-3RACE1 CCCAGGGGGTCGAGTGTTGC
LvDBD-3RACE2 GGAGAAGGGCCAGTGCCAAG

Protein expression
LvDBD-F GGGAATTCCTGCCTGCTGATGAGTCTGG
LvDBD-R GGCTCGAGGAGGAAGATGCAGCACACTTCC
LvDBD-N-F GGGAATTCAACATTGACAACACTCGGTTCC
LvDBD-N-R GGCTCGAGGTCGGGTACTTTGTAGCAACACT
LvDBD-C-F GGGAATTCAACGTGAGGGACTGCCGCG
LvDBD-C-R GGCTCGAGGAGGAAGATGCAGCACACTTCCC

Quantitative PCR
LvDBD-F CACTCGGTTCCATCCAGAGG
LvDBD-R CCTCACGTTGTCGGGTACTT
LvEF-1a-F CCTATGTGCGTGGAGACCTTC
LvEF-1a-R GCCAGATTGATCCTTCTTGTTGAC
LvDorsal-F TTGCGACCACCAGACAAGAG
LvDorsal-R GCAAGGTAACGACTAATCTTCTCTG
LvRelish-F CTGCTTCTCCATACTCAGACCAC
LvRelish-R CTGTGGCTGCTCCAGTATTTG
V. parahaemolyticus
−16s-F GGTGTAGCGGTGAAATGCGTAG

V. parahaemolyticus
−16s-R CCACAACCTCCAAGTAGACATCG

Absolute quantitative PCR
WSSV32678-F TGTTTTCTGTATGTAATGCGTGTAGGT
WSSV32678-R CCCACTCCATGGCCTTCA
TaqMan probe-WSSV32706 CAAGTACCCAGGCCCAGTGTCATACGTT

dsRNA production
dsLvDBD-F ATGTCGACCACAATCACCCTGC
dsLvDBD-R GAGGAAGATGCAGCACACTTCC
T7-dsLvDBD-F GGATCCTAATACGACTCACTATAGGATGTCGACCACAATCACCCTGC
T7-dsLvDBD-R GGATCCTAATACGACTCACTATAGGGAGGAAGATGCAGCACACTTCC
dsGFP-F ATGGTGAGCAAGGGCGAGGAG
dsGFP-R TTACTTGTACAGCTCGTCCATGCC
T7-dsGFP-F GGATCCTAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGAG
T7-dsGFP-R GGATCCTAATACGACTCACTATAGGTTACTTGTACAGCTCGTCCATGCC
dsLvDorsal-F CTGTTGACCCACCTTACCGAC
dsLvDorsal-R ATCTTTGACCTCATAGAAACGGAC
T7-dsLvDorsal-F GGATCCTAATACGACTCACTATAGGCTGTTGACCCACCTTACCGAC
T7-dsLvDorsal-R GGATCCTAATACGACTCACTATAGGATCTTTGACCTCATAGAAACGGAC
dsLvRelish-F AGAGGTGACAGAGGTGGGAT
dsLvRelish-R CTTGCATGGGTTATCAACTC
T7-dsLvRelish-F GGATCCTAATACGACTCACTATAGGAGAGGTGACAGAGGTGGGAT
T7-dsLvRelish-R GGATCCTAATACGACTCACTATAGGCTTGCATGGGTTATCAACTC

Overexpression
LvDBD-F GGGAATTCCTGCCTGCTGATGAGTCTGG
LvDBD-R GCTCTAGAGAGGAAGATGCAGCACACTTCC

Genome walking
LvDBD-F CTTGTGTTTCGTTCGGTTATTTG
LvDBD-R AACAAGGCTGGTGGATAAAAAAC
AP-1 GTAATACGACTCACTATAGGGC
AP-2 ACTATAGGGCACGCGTGGT

Dual-luciferase
LvDBD-F CCGAGCTCCGTAGAGTGGAGTGATGACTGACA
LvDBD-R CCCTCGAGACAAAAGCATTACTTACCAGGCAG
LvDBD-kBm-F TGCGGTGTTCCGCTAGGTAT
LvDBD-kBm-R ATACCTAGCGGAACACCGCA

Nucleotides in bold represent the restriction sites introduced for cloning.
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rate of each group was recorded every 4 h. The Mantel-Cox (log-rank x2 test)
method was used to analyze differences between groups using GraphPad Prism
software (GraphPad Software, La Jolla, CA).

In parallel, a rescue experiment was performed to monitor the effect of
rLvDBD on V. parahaemolyticus proliferation in vivo or survival rates after
the knockdown of LvDBD in shrimp. After 48 h dsRNA-LvDBD injection,
10 mg rLvDBD was first incubated with 1 × 105 CFU of V. parahaemolyticus
(n 5 30 in each group) for 1 h, and then the mixture was inoculated into the
experimental shrimp. The rTrx-His-tag protein was used as a control. Like-
wise, the bacterial content and survival rates were analyzed as above.

Absolute quantitative PCR

The quantification of WSSV copy number was detected by absolute quantita-
tive PCR. Gills were collected from shrimp 48 h after WSSV infection. Gill
DNA was extracted as described above. The concentration of WSSV genome
copies was measured by absolute quantitative PCR using WSSV32678-F and
WSSV32753-R primers (Table I). The PCR mixture and cycling conditions

were the same as previously described (28). The WSSV genome copies were
calculated and normalized to 0.1 mg of shrimp tissue DNA.

Antibacterial activity assay of rLvDBD

The minimum inhibitory concentration (MIC) was determined by a liquid
growth inhibition assay as previously described with slight modifications
(29). Briefly, the bacteria were inoculated into LB, cultured at 37◦C until the
logarithmic growth phase, and finally diluted with Poor Broth (1% w/v tryp-
tone, 0.5% w/v NaCl, pH 7.5) to 1 × 105 CFU/ml. Serial twofold dilutions
of rLvDBD ranging from 0 to 50 mM were made in the PBS buffer (10 mM
Na2HPO4, 10 mM NaH2PO4, 150 mM NaCl). Then, 50 ml different concen-
trations of rLvDBD and 50 ml bacterial solution were added to a 96-well
plate, mixed well, and incubated at 28◦C for 16 h. Bacterial growth was
evaluated by the culture absorbance at 600 nm measured by the ELX800
Universal Microplate Reader (Bio-Tek, Winooski, VT). Bacteria incubated
with rTrx-His-tag were used as controls. Wells without bacteria were used as
negative controls. If the absorbance value of the assay well is consistent with

FIGURE 1. Sequence, cysteine bonding pattern, and three-dimensional structure of LvDBD. (A) Nucleotides and amino acids of LvDBD. The signal peptide
is shaded in red, and the predicted processing site for mature peptide is shaded in yellow. The conserved cysteine residues are boxed in red, and the polyadenyla-
tion signal (aataa) is shaded in gray. (B) Schematic representation of the LvDBD protein. (C�E) Cysteine bonding pattern and predicted three-dimensional struc-
ture model of LvDBD-N (C), LvDBD-C (D), and LvDBD-FL (E). The homologous model was produced by SWISS-MODEL using the structure of
G. gallus b-defensin 11 (SMTL ID: 6qeu.1) and M. musculus b-defensin 7 (SMTL ID: 1e4t.1). (F) Multiple sequence alignment of double-b-defensins proteins.
Highly conserved amino acid residues and cysteine residues are highlighted in red.
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the negative control, the minimum antimicrobial peptide concentration of its
antipode is determined as the minimum antimicrobial concentration.

The detection of rLvDBD binding to bacteria

To determine the antibacterial function of rLvDBD, a bacterial binding activ-
ity assay was performed on V. parahaemolyticus following a previously
reported method with a little modification (30). Briefly, V. parahaemolyticus
was cultured to log phase, and the bacteria were washed with PBS buffer,
then resuspended and adjusted to a final concentration of ∼1 × 108 CFU/ml.
A 200-ml bacterial suspension was mixed with 5 mg rLvDBD and incubated
with shaking for 1 h at 25◦C. The rTrx-His-tag and PBS were used as a neg-
ative control and a blank control, respectively. After incubation, the mixtures
were centrifuged at 5000 rpm for 10 min, and the bacterial sediment was
washed with PBS six times. Then, 300 ml of 7% SDS were added to the
sediment for 10 min at 25◦C, and the mixture was centrifuged at 12,000 rpm
for 3 min for protein elution. Finally, the precipitates were washed with PBS
six times and centrifuged at 12,000 rpm for 10 min per wash. The precipi-
tates were prepared for SDS-PAGE and Western blot analysis.

ELISA

ELISA was used to test the microbial polysaccharide binding activity of rLvDBD,
rLvDBD-N, and rLvDBD-C to LPS (from E. coli 055:B5; Sigma-Aldrich) and
peptidoglycan (PGN) (from S. aureus; Sigma-Aldrich). The assays were per-
formed as described previously (31). LPS and PGN were dissolved in distilled
water at 80 mg/ml concentration, and 50 ml (4 mg) were coated to each well of
the plate as previously described (32). The purified rLvDBD, rLvDBD-N, and
rLvDBD-C were diluted in TBS to different concentrations: 0.01, 0.1, 0.25,
0.5, 0.75, and 1.0 mM. The plates were incubated with the recombinant protein
for 3 h at 25◦C and then washed with TBS four times and incubated with
mouse anti-His mAb (1:2000 dilution in TBS with 0.1 mg/ml BSA) for 1 h
at 37◦C. Plates were washed four times with binding buffer (200 ml/well)
and then 100 ml HRP-conjugated anti-mouse IgG (1:2000 dilution in TBS

with 0.1 mg/ml BSA) for 1 h at 37◦C. After the plates were washed again
four times with binding buffer, the color reaction was developed by 3,39,5,59 -
tetramethylbenzidine liquid substrate in citric acid-Na2HPO4 buffer (0.01%)
and then stopped by adding 2 M H2SO4. The absorbance was read at 450 nm
using a plate reader (Bio-Tek). Kd, the ligand concentration when half of the
receptor was bound by the ligand, was used to assess the affinity of rLvDBD
to polysaccharide. Kd was calculated using GraphPad Prism 5 with nonlinear
regression curve fit and one-site binding model analysis. The binding assays
were repeated three times.

Phagocytosis analysis

The phagocytosis analysis was performed according to a previously reported
method (33). Hemocytes were collected from shrimp, washed with 2× Leibovitz
L-15 medium (Thermo Fisher Scientific) three times, counted using a BD
Accuri C6 flow cytometer (BD Biosciences, San Jose, CA), and stained with
Dil (Beyotime Biotechnology, Shanghai, China), then incubated at 25◦C for
20 min. After three washes with L-15 medium, the hemocytes were mixed
with 5 mg rLvDBD, rLvDBD-N, and rLvDBD-C (or PBS and rTrx as con-
trols) together with FITC-labeled V. parahaemolyticus and incubated 25◦C for
1 h. After three washes with L-15 medium, hemocytes were detected using
flow cytometry, and the Dil and FITC double-fluorescence signals were used
to identify cells that had phagocytized bacteria. The thresholds and boundaries
of fluorescence signals were set on the basis of detection of the control Dil-
stained hemocytes and FITC-labeled V. parahaemolyticus phagocytized by
unstained cells. A total of 100,000 events were detected for each sample.

Transmission electron microscopy (TEM) observation

The effect of rLvDBD treatment on V. parahaemolyticus was observed using
TEM. The treatment method used to obtain the suspension of bacteria was
the same as that in a previous study (18). The bacteria were cultured to the
appropriate concentration and incubated at 25◦C with an equal volume of
rLvDBD, rLvDBD-N, and rLvDBD-C (final concentration of 50 mM) for 2 h.

FIGURE 2. Tissue distribution and expression pro-
files of LvDBD. (A) The transcription levels of
LvDBD in different tissues of healthy shrimp. The
expression level in the hepatopancreas was used as a
control and set to 1.0. (B�F) The expression profiles of
LvDBD in gills from LPS (B)-, V. parahaemolyticus
(C)-, S. aureus (D)-, polyinosinic-polycytidylic acid
[Poly (I:C)] (E)-, or WSSV (F)-challenged shrimp.
Expression values were normalized to those of EF-1a
by using the Livak (2−DDCT) method. The statistical
significance was calculated using Student t test (**p <

0.01, *p < 0.05). All experiments were performed
three times and yielded similar results.
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PBS or rTrx-His tag was used as a control. The bacterial pellets were fixed
with 2.5% glutaraldehyde in 1× PBS overnight at 4◦C and washed three times
with PBS. After being washed with distilled water three times, the samples
were counterstained with 2% sodium phosphotungstate for 1 min and then
observed by TEM (JEM-100CXII, JEOL, Tokyo, Japan).

Dual-luciferase reporter assays

The partial promoter sequence with 155 bp upstream of LvDBD was cloned
using the specific primers (Table I) and then linked into pGL3-Basic (Promega)
to generate pGL3-kB (reporter plasmid). The vector pGL3-kBm, containing
155-bp promoters of LvDBD with deletion mutant of the NF-kB binding motif
(TGGAATTTCCA), was also generated. The L. vannamei Dorsal and Relish
expression vectors (pAc-LvDorsal-V5 and pAc-LvRelsih-V5) were obtained
from our previous studies (34, 35). Because no permanent shrimp cell line was
available, the Drosophila Schneider 2 (S2) cell line (ATCC CRL-1963) was
used instead to detect the effects of L. vannamei NF-kB on the promoters of
LvDBD. S2 cells were cultured at 28◦C in Schneider’s Insect Medium (Sigma-
Aldrich) containing 10% FBS (Life Technologies, Grand Island, NY). For
dual-luciferase reporter assays, S2 cells were plated into a 96-well plate, and
12 h later, the cells of each well were transfected with 0.05 mg of firefly
luciferase reporter gene plasmids, 0.001 mg pRL-TK Renilla luciferase
plasmid (Promega), or 0.05 mg protein expression plasmids or empty
pAc5.1A plasmids (as controls) using FuGENE HD Transfection Reagent
(Promega) according to the user manual. Forty-eight hours after transfection,
the dual-luciferase reporter assays were performed to calculate the relative
ratios of firefly and Renilla luciferase activities using the Dual-Glo Luciferase
Assay System kit (Promega) according to the manufacturer’s instructions. All
experiments were repeated six times.

Coimmunoprecipitation

Coimmunoprecipitation assays in vitro were performed to confirm interaction
between LvDBD and VP19, VP24, VP26, and VP28. After 48-h transfection,
Drosophila S2 cells were harvested and washed with ice-cold PBS three
times and then lysed in immunoprecipitated lysis buffer with Halt Protease
Inhibitor Cocktail (Thermo Fisher Scientific). The supernatants (400 ml)
were incubated with 30 ml of anti-Flag magnetic beads (Bimake, Shanghai,
China) or anti-hemagglutinin magnetic beads (Thermo Fisher Scientific) at

25◦C for 30 min. The magnetic beads were washed with PBS six times and
subjected to SDS-PAGE assay. Five percent of each total cell lysate was also
examined as the input control.

Statistical analysis

All data are presented as mean ± SD. The Student t test was used to calcu-
late the comparisons between groups of numerical data. For survival rates,
data were subjected to statistical analysis using GraphPad Prism software
(GraphPad Software) to generate the Kaplan-Meier plots (log-rank x2 test).

Results
LvDBD is a member of the double-b-defensin family

The transcript of LvDBD (accession no. ON081627) has a length of
511 bp and consists of a 41-bp 59-untranslated region (UTR), a 92-bp
39-UTR containing a single polyadenylation signal (AATAA), and a
378-bp open reading frame, which encodes a protein of 125 aa with
a calculated molecular mass of 13.31 kDa (Table I). The precursor

FIGURE 3. Potent antibacterial activities of LvDBD against V. parahaemolyticus. (A) The silencing efficiency of LvDBD in gills 24 h after V. parahaemolyticus
infection. (B) The relative bacterial loads in gills from each group (eight shrimp samples) at 24 h after infection. (C) Shrimp survival rates following treatment with
dsRNAs and experimental infection with V. parahaemolyticus. (D) SDS-PAGE analysis of the recombinant LvDBD protein expressed in E. coli. Line 1, uninduced
E. coli transformed with LvDBD; line 2, induced E. coli transformed with LvDBD; line 3, supernatant of ultrasonic lysed E. coli expressing LvDBD; line 4, precipitate of
lysed E. coli expressing LvDBD; line 5, purified recombinant LvDBD protein (black arrow). (E) Purified rLvDBD and rTrx-His-tag proteins were checked by Western
blotting with anti-6×-His Ab. (F) The relative bacterial loads in gills from each group (eight shrimp samples) in rescue experiments. At 48 h after dsRNA injection, the
shrimp samples were injected with V. parahaemolyticus premixed with purified rLvDBD. (G) Shrimp survival rates in rescue experiments. At 48 h after dsRNA injection,
the shrimp were injected with V. parahaemolyticus premixed with purified rLvDBD or rTrx-His-tag. The survival rates of shrimp were recorded every 4 h to calculate
the survival rate by using the Kaplan-Meier method (**p < 0.01). All experiments were performed three times and yielded similar results.

Table II. Antimicrobial activity of purified LvDBD peptide

Microorganisms MIC (mM)

Gram-negative bacteria
Vibrio parahaemolyticus 12.5
Aeromonas hydrophila 50
Pseudomonas aeruginosa 25
Escherichia coli 25

Gram-positive bacteria
Enterococcus faecalis 25
Staphylococcus aureus 25
Micrococcus luteus 25
Bacillus subtilis 25

MIC is defined as the lowest protein concentration harvesting visible growth
inhibition function compared with the negative control.
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peptide of LvDBD contained a signal peptide of 18 residues and
two b-defensin domains with 12 conserved cysteines, namely, the
N-terminal and C-terminal b-defensin domains. The predicted mature
peptide cleavage sites were Lys (K31) and Arg (R32) (Fig. 1A, 1B).
Both the LvDBD-N and LvDBD-C domains contained six conserved
cysteines with typical disulfide array (Cys1�Cys5, Cys2�Cys4, and
Cys3�Cys6; Fig. 1C, 1D). By using the structure of defensin proteins
from M. musculus (SMTL ID: 1e4t.1) and G. gallus (SMTL ID:
6qeu.1) as templates to perform the homologous modeling, we found
that LvDBD-C revealed high homology similarity to M. musculus
b-defensin 7, whereas LvDBD-N and LvDBD-FL had significant
homology similarity to Gga-AvBD11 (Fig. 1C, 1E). Multiple sequence
analysis showed that the double-b-defensin motif is highly conserved
with 12 conservative cysteine residues among different members in
vertebrates and arthropods (Fig. 1F). According to the neighbor-joining
phylogenetic tree, the double-b-defensin homologs from various
species could be divided into two groups, namely, the vertebrate

group and another group that contains LvDBD and others from
arthropods (Supplemental Fig. 1). The results suggest that LvDBD
is a member of the double-b-defensin family.

LvDBD was induced in immune-challenged shrimp

Tissue distribution analysis showed that LvDBD was expressed
highly in the gills, muscle, and eyestalk with 38.15-fold, 34.80-fold,
and 24.34-fold levels, respectively, over that in the hepatopancreas
(set to 1.0) (Fig. 2A). We next explored whether LvDBD is involved
in the immune response to a series of stimuli in the gills. In response
to LPS challenge, the expression of LvDBD was abruptly upregu-
lated at 8 h (5.53-fold), 12 h (7.56-fold), and 36 h (7.51-fold), then
slightly downregulated at 48 h (2.93-fold) and 72 h (2.72-fold; Fig. 2B).
After infection with V. parahaemolyticus, the expression of LvDBD
was dramatically upregulated at 12 h with a 7.47-fold increase, then
slightly downregulated at 24 h (1.62-fold), and finally abruptly upre-
gulated at 72 h (23.94-fold; Fig. 2C). After infection with S. aureus,

FIGURE 4. LvDBD binds to bacteria and polysaccharides. (A) Recombinant expression and purification of LvDBD (line 1), LvDBD-N (line 2), and
LvDBD-C (line 3). These purified proteins were analyzed using SDS-PAGE and stained with Coomassie blue. (B�E) Bacterial binding activities of rLvDBD
(B), rLvDBD-N (C), rLvDBD-C (D), and rTrx (E). Lines 1�4 represent the Gram-negative bacteria, including V. parahaemolyticus, E. coli, A. hydrophila,
and P. aeruginosa. Lines 5�8 represent the Gram-positive bacteria, including S. aureus,M. luteus, B. subtilis, and E. faecalis. Line 9 represents PBS. (F, G) The disso-
ciation constants of recombinant LvDBD protein�polysaccharide complexes. The solid lines denote the rLvDBD (Kd1), rLvDBD-N (Kd2), and rLvDBD-C (Kd3)
binding ability to LPS (F) and PGN (G). The rTrx protein was used as a negative control. All experiments were performed three times and yielded similar results.
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the expression of LvDBD was induced at different time points with
a peak (9.39-fold) at 24 h (Fig. 2D). After injection of polyinosinic-
polycytidylic acid, the expression of LvDBD was upregulated at
36 h and remained high at 48 h (8.01-fold) and 72 h (8.45-fold; Fig.
2E). After infection with WSSV, the expression of LvDBD was dra-
matically induced at 8 h (2.57-fold), 24 h (2.30-fold), and 72 h
(6.97-fold; Fig. 2F). Therefore, LvDBD expression was induced in
response to pathogen inoculation and immune stimulus treatment.

LvDBD played a critical role in defense against V. parahaemolyticus
infection

To explore the function of LvDBD during V. parahaemolyticus
infection, we knocked down LvDBD expression in vivo via RNAi.
First, we designed and synthesized the dsRNA, namely dsLvDBD,
which can specifically target LvDBD. At 48 h after dsRNA injection,
shrimp samples were injected with V. parahaemolyticus or PBS, and
their survival numbers were counted every 4 h. The silencing effi-
ciency of LvDBD was checked by quantitative PCR at 24 h after
V. parahaemolyticus infection. The mRNA level of LvDBD was
effectively suppressed by the specific dsLvDBD in gills, and the

value was downregulated to 0.05-fold of the dsGFP injection group
(as a control) (Fig. 3A). Meanwhile, the relative bacterial content of
the dsLvDBD group was considerably higher than that of the control
group, showing a 4.29-fold increase (Fig. 3B). In addition, the sur-
vival rate of shrimp in the LvDBD-silenced group was significantly
lower than that in the GFP-knockdown group (p < 0.01; Fig. 3C).
To further demonstrate the actual role of LvDBD, we performed

in vivo RNAi experiments coupled with rLvDBD injection. The
recombinant proteins of rLvDBD and rTrx-His-tag were expressed,
purified by SDS-PAGE gels, and checked by Coomassie staining
(Fig. 3D), and the results were further confirmed by Western blot
analysis (Fig. 3E). After knockdown of the endogenous LvDBD,
shrimp samples were treated with V. parahaemolyticus mixed with
rLvDBD or rTrx-His-tag by i.m. injection. Consequently, the relative
bacterial content of the samples coinjected with rLvDBD was signifi-
cantly reduced compared with that of the control group (p < 0.01;
Fig. 3F). In addition, the survival rates of shrimp coinjected with
rLvDBD were significantly higher than those of the control group
(p < 0.01; Fig. 3G). Therefore, LvDBD plays a crucial role in the
immune defense against V. parahaemolyticus infection in vivo.

FIGURE 5. Hemocyte phagocytosis activities of LvDBD toward V. parahaemolyticus. (A�E) The influence of rLvDBD (C), rLvDBD-N (D), and
rLvDBD-C (E) proteins on the hemocyte phagocytosis activities. PBS (A) and rTrx-Tag (B) were used as controls. (F) Statistical analysis of the relative hemo-
cyte phagocytosis. The results are representative of three injection experiments with data presented as mean ± SD of three parallel detections. All data were
analyzed statistically by Student t test (**p < 0.01, *p < 0.05). (G�K) TEM images of V. parahaemolyticus treated with rLvDBD (I), rLvDBD-N (J), and
rLvDBD-C (K) proteins. PBS (G) and rTrx-Tag (H) were used as controls. V. parahaemolyticus was incubated with recombinant protein at 28◦C, and the
images showed the morphology and structure of V. parahaemolyticus by TEM examination. White arrows show the damaged V. parahaemolyticus mem-
brane. Scale bar, 1 mm. All experiments were performed three times and yielded similar results.
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Microbial and polysaccharide binding activities of LvDBD

To test the antimicrobial activity of rLvDBD, we performed liquid
growth inhibition assays in vitro. The MICs against Gram-positive
or -negative bacteria for rLvDBD are listed in Table II. On the basis
of MIC values, rLvDBD showed superior inhibitory abilities against
V. parahaemolyticus, P. aeruginosa, and E. coli. However, rLvDBD
showed a little inhibitory ability against A. hydrophila with an MIC value
of 50 mM. The MIC values for Gram-positive bacteria (E. faecalis,
S. aureus, M. luteus, and B. subtilis) were all 25 mM (Table II).
To further explore the antibacterial mechanism of LvDBD, we

expressed and purified the proteins of rLvDBD (full length), rLvDBD-N,
and rLvDBD-C (Fig. 4A and Supplemental Fig. 2). Microorganism
binding assays were carried out by Western blot analysis. The
results showed that rLvDBD and rLvDBD-C could strongly bind
to all these tested Gram-negative bacteria (V. parahaemolyticus,
E. coli, A. hydrophila, and P. aeruginosa) and Gram-positive bacte-
ria (S. aureus, M. luteus, B. subtilis, and E. faecalis) in both mono-
mer and dimer patterns (Fig. 4B, 4D). By contrast, the rLvDBD-N
was bound to these Gram-negative and -positive bacteria in a mono-
meric form (Fig. 4C). In the control group, rTrx-His-tag could not
bind to either Gram-negative or -positive bacteria (Fig. 4E). The
C-terminal defensin domain of LvDBD conferred dimerization
activity. To clarify whether the microbial binding ability of rLvDBD
was mediated by bacterial surface polysaccharides, we used ELISA to
detect the binding capacity of rLvDBD, rLvDBD-N, and rLvDBD-C
toward LPS and PGN. The Kd of rLvDBD (Kd1), rLvDBD-N
(Kd2), and rLvDBD-C (Kd3) toward LPS, which were calculated
on the basis of saturation curve, were 2.330 × 10−7, 4.570 × 10−8,

and 2.393 × 10−7 M, respectively (Fig. 4F). The Kd1, Kd2, and Kd3

values toward PGN were 1.007 × 10−7, 3.110 × 10−8, and 9.071 ×
10−7 M, respectively (Fig. 4G). The results showed that rLvDBD-N
has a stronger binding ability than rLvDBD and rLvDBD-C to LPS
and PGN. Therefore, LvDBD has a potential antibacterial activity
with ability to bind to bacteria, LPS, and PGN.

LvDBD enhanced the phagocytosis of hemocytes toward
V. parahaemolyticus

The effect of LvDBD on hemocyte phagocytic activity against FITC-
labeled V. parahaemolyticus was analyzed by flow cytometry by
using purified rLvDBD, rLvDBD-N, and rLvDBD-C. Hemocytes that
have phagocytized FITC-labeled bacteria were identified by Dil and
FITC double-fluorescence signals, in which the analysis gate was set
on the basis of detection of the controls (Supplemental Fig. 3). The
results showed that rLvDBD (Fig. 5C), rLvDBD-N (Fig. 5D), and
rLvDBD-C (Fig. 5E) increased the phagocytosis activity compared
with PBS (Fig. 5A) or rTrx (Fig. 5B) tag. Specifically, the relative
phagocytosis rates of hemocytes preincubated with rLvDBD (41.1%),
rLvDBD-N (43.2%), and rLvDBD-C (43.8%) were significantly
increased compared with those of PBS (33.2%) and rTrx (34.0%;
Fig. 5F). To further investigate the effect of LvDBD on bacterial
microstructure, we observed the morphological and structural changes
of V. parahaemolyticus cells before and after incubation with
rLvDBD, rLvDBD-N, and rLvDBD-C under TEM. The bacterial
cells from the PBS-treated group (Fig. 5G) and the rTrx-His-tag-
treated group (Fig. 5H) had normal shapes with complete architec-
ture, and the outer membrane was round and smooth. However,
the bacterial cells displayed a rough and cracked appearance in

FIGURE 6. Phagocytosis activ-
ity of hemocytes toward bacteria
was promoted by rLvDBD.
(A) Recombinant rLvDBD, rLv
DBD-N, and rLvDBD-C proteins
were incubated with FITC-
labeled V. parahaemolyticus (green)
and then added to hemocytes for
1 h. Cells were fixed and subse-
quently stained with DAPI (blue)
to label the nuclei. PBS and rTrx
were used as controls. Scale bar,
25 mm. (B) Statistical analysis of
the phagocytosis rate of hemo-
cytes. The phagocytosis rate was
calculated as (hemocytes ingesting
bacteria/all hemocytes observed
or tested) × 100%. The statisti-
cal significance was calculated
using Student t test (**p <

0.01). The results are derived
from three independent repeats.
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rLvDBD (Fig. 5I)-, rLvDBD-N (Fig. 5J)-, and rLvDBD-C (Fig. 5K)-
treated groups. In addition, hemocyte phagocytosis was observed
under the fluorescence microscope, and the results demonstrated
that LvDBD could promote hemocyte phagocytosis (Fig. 6A, 6B).
Therefore, LvDBD could cause rupture of the outer membrane of
V. parahaemolyticus and positively regulate the phagocytosis of hemo-
cytes toward them as well.

LvDBD inhibited WSSV replication and interacted with WSSV
envelope proteins

RNAi was also used to gain insight into the role of LvDBD during
WSSV infection. At 48 h after dsRNA injection, shrimp samples
were injected with WSSV. The silencing efficiency of LvDBD was
checked by quantitative PCR at 48 h after WSSV infection. The results
show that the mRNA level of LvDBD was effectively suppressed by
the specific dsRNA in gills, which was downregulated to 0.11-fold
of the GFP dsRNA injection group (as a control; Fig. 7A). The quan-
tities of WSSV copies in the gills of the dsLvDBD group were sig-
nificantly higher than those of the control group, with a 3.75-fold
increase, on average (Fig. 7B). To clarify the possible antiviral mech-
anism of LvDBD, we performed pull-down assays to detect whether
rLvDBD protein could interact with WSSV envelope proteins. The
main envelope proteins of WSSV, including VP19, VP24, VP26,
and VP28 with GST tags, were expressed and purified and then
confirmed by Western blot analysis with the GST-tag Ab (Fig. 7C).
In the GST-tagged pull-down assays, rLvDBD could interact with
VP19, VP24, VP26, and VP28 by SDS-PAGE gels based on

Coomassie blue staining (Fig. 7D), and results were further confirmed
by Western blot analysis with the 6×-His Ab (Fig. 7E). On the basis
of His-tagged pull-down assays, VP19, VP24, VP26, and VP28 could
precipitate rLvDBD (Fig. 7F), and this result was further confirmed
by Western blot analysis with GST Ab (Fig. 7G). The interactions
between LvDBD and WSSV envelope proteins were also evidenced
by immunoprecipitation assay by using ectopic expression of these
proteins in Drosophila S2 cells (Supplementary Fig. 4A, 4B). There-
fore, LvDBD could inhibit WSSV replication and bind to VP19,
VP24, VP26, and VP28 (Fig. 7H).

LvDBD was regulated by conserved NF-jB pathway

In the shrimp L. vannamei, Dorsal and Relish (NF-kB), the down-
stream transcription factors of Toll and IMD signaling pathways
were crucial factors to induce the production of antimicrobial pepti-
des in response to pathogen invasion (12). To determine whether
Dorsal and Relish regulated the expression of LvDBD in vitro, we
performed a dual-luciferase reporter assay in Drosophila S2 cells.
We cloned the promoter region of LvDBD by genome walking, and
this region contains putative conserved kB motifs located at −110
to −100 (kB, TGGAATTTCCA; Fig. 8A). Then, the reporter assay
results showed that the ectopic expression of Dorsal and Relish
(Fig. 8B) remarkably improved the promoter activity of pGL3-
kB (Fig. 8C), whereas the activity of pGL3-kBm was not upregu-
lated (Fig. 8D). Then, we determined whether the expression of
LvDBD was regulated by Dorsal and Relish in vivo by performing an
RNAi experiment. The mRNA levels of LvDBD remarkably decreased

FIGURE 7. LvDBD interacted
with envelope proteins of WSSV.
(A) The silencing efficiency of
LvDBD in gills 48 h after WSSV
infection. (B) The quantity of
WSSV copies in gills from each
group (eight shrimp samples) at
48 h postinfection. (C) The puri-
fied recombinant proteins of GST,
GST-tagged VP19, VP24, VP26,
and VP28, were confirmed by
Western blotting. (D and E)
GST pull-down assay for the
detection of the interaction
between rLvDBD with VP19,
VP24, VP26, and VP28. The
results were shown via staining
with Coomassie blue (D) or
Western blotting using 6×-His
Ab (E). The GST-tag protein was
used as a control. (F and G) His
pull-down assay for the detection
of the interaction of rLvDBD
with VP19, VP24, VP26, and
VP28 via Coomassie blue stain-
ing (F) or Western blotting using
the GST-tag Ab (G). The GST-
tag protein was used as a control.
(H) Schematic illustrations of the
interaction of LvDBD with
VP19, VP24, VP26, and VP28.
The statistical significance was
calculated using Student t test
(**p < 0.01). All experiments
were repeated three times and
yielded similar results.
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in the gills of Dorsal- or Relish-silenced shrimp during V. parahaemo-
lyticus infection (Fig. 8E, 8F), confirming that the expression of
LvDBD was regulated by NF-kB in shrimp (Fig. 8G). Therefore, Dor-
sal and Relish could regulate the expression of LvDBD in vitro and
in vivo (Fig. 9).

Discussion
Antimicrobial peptides, as the first line of defense against invading
pathogens, are crucial components of nonspecific innate immunity
(36). b-Defensins, which are a type of conserved host defense pep-
tide, are found in all the vertebrate genomes sequenced,

demonstrating that this gene family originated very early in ver-
tebrate evolution (37). However, the presence of defensins or
defensin-like peptides with two b-defensin motifs is rarely
reported in vertebrates and invertebrates. An atypical double-
b-defensin from G. gallus (Gga-AvBD11) has recently been iden-
tified (9), whereas the avian double-b-defensin family has been
described in quail (38), turkey (39), green lizard Anolis carolinen-

sis (40, 41), and Komodo dragon (42) but has not been found in
other animal classes. In this study, we identified a double�b-defen-
sin-like peptide from an invertebrate, the shrimp L. vannamei (named
LvDBD), and clarified its antimicrobial function toward both

FIGURE 8. Activation of the LvDBD promoter by shrimp NF-kB. (A) Schematic diagram of the LvDBD promoter regions in the luciferase reporter gene
constructs. The deletion mutant of the NF-kB binding motif site of the LvDBD promoter was shown in absolute value sign; the wild type is shown in black
rectangle; and TATA box is shown in elliptical shape. The −1 indicates 1 bp before the translation initiation site. LUC denoted the firefly luciferase reporter
gene. (B) Ectopic expression of LvDorsal and LvRelish in Drosophila S2 cells was detected with anti-V5 Ab. (C) Dual-luciferase reporter assays were performed
to analyze the effects of the overexpression of Dorsal and Relish on the promoter activities of LvDBD in Drosophila S2 cells. The value of cells transfected
with an empty plasmid (pAc5.1/V5-His A), which were used as a control and set as 1.0, is shown. (D) Dual-luciferase reporter assays were performed to analyze
the effects of the overexpression of Dorsal and Relish on the promoter activities of LvDBD with mutated NF-kB binding motif. (E and F) Effective knockdown
for LvDorsal (E) and LvRelish (F) in hemocytes by dsRNA was confirmed by quantitative PCR. (G) The mRNA levels of LvDBD in the hemocytes of
LvDorsal- and LvRelish-silenced shrimp under V. parahaemolyticus challenge. The statistical significance was calculated using Student t test (**p < 0.01). All
experiments were repeated three times and yielded similar results.
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bacteria and virus, which extended the discovery and functional
understanding of a double-b-defensin to an invertebrate.
We extensively analyzed the sequence homologies related to

LvDBD by screening a series of sequences from vertebrates and
invertebrates containing two b-defensin domains. The 12 cysteines,
including their disulfide bond arrangements and two glycine units,
were completely conserved among the 21 analyzed double-b-defensin
members, although the overall sequence identities between LvDBD
and the other homologs are less than 42% (Fig. 1F). This large
variability in the sequences is a well-known feature of defensins,
where only cysteines ensuring the disulfide bridge arrangements
and the rare glycine residues that are required for the appropriate
three-dimensional structure resist the high adaptive genetic varia-
tion during evolution (9). The genomic plasticity of defense coding
sequences is conducive to fostering the adaptability of the innate
immune system and enables the acquisition of new functions, such
as the venomous vertebrate b-defensin, which have evolved to target
ion channels of their prey (43). Double-b-defensin is presumed to
originate from the duplication and fusion of an ancestral monodo-
main b-defensin gene during the evolution of arthropods (9). The
evolutionary origin of LvDBD is of research interest because a
monodomain b-defensin gene has not been found after searching the
shrimp L. vannamei genome and transcriptome.
The remarkably increased expression of LvDBD in response to

V. parahaemolyticus infection implied its potential critical role in
defense against this intrusive pathogen. The RNAi-mediated knock-
down of LvDBD in vivo led to phenotypes with higher bacterial
loads and rendered shrimp more susceptible to V. parahaemolyticus
infection, whereas the purified rLvDBD could reduce the bacterial
loads and rescue survival rate. Besides, LvDBD has a wide range of
antibacterial activity against multiple Gram-positive and -negative
bacteria. The independent or synergistic functions of the two isolated
b-defensin domains of LvDBD have not been fully determined,
although some information is provided in the present work. The
LvDBD-C domain is responsible for the dimerization of LvDBD,

which may contribute to the stability of mature peptide. However,
the dimerization could not be implicated with the binding ability of
bacterial polysaccharides, because LvDBD-N had strong binding
activities toward polysaccharides (LPS and PGN). During evolution,
the emergence of such a double-domain b-defensin should be driven
by its increased biological potency compared with a single-domain
molecule, and then new functions carried only by the full-length pro-
tein should be acquired (9). Among the bird double-b-defensins,
Gga-AvBD11 has been identified against Gram-positive and -negative
bacteria, parasites, and some viruses (9, 11). The antibacterial activity
of AvDBD is mainly mediated by its N-terminal domain, but the anti-
viral activity requires the full-length protein (9). Thus, further work is
needed to improve the understanding of the independent or synergistic
functions of the two isolated b-defensin domains of LvDBD.
Defensins, including a-, b-, and u-defensin, have antiviral activity

against both enveloped and nonenveloped viruses (44). Direct inter-
actions between defensins and viral envelope or capsid could disrupt
virus�receptor interactions (45), disturb viral fusion (46), and inhibit
viral entry into target cells (47). Interestingly, LvDBD binds all the
four main envelope proteins, including VP19, VP24, VP26, and VP28.
Notably, almost all defensins are cationic antimicrobial peptides (7, 48).
Sequence analysis reveals that the N-terminal of LvDBD consists of
five positively charged amino acid residues (three lysine residues
[Lys60, Lys65, Lys83] and two arginine residues [Arg38, Arg47])
exhibiting the properties of cationic amino acids. We noted that the
four envelope proteins contain a series of aspartate and glutamate
negatively charged residues, namely, Asp81, Asn82, Asp83, Asp84,
Glu85, and Asp86, in VP19; Asp180, Glu181, Asp182, Ile183,
Asp184, and Asp185 in VP24; Asp196, Ile197, Lys198, Asp199,
and Glu200 in VP26; and Ile163, Asp164, Glu165, Asp166, and
Glu167 in VP28. Therefore, LvDBD would interact with them via
electrostatic interaction. However, the mechanism in which LvDBD
interacts with these envelope proteins should be further investigated.
VP19, VP24, VP26, and VP28 play a crucial role during WSSV
infection (49). Especially, WSSV envelope proteins VP24, VP26,
and VP28 interact with one another to form a complex termed an

FIGURE 9. Model for LvDBD-mediated
antibacterial and antiviral mechanism against
V. parahaemolyticus and WSSV. V. parahae-
molyticus and WSSV infection resulted in the
activation of host Dorsal and Relish (NF-kB)
signaling pathways that triggered the synthesis
and secretion of LvDBD. The secreted LvDBD
exhibited strong binding activities to V. para-
haemolyticus and enhanced the phagocytosis
activity of hemocytes to V. parahaemolyticus.
In addition, the LvDBD could inhibit WSSV
infection by interacting with its envelope pro-
teins, including VP19, VP24, VP26, and VP28.
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“infectosome,” which is crucial to the infectivity of WSSV (50, 51).
Therefore, LvDBD could interact with WSSV envelope proteins,
which could disrupt WSSV integrity and attenuate viral entry into the
shrimp cells.
Antimicrobial peptides function as the specific effectors for micro-

bial infection, and they are produced and regulated by the immune
signaling pathway, especially the Toll and IMD signaling pathways
(12, 52, 53). The determination of the specific pathway that is
responsible for the transcriptional expression of LvDBD in shrimp
will improve the understanding of the immune response to pathogen
invasion. In shrimp, both NF-kB transcription factors (Dorsal and
Relish), the downstream transcription factors of Toll and IMD
pathways, participate in the transcriptional expression of a series
of antimicrobial peptides in response to bacterial and viral infection
(26, 54, 55). In the present study, LvDBD was regulated by both
NF-kB transcription factors (Dorsal and Relish) that used the same
kB motif in its promoter, indicating that its expression could respond
to both Toll and IMD pathways. A similar circumstance was observed
in Drosophila, in which a single kB motif in the promoter of
Metchnikowin was regulated by both Dif and Relish (56). Notably,
the induction of LvDBD expression by Dorsal and Relish suggests
the presence of a signaling crosstalk between the Toll and IMD path-
ways in shrimp.
In conclusion, we functionally identified a double-b-defensin from

an arthropod, the shrimp L. vannamei. On the basis of our results, we
proposed a model for the function of LvDBD in the innate immunity
in shrimp (Fig. 9). In response to V. parahaemolyticus and WSSV
infection, shrimp Toll/IMD-NF-kB signaling pathways were activated
to induce the expression of LvDBD via an NF-kB-responsive element
in its promoter. The secreted LvDBD that was bound to the bacteria,
probably via bacterial surface polysaccharides LPS and PGN, and
interacted with WSSV, probably via VPs, resulted in a lower infectiv-
ity of the virus or bacteria. Besides, LvDBD could contribute to host
clearance of bacteria via phagocytosis, although its biological function
in phagocytosis has not been fully clarified. It is not clear how effective
this would be as an antibiotic, but the data do confirm that LvDBD has
an important role in protecting shrimp from the bacteria and virus.
Together, the functional identification of LvDBD not only provides
some insights into the understanding of the double-b-defensin in
invertebrates but also facilitates the development of antimicrobial
agents for bacterial and viral diseases in shrimp aquaculture.
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