
Contents lists available at ScienceDirect

Fish and Shellfish Immunology

journal homepage: www.elsevier.com/locate/fsi

Full length article

Identification of an anti-lipopolysaccharide factor AV-R isoform (LvALF AV-
R) related to Vp_PirAB-like toxin resistance in Litopenaeus vannamei

Sasiwipa Tinwonggera,b, Jumroensri Thawonsuwanc, Hidehiro Kondoa, Ikuo Hironoa,∗

a Laboratory of Genome Science, Tokyo University of Marine Science and Technology, Tokyo, Japan
bDepartment of Fisheries, Kasetklang Chatuchak, Bangkok, 10900, Thailand
c Songkhla Aquatic Animal Health Research Center, Department of Fisheries, Songkhla, Thailand

A R T I C L E I N F O

Keywords:
AHPND
Penaeid shrimp
Vibrio parahaemolyticus
Immune
Resistance

A B S T R A C T

Acute hepatopancreatic necrosis disease (AHPND) is a shrimp farming disease, caused by the pathogenic Vibrio
parahaemolyticus carrying a plasmid encoding Vp_PirAB-like toxins. Formalin-killed cells of V. parahaemolyticus
AHPND-causing strain D6 (FKC-VpD6) were used to select Vp_PirAB-like toxin-resistant Litopenaeus vannamei by
oral administration. Stomach and hepatopancreas tissues of shrimps that survived for one week were subjected
to RNA sequencing. Differentially expressed genes (DEGs) between surviving shrimp, AHPND-infected shrimp,
and normal shrimp were identified. The expressions of 10 DEGs were validated by qPCR. Only one gene (a gene
homologous to L. vannamei anti-lipopolysaccharide factor AV-R isoform (LvALF AV-R)) was expressed sig-
nificantly more strongly in the hepatopancreas of surviving shrimp than in the other groups. Significantly higher
expression of LvALF AV-R was also observed in shrimp that survived two other trials of FKC-VpD6 selection.
Recombinant ALF AV-R bound to LPS, PGN, Gram-negative bacteria, and some Gram-positive bacteria in ELISAs.
ALF AV-R recombinant protein did not interact with native Vp_PirAB-like toxin in an ELISA or a Far-Western
blot. For L. vannamei orally fed ALF AV-R protein for 3 days, the survival rate following challenge with VpD6-
immersion was not significantly different from that of shrimp fed two control diets. These results suggest that
LvALF AV-R expression was induced in the hepatopancreas of shrimp in response to the presence of Vp_PirAB-
like toxin, although other factors might also be involved in the resistance mechanism.

1. Introduction

Whiteleg shrimp, Litopenaeus vannamei account for about 72% of
global farmed shrimp production [1]. They are vulnerable to viral and
bacterial diseases that cause mass mortality in shrimp farms [2,3].

Acute hepatopancreatic necrosis disease (AHPND), also called early
mortality syndrome (EMS), was first reported in China in 2009 [4]. In
2010–2015, AHPND spread to several countries in Asia and South
America, resulting in a great reduction of production [5–8]. The cau-
sative agent of AHPND is a unique strain of Vibrio parahaemolyticus
carrying a plasmid that encodes the Vp_PirAB-like toxin gene [9,10].
Vp_PirA-like and Vp_PirB-like proteins have been identified as the
virulence factors of AHPND [11,12]. Recently, the plasmid encoding
Vp_PirAB-like toxin was found in other three AHPND-causing Vibrio
species, but not V. parahaemolyticus [13–15]. The protein structure of
Vp_PirAB-like toxin is very similar to that of delta-endotoxin or Cry
toxin [11]. Cry toxins are produced by Bacillus thuringiensis, which have
been widely used as pesticides to control insect pests [16].

The target organ of AHPND is the hepatopancreas, which displays
hemolytic infiltration and cell sloughing post infection [17]. However,
Vp_PirA-like and Vp_PirB-like were detected in the hepatopancreas,
stomach and hemolymph of L. vannamei that had been immersed in
water containing an AHPND-causing strain of V. parahaemolyticus [18].

We previously reported that the virulence of Vp_PirAB-like toxin,
unlike the virulence of normal bacterial exotoxins, remained in non-
living bacterial cells after the cells were treated with formalin and in-
cubated at 60 °C for 2 h [12]. Moreover, most of the toxin proteins are
accumulated in bacterial cells, although some are secreted into the
extracellular environment.

Here, we supplemented a commercial diet with a formalin-killed
AHPND strain of V. parahaemolyticus to select for resistance to
Vp_PirAB-like toxin in L. vannamei. To identify genes involved in con-
ferring toxin resistance, the hepatopancreas and stomach mRNAs of
surviving shrimp were sequenced and analyzed together with non-
treated shrimp and AHPND-infected shrimp. A gene homologous to
anti-lipopolysaccharide factor AV-R isoform of L. vannamei, was
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expressed in the hepatopancreas of resistant shrimps significantly more
strongly than it was expressed in the other shrimps.

2. Materials and methods

2.1. Experimental shrimp and resistant shrimp selection

Juvenile L. vannamei were purchased from IMT engineering Inc.
(Niigata prefecture, Japan) and stocked in a 500-L tank with aerated,
recirculating artificial seawater (28–32 ppt) at 28 °C prior use. Two
hundred healthy shrimps (approximately 1–2 g body weight) were
reared in a 100-L plastic tank with aerated, recirculating artificial
seawater (28 ppt) at 28 °C. Shrimps were fed commercial diet con-
taining 5% (w/w) of formalin-killed cells of V. parahaemolyticus
AHPND-causing strain D6 (FKC-VpD6) [9]. The FKC diet was prepared
as previously reported [12]. Shrimps were fed twice per day (a total of
5% of body weight per day) and checked daily to remove dead shrimp
from the tank. After 2 weeks of feeding, the surviving shrimps were
collected, and their hepatopancreas and stomach were dissected.

AHPND-infected shrimps were prepared using five L. vannamei
(approximately 4–6 g body weight) immersed with the V. para-
haemolyticus AHPND-causing strain FP11_PirAB-like [12] at a final
concentration of 1× 106 CFU/ml. Three shrimps were collected at 24 h
after immersion, and their hepatopancreas and stomach were dissected
individually. The hepatopancreas and stomach were also individually
collected from three apparently healthy shrimps (approximately 4–6 g
body weight) as a control group. All the tissue samples were tem-
porarily stored at −80 °C for later total RNA isolation.

2.2. RNA sequencing and differentially expressed genes analysis

The pooled total RNA from hepatopancreas or stomach of surviving
shrimps (sur-FKC) was used to prepare cDNA libraries following the
protocols of Illumina Truseq Stranded mRNA Library Prep Kit (Illumina,
USA). The cDNA libraries of sur-FKC were sequenced by Illumina Miseq
sequencer (USA). The raw reads of sur-FKC were de novo assembled
with the raw reads of non-treated shrimps (control) and shrimp im-
mersed with FP11_PirAB-like for 24 h (Vp-inf), which were previously
sequenced using Trinity software to obtain a single RNA-Seq data set
[19].

To identify differentially expressed genes, all samples were pairwise
compared. Genes that were differentially expressed at P-values< 1e-5
and expression level greater than 4-fold were selected. The differen-
tially expressed genes at FDR (false discovery rate) value of less than 1e-
5 were considered as significantly differentially expressed genes
(DEGs). The RNA-Seq files have been submitted to the Gene Expression
Omnibus database (https://www.ncbi.nlm.nih.gov/geo/) under GEO
Series accessions number GSE104715.

The DEGs were analyzed using BLAST2GO software [20]. Matches
to the sequences were searched for in the NCBI non-redundant protein
database with BLASTX using the default parameters and an E-value of
1e-5). Matches from microorganisms and vertebrates were discarded.
Gene ontology was annotated with BLAST2GO with default parameters
in BLAST (E value cutoff 1e-3). The genes were then grouped as de-
scribed previously [21].

2.3. Validation of DEGs by quantitative PCR (qPCR)

One μg of total RNA from an individual shrimp (the same sample
used for RNA-Seq) was used to synthesize cDNA by using a High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems, USA). To
validate the DEGs, we selected 10 genes whose expression levels were
more than 16-fold (either low- or high-expressed) to perform qPCR by
StepOnePlus (Applied Biosystems, USA) using Thunderbird™ SYBR®

qPCR Mix. The primers were designed using Primer Express 3.0.1
(Applied Biosystems, USA) and are listed in Table 1. The qPCR

conditions were 95 °C for 60 s followed by 40 cycles of 95 °C for 15 s,
60 °C for 60 s and additional of dissociation curve analysis.

The expression levels of the selected genes were analyzed by the
comparative CT method (ΔΔCt) [22]. The elongation factor-1 alpha
(EF-1α) was used as a reference gene for relative quantifications.

2.4. Expression level of LvALF AV-R

2.4.1. Tissues distribution
LvALF AV-R gene which was highly expressed in the survived

shrimp, was examined in three apparently healthy L. vannamei (body
weight about 7 g). Total RNA was extracted from hemocytes and 9 other
tissues (gills, muscle, heart, hepatopancreas, stomach, intestine, eye,
lymphoid organ and nerve).

2.4.2. Bacterial stimulations
L. vannamei (body weight about 3 g) were divided into two groups

(15 shrimp per group), and reared in 15-L plastic tanks with aerated
artificial seawater (28 ppt) at 28 °C. One group was daily fed a com-
mercial diet containing 5% (w/w) of formalin-killed cells of V. para-
haemolyticus non-AHPND causing strain N7 (FKC-VpN7) [23], whereas
the other group was immersed with V. parahaemolyticus AHPND-
causing strain D6 (VpD6) at a bacterial concentration of 2× 105 CFU/
ml and fed with a commercial pellet. The hepatopancreas was collected
and total RNA was extracted from three shrimps individually at 6 h,
24 h, 3 d and 7 d.

One μg of total RNA of each sample was used for cDNA synthesis
with High-Capacity cDNA Reverse Transcription kits (Applied
Biosystems, USA). The mRNA level of LvALF AV-R was examined with
specific primer set of ALF AV-R (Table 1) by qPCR. qPCR conditions
were 95 °C for 60 s followed by 40 cycles of 95 °C for 15 s, 67 °C for 60 s
and additional of dissociation curve analysis. The annealing tempera-
ture used was optimized to discriminate an expression of ALF AV-R and
other ALF isoforms.

2.5. Repetitions of FKC-VpD6 feeding

To confirm the relation between LvALF AV-R and toxin resistance,

Table 1
List of primers used in this study.

Target gene Sequences (5′-3′) Length (bp)

DN3154 Fw AGGTGGATACGGCGGAAAC 19
Rv CGAAGGATCGCCTGTACGA 19

DN6348 Fw GGACCTTCACCTTACCGATTTG 22
Rv GAAGAAGCCCAGGAGGAGGAT 21

DN13245 Fw GGGCACGCTCCTCTCCAT 18
Rv TTTACCCCGCGTGACTTCTT 20

DN13839 Fw ACGGCAACTTCAACTACGACTTC 23
Rv GAGCGCCGACAGCTGAGA 18

DN13910 Fw GGAGCTGTTAGGACACTACTGCAA 24
Rv ACATGCGACCCCTGAAATACA 21

DN18811 Fw CCGGCAGGAAGGCAGAA 17
Rv GGGCGTGGACGTATCCTATG 20

DN20905 Fw GCTGCAGGCCCTCTTCTTCT 20
Rv TTGCCTCCTTCCCACATCTT 20

DN21485 Fw TGGCGGTGTTCCTGGTGG 18
Rv GTTCCTCCACAGCCCAACG 19

DN21632 Fw GCGACGACCTTCCCTTCA 18
Rv AGACATAGCGCTGGCACACA 20

DN22624 Fw CGGAGACAAGAGCAACTTCATATG 24
Rv GGGCTGGGTCTCGCTCAT 18

ALF AV-R Fw TGACAAGCCTGGTGGTGGC 19
Rv GTGTCCTGGCTTCCCCTC 18

EF-1α Fw TGGCTACTCACCTGTGCTTG 20
Rv CCAGCTCCTTACCAGTACGC 20

rALF AV-R/no SP Fw GCGGCCGCGTTCAGCCACCGCTTAG 25
Rv GAATTCGCAAGGATGGCAGGCTGTGG 26
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two other trials of FKC-VpD6 feeding were performed. In the first re-
petition, 500 L. vannamei (body weight 3–5 g) were reared in two 500-L
plastic tanks (250 shrimps each) with aerated seawater (20 ppt) at
28 °C. In the second repetition, 540 L. vannamei (body weight 2–3 g)
were reared in two 500-L plastic tanks (270 shrimps each). Both groups
were fed the diet supplemented with FKC-VpD6 equivalent to ap-
proximately 5% of body weight per day for one week. In addition, while
performing the second repetition, moribund shrimps were collected at
24, 48, and 72 h for histological analysis. After one week feeding, all
surviving shrimps from the first repetition and a part of surviving
shrimp from the second repetition were collected and total RNA was
extracted from the hepatopancreases. One μg of total RNA from in-
dividual shrimp was used for cDNA synthesis. The expression of LvALF
AV-R was quantified by qPCR as described above.

2.6. Histopathology of the hepatopancreas

L. vannamei from the second repetition were used. Shrimp were
collected after feeding FKC-VpD6 for 24, 48, and 72 h. After feeding for
one week, some surviving shrimps were also collected for histological
examination. The hepatopancreases were fixed in Davidson's fixative
solution for 24 h, transferred to 70% ethanol, dehydrated with
70%–100% ethanol, embedded in paraffin, and sectioned at 5 μm
thickness. The sections were stained with hematoxylin and eosin (H&E)
following the standard methods [24].

2.7. Production of LvALF AV-R recombinant protein

LvALF AV-R without its signal peptide was amplified from the he-
patopancreas of sur-FKC shrimp using the rALF AV-R/no SP primer set,
where EcoRI and NotI were added to the forward (5′ end) and reverse
(3′ end) primers, respectively (Table 1). The LvALF AV-R amplicon was
cloned into pGEM®-T easy vector, which was then transformed into E.
coli JM109 (Nippon gene, Japan). A plasmid carrying the correct se-
quence was digested with EcoRI and NotI and ligated to pMT/BiP/V5-
His C Drosophila Expression Vectors (Invitrogen, USA). The ligated
vector and pCoBlast vector were co-transfected into Drosophila S2 cells
with Effectene Transfection Reagent (Qiagen, Germany) following the
manufacturer's instructions. Stable cell lines were selected by passaging
the cells several times in Schneider Drosophila medium (SDM) con-
taining 25 μg/ml blasticidin.

Following large-scale culture of the stable cell lines, protein ex-
pression was induced with 500mM CuSO4. Five days after induction,
the cultured cells were centrifuged at 300× g and the supernatant was
collected. The supernatant was filtered through a 0.22 μm filter (Merck
Millipore Ltd., Ireland). The recombinant protein was then purified
with a polypropylene column containing Ni-NTA agarose (Qiagen,
Germany), following the manufacturer's protocol. The concentration of
recombinant protein was measured with a Qubit™ Protein Assay Kit
(ThermoFisher Scientific, USA). A GFP recombinant protein was also
constructed as a negative control in further experiments.

2.8. SDS-PAGE and Western blot analysis of recombinant proteins

The purified recombinant proteins of LvALF AV-R (rALF AV-R) and
GFP (rGFP) were mixed with an equal volume of 2xSDS sample buffer
and boiled for 5min. Recombinant proteins were separated by 15%
SDS-PAGE. The electrophoresed gel was stained with CGP [25] or
blotted onto 0.2 μm PVDF membrane (Atto, Japan) for Western blot
analysis. The blotted membrane was blocked with 2% skimmed milk in
Tris-buffered saline (TBS) with 0.05% Tween 20 for 1 h, incubated with
V5 tag monoclonal antibody (Invitrogen, USA) as primary antibody
(1:5000 dilution in blocking buffer) for 1 h, washed 4 times with TBS -
0.05% Tween 20 (washing buffer), incubated with anti-mouse IgG
(H+ L), AP conjugate (Promega, Japan) as secondary antibody (1:5000
dilution in blocking buffer) for 30 min, washed 3 times with washing

buffer, and stained with BCIP/NBT alkaline phosphatase substrate
(Sigma-Aldrich, Japan) to visualize the detected proteins.

2.9. Bacterial polysaccharides binding of rALF AV-R

Bacterial polysaccharides, including lipopolysaccharide (LPS) from
Escherichia coli 055:B5 (SIGMA, Germany) and peptidoglycan (PGN)
derived from Bifidobacterium thermophilum were used for enzyme-linked
immunosorbent assay (ELISA). LPS and PGN were dissolved in phos-
phate-buffered saline (PBS) at a concentration of 50 μg/ml. One hun-
dred μl (5 μg) of polysaccharide solution was used to coat each well of a
Clear Flat-Bottom Immuno Nonsterile 96-Well Plate (Thermo Scientific,
USA). The plate was incubated at 4 °C for 12–16 h, washed with 100 μl
of PBS with 0.5% tween 20 (washing buffer) three times, and blocked
with 1% bovine serum albumin (BSA) in PBS (blocking buffer) at room
temperature (RT) for 2 h. The rALF AV-R or rGFP (control) was diluted
with PBS to four different concentrations (2.5, 5, 10, and 20 μg/ml).
After blocking, the plate was washed three times, incubated with 100 μl
of diluted recombinants (0.25, 0.5, 1, and 2 μg) at RT for 1 h, washed
three times, incubated with 100 μl of monoclonal anti-V5 antibody
(1:5000 dilution in PBS) at RT for 1 h, washed three times, incubated
with 100 μl of anti-mouse IgG (H + L), AP conjugate at RT for 1 h,
washed three times, mixed with 100 μl of phosphatase substrate solu-
tion (Sigma-Aldrich, Japan), incubated in the dark for 15 min, mixed
with 50 μl of 3 N NaOH solution to stop reaction. The absorbance was
read at 405 nm. The average test values were deducted with average
value of negative control wells, which coated with PBS.

2.10. Bacterial binding activity of rALF AV-R

Four bacterial species including two Gram-negative bacteria (VpD6
and E. coli) and two Gram-positive bacteria (Streptococcus agalactiae and
Bacillus amyloliquefaciens) were used in the ELISAs. V. parahaemolyticus
was cultured in heart infusion broth at 30 °C, S. agalactiae was cultured
in Todd Hewitt broth at 37 °C, and E. coli and B. amyloliquefaciens were
cultured in LB broth at 37 °C for 12–16 h. The cells were pelleted and
resuspended in 1xPBS. The ELISA 96-well plate was coated with 100 μl
of bacterial suspension (107–108 CFU/ml), incubated at 4 °C for 12–16 h
and blocked with blocking buffer at RT. rALF AV-R or rGFP was then
added to each well as described in bacterial polysaccharides binding
assay.

2.11. Binding property of rALF AV-R and Vp_PirAB-like toxin

2.11.1. ELISA
Recombinant Vp_PirA-like and Vp_PirB-like were prepared as pre-

viously described [12]. Two μg of recombinant toxin was coated on an
ELISA 96-well plate. The plate was incubated at 4 °C for 12–16 h and
blocked with blocking buffer. rALF AV-R or rGFP was added to each
well to determine the binding as described above. In addition, the na-
tive Vp_PirAB-like toxin was isolated from cell-free supernatant of VpD6
with 65% ammonium sulfate (modified from Sirikharin et al. [26]).
Twenty-five μg of cell-free supernatant (suspended in PBS) was used in
the binding assay with rALF AV-R, whereas, the cell-free supernatant
protein of VpN7 was used as control.

2.11.2. Far-Western blotting
The cell extract or cell-free supernatant of VpD6 and VpN7 and

recombinant Vp_PirA- and B-like proteins were used as bait protein. The
cell extract was prepared by sonication of bacterial cells in cold 1xPBS.
The soluble fraction was filtered through a 0.22 μm filter (Merck
Millipore Ltd., Ireland) and its concentration was measured with a
Qubit™ Protein Assay Kit (ThermoFisher Scientific, USA). Six μg of cell
extract, 12 μg of supernatant, and 500 ng of recombinant toxin proteins
were separated by 18% SDS-PAGE and transferred onto PVDF mem-
branes. In addition, 6 μg of BSA was loaded as a negative control. The
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blotted membranes were blocked and probed with rALF AV-R or rGFP
(control) for 1 h. The binding complex was detected with V5 tag anti-
body and anti-mouse IgG (H + L), AP conjugate as primary and sec-
ondary antibodies, respectively. The interaction was visualized by
adding BCIP/NBT alkaline phosphatase substrate.

A Western blot analysis was performed to detect the Vp_PirA- and B-
like toxin proteins in the samples. Specific antisera against Vp_PirA- and
B-like peptides [12] were used as primary antibodies (1:5000), followed
by anti-rabbit IgG(Fc), AP conjugate (Promega, Japan) as secondary
antibody and BCIP/NBT alkaline phosphatase substrate.

2.12. Oral administration of rALF AV-R and challenge test

The rALF AV-R-supplemented diet was prepared by mixing re-
combinant protein (suspended in PBS) in commercial feed powder
(about 65 μg/g). The mixture was pelleted, and the pellets were dried at
60 °C for 2 h. rGFP- and PBS-supplemented diets were also prepared for
controls.

L. vannamei (body weight 2–3 g) were reared in three 50-L tanks (50
shrimps each) with artificial seawater (28–32 ppt.) at 28 °C. The
shrimps were fed rALF AV-R at a rate of 10 μg/shrimp/day (corre-
sponding to 5% of body weight per day). After three days of feeding,
shrimp from each group were divided into two groups (18 shrimps
each) for immersion challenge with VpD6 at final concentrations of
2.5× 105 and 5×105 CFU/ml. The survival rate was observed at 12,
24, 36, 48, 60 and 72 h post challenge. During the challenge tests, the
shrimps were continually fed the supplemented diets until the end of
the experiment. The survival rates were plotted as Kaplan-Meier curves.

2.13. Statistical analysis

mRNA expressions (log-values) as determined by qPCR were ana-
lyzed by one-way ANOVA with Dunnett's multiple comparison test at a
P value < 0.05. The survival rate was analyzed using the Kaplan-Meier
method and compared using the log-rank test at a P value < 0.05.
Statistical analyses and graphs were performed using GraphPad Prism
7.04 (GraphPad Software Inc., USA).

3. Results

3.1. Illumina sequencing and de novo assembly

Of a total of 200 L. vannamei, only 4 survived after feeding with
FKC-VpD6 for 2 weeks. Raw reads were obtained from stomach and
hepatopancreas: 21,485,676 from the control group, 24,930,246 from
the Vp-inf group, and 18,507,162 from the sur-FKC group. The as-
sembled transcriptome generated 94,135 transcripts with an average
size of 905 bp, representing 79,591 genes (Table 2).

3.2. Identification of DEGs

The pairwise comparison of DEGs between the three groups of
control, Vp-inf and sur-FKC from each tissue were analyzed and dis-
played with Venn diagrams. In the hepatopancreas, a total of 319 DEGs
were detected and 83 genes in sur-FKC showed significantly differential
expression with two other groups (Fig. 1A). In the stomach, a total of
250 DEGs were detected and 18 genes in sur-FKC showed significantly
differential expression with two other groups (Fig. 1A). The compar-
isons of sur-FKC and other groups showed that most DEGs found in the
hepatopancreas were low-expressed genes, whereas most DEGs found in
the stomach were high-expressed genes (Fig. 1B).

Of the 218 annotated DEGs in the hepatopancreas, 161 encoded
known proteins (Table S1), whereas of the 187 annotated DEGS in the
stomach, 91 encoded known proteins (Table S2). The immune-related
genes found in the DEGs were manually grouped into proteins of six
functional types for the hepatopancreas (Table S3) and into proteins of
four functional types for the stomach (Table S4). The main gene on-
tology (GO) categories were catalytic activity in the hepatopancreas
and structural molecular activity in the stomach (Fig. 1C).

3.3. Validation of mRNA expression from RNA-Seq

Of the 10 selected DEGs, the expression level of 8 genes were ex-
amined in the hepatopancreas. The expression of five of these genes
(DN13910, DN21485, DN20905, DN13245 and DN21632) were con-
sistent with the RNA sequence data in all comparisons (Fig. 2A). Of the
three genes that were examined in the stomach, only one of them
(DN3154) was expressed at a level similar to that in the RNA sequence
data (Fig. 2B). Of all the genes validated by qPCR, only one gene
(DN21485) was significantly expressed in the hepatopancreas of sur-
viving shrimp. Therefore, gene DN21485 which encodes a protein
identical to L. vannamei anti-lipopolysaccharide factor AV-R isoform
(LvALF AV-R), was furthered examined.

3.4. Expression of LvALF AV-R mRNA

In healthy L. vannamei, LvALF AV-R was highly expressed in he-
mocytes, heart and lymphoid organ but very weakly expressed in nerve,
muscle, eye, and hepatopancreas (Fig. 3A). LvALF AV-R was also ex-
pressed in the hepatopancreas of L. vannamei fed FKC-N7 and upon
infection with V. parahaemolyticus AHPND-causing strain D6 (VpD6).
After treatment, expression of LvALF AV-R slightly increased at 3 d of
VpD6 treatment and at 7 d of both treatments. Nevertheless, the two
treated groups did not significantly differ from the control at any of the
sampling times (Fig. 3B).

FKC-D6 feeding was repeated in the second and third trials to obtain
AHPND-toxin resistant shrimp. After one week feeding, 16 shrimps
(3.2%) survived in the second trial and 32 shrimps (6.4%) survived in
the third trial. All surviving shrimps were collected and named as sur-

Table 2
Summary of reads in control, Vp-inf and sur-FKC transcriptomes.

Trinity Outputs control Vp-inf sur-FKC

St∗1 HP∗2 St HP St HP

Number of raw reads 13,516,128 7,969,548 10,328,124 14,602,122 9,564,080 8,943,082

Total trinity ‘genes’ 79,591
Total trinity ‘transcripts’ 94,135
Percent GC 44.72
Transcript contig N50 1777
Median contig length (base) 422
Average contig (base) 905.37
Total assembled bases 85,226,619

(∗1 St= stomach and ∗2 HP=hepatopancreas).
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FKC_2 and sur-FKC_3. In the latter case, mRNA expression was ex-
amined in 24 of 32 shrimps. LvALF AV-R mRNA was highly expressed in
the hepatopancreas of surviving shrimp in each of the three trials. Its
expression in the surviving shrimp of trial 2 was also significantly

higher than it was in the control and Vp-inf shrimp, whereas surviving
shrimp of trial 3 was significantly higher than control group (Fig. 3C).

Fig. 1. Identification of differentially expressed genes (DEGs). A) Venn diagram showing the number of differentially expressed genes by pairwise comparison among
3 groups of control, Vp-inf and sur-FKC in the hepatopancreas and stomach. Venn diagrams were drawn by http://bioinformatics.psb.ugent.be/webtools/Venn/. B)
Numbers of high-expressed and low-expressed genes of DEGs in Vp-inf and sur-FKC compared to control and sur-FKC compared to Vp-inf. C) Gene ontology (GO)
classification of differentially expressed genes in the hepatopancreas and stomach. Categories of GO are classified into three group of biological process (BP),
molecular function (MF) and cellular component (CC).

Fig. 2. Expression levels of selected DEGs measured by RNA sequencing and qPCR in the hepatopancreas (A) and stomach (B). In each tissue, pairwise comparisons
are made among the three groups, Vp-inf, sur-FKC and control. qPCR results are presented as mean from three individual shrimp of control or Vp-inf and four
individual shrimp of sur-FKC.
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3.5. Histological changes in the hepatopancreas

The hepatopancreas of L. vannamei after being fed with FKC-VpD6
for 24 h (Fig. 4B), 48 h (Fig. 4C), and 72 h (Fig. 4D) showed signs of
AHPND, such as sloughing of tubule epithelial cells, hemocytic in-
filtration surrounding the hepatopancreas tubules, and enlargement of
some nuclei in hepatopancreas tubule epithelial cells. One of the four
surviving shrimps examined showed some hemocytic infiltration and
enlarged nuclei, but without the sloughing of epithelial tubule cells
(Fig. 4E). The hepatopancreases of the other three did not show any
signs of AHPND (Fig. 4F–H) and were similar to the hepatopancreas in a
non-treated shrimp (Fig. 4A).

3.6. Purified recombinant protein expression

Recombinant rLvALF AV-R was successfully expressed in insect cell
lines. rALF AV-R is composed of 163 amino acid residues with addition
of a V5 epitope and HIS tag at the C-terminus. Purified rALF AV-R and
rGFP were observed in SDS-PAGE gel at the predicted sizes of 16.4 and
33.7 kDa, respectively (Fig. 5A). A Western blot analysis using an anti-
V5 monoclonal antibody detected both recombinant proteins at the
predicted size (Fig. 5B).

3.7. Binding activities of LvALF AV-R

LPS and PGN were used as the representatives of cell wall compo-
nents of Gram-negative and Gram-positive bacteria, respectively. In
ELISAs, rALF AV-R bound to LPS and PGN (Fig. 6A) and Gram-negative

bacteria (VpD6 and E. coli) (Fig. 6B). With respect to Gram-positive
bacteria, rALF AV-R bound to B. amyloliquefaciens, but not S. agalactiae,
while rGFP also bound to B. amyloliquefaciens but only at the highest
concentration (Fig. 6C).

3.8. Interaction of rALF AV-R and Vp_PirAB-like toxin

In ELISAs, rALF AV-R strongly bound to Vp_PirB-like recombinant
protein (toxB), but not to native toxin in the VpD6 supernatant or
Vp_PirA-like recombinant (toxA) (Fig. 7A). rGFP also bound to Vp_PirB-
like recombinant protein (Fig. 7A).

Far-Western blot analysis was performed to confirm the interaction
of rALF AV-R and native Vp_PirAB-like toxin. In the left panel of Fig. 7B,
rALF AV-R-binding proteins were detected, either in VpD6 or VpN7 at
approximately size of 10 kDa in the cell extract and 10–15 kDa in the
supernatant. In the right panel of Fig. 7B, rGFP-binding proteins were
detected in Vp_PirA-like recombinant (toxA) at size of 15 kDa and in
Vp_PirB-like recombinant (toxB) at size of 50 kDa (indicated by arrow).

Western blotting detected the Vp_PirA- and B-like proteins (at their
predicted sizes of 15 kDa and 50 kDa, respectively) in the cell extract
and supernatant of VpD6, but not in the cell extract or supernatant of
VpN7 (Fig. 7C). The recombinant toxA and toxB were used as controls.

3.9. In vivo effect of LvALF AV-R recombinant protein

L. vannamei treated with rALF AV-R, rGFP, and PBS supplemented
diets were challenged with VpD6-immersion at final concentrations of
2.5× 105 and 5× 105 CFU/ml. The survival rate of shrimp treated

Fig. 3. The mRNA expression of LvALF AV-R in L. vannamei hepatopancreas measured by qPCR. A) Expression in different tissues of healthy shrimp (N=3)
normalized to expression in the nerve. B) Expression after feeding with FKC-N7 (N=3) and immersion in VpD6 (N=3). C) Expression in surviving shrimps after
feeding with FKC-VpD6 from three trials of sur-FKC-1 (N = 4), sur-FKC-2 (N= 16), and sur-FKC-3 (N= 24), compared with control (* significant difference) and Vp-
inf (# significant difference). Data are presented as mean and vertical bars represent± SEM. Statistical analysis was analyzed by one-way ANOVA with Dunnett's
multiple comparison test at P value < 0.05.
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with rALF AV-R was not significantly different from that of shrimp
treated with PBS or rGFP groups at 72 h post challenge with either dose
(Fig. 8A and B). However, the survival rate of the rALF AV-R group was
higher than that of PBS group at most other observation times for both

challenges.

4. Discussion and conclusion

Anti-lipopolysaccharide factor (ALF) is a small polypeptide
(114–124 amino acid residues) that belongs to an antimicrobial peptide
family [27]. ALFs were initially characterized in horseshoe crabs
[28–30] and were subsequently identified in other crustaceans, e.g.
crab, crayfish, lobster, and shrimp [31–36]. Typically, ALFs contain a
hydrophobic N-terminal region and a conserved LPS-binding domain,
which is flanked by two conserved cysteine residues that form a dis-
ulfide bond [37–39]. The ALFs of penaeid shrimp have a wide-range of
functions in shrimp immunity, being involved in anti-bacterial, anti-
fungal, and anti-viral activities [40–45].

Our RNA-seq and qPCR results revealed that a gene homologous to
an LvALF AV-R isoform was significantly more strongly expressed in the
hepatopancreas of surviving L. vannamei after being fed with FKC-VpD6
diet for 1 or 2 weeks. The surviving shrimps (sur-FKC) were hypothe-
sized to be Vp_PirAB-like toxin-resistant. On the other hand, other ALF
isoforms such as ALF VV-R, ALF AV-K, and ALF AA-K were not detected
in our transcriptomes. It might because of these isoforms are typically
expressed in hemocyte [46,47]. To determine whether the high ex-
pression of LvALF AV-R in the hepatopancreas of the resistant shrimp
was due to the typical cell components of V. parahaemolyticus in the
diet, we fed other shrimp with FKC of V. parahaemolyticus non-AHPND
causing strain. These shrimps did not show a significant increase in the
expression of LvALF AV-R in the hepatopancreas (Fig. 3B). Similarly, a

Fig. 4. Histological sections of L. vannamei hepatopancreas with H&E staining. A) Normal shrimp without treatment. B-D) Shrimp after feeding with FKC-VpD6 for
24 h, 48 h, and 72 h, respectively. E-H) Four individual surviving shrimps after one week feeding with FKC-VpD6. Scale bars= 100 μm.

Fig. 5. Expression of purified recombinant proteins rALF AV-R (lane 1) and
rGFP (lane 2). A) CGP stained gel and B) Western blot analysis using anti-V5
monoclonal antibody.
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Fig. 6. Binding activity of rALF AV-R to bacterial proteins. A) Binding of LPS and PGN polysaccharides. B) Gram-negative bacteria binding. C) Gram-positive bacteria
binding. rGFP was added in all experiments as negative recombinant protein. These data represent the mean ± SEM of at least two independent experiments.

Fig. 7. The interaction of LvALF AV-R and the Vp_PirAB-like toxin. A) ELISA binding assay of native toxin from supernatant of VpD6 (sup.VpD6) and the Vp_PirA- and
B-like toxin recombinants (toxA and toxB), whereas the supernatant protein of VpN7 (sup.VpN7) was used as control. These data represent the mean ± SEM of at
least two independent experiments. B) Far-Western blot analysis of cell extract and supernatant from VpD6 or VpN7, and recombinant Vp_PirA- and eB-like (toxA
and toxB), probed with rALF AV-R or rGFP. BSA was loaded as negative control. C) Detection of Vp_PirA-like and Vp_PirB-like proteins with specific antibody against
Vp_PirA- or B-like toxin in the used sampled of Far-Western blotting.
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previous report showed that inoculation of heat-killed V. alginolyticus
did not upregulate LvALF AV-R in shrimp hemocytes mRNA expression
[46]. These results suggest that upregulation of LvALF AV-R mRNA
expression in the shrimp hepatopancreas is a specific response to the
Vp_PirAB-like toxin. On the other hand, immersing shrimp in VpD6 for
one week (a non-lethal challenge), also did not significantly induce the
expression of LvALF AV-R in the hepatopancreas (Fig. 3B). This was
probably because the amount of toxin in the immersion test was lower
than that in the FKC-VpD6 feeding experiment.

In healthy shrimp, LvALF AV-R mRNA was highly expressed in he-
mocytes but barely expressed in the hepatopancreas (Fig. 3A), in
agreement with previous reports [47–49]. Histological sections of FKC-
VpD6-fed shrimps showed that epithelial cells were infiltrated with
hemocytes surrounding the hepatopancreas tubules (Fig. 4B–D), raising
the possibility that these hemocytes may have increased LvALF AV-R
expression. However, this seems to be unlikely in the case of the re-
sistant shrimp, whose hepatopancreases appeared normal, without he-
mocytic infiltration (Fig. 4G–H).

LvALF AV-R mature protein has a predicted molecular weight of
11.12 kDa and theoretical pl of 10.17. Based on the theoretical pl of
protein, LvALF AV-R is classified under a highly cationic ALF family and
most cationic AMPs bind to bacterial polysaccharides or exhibit anti-
microbial activities [50]. Our ELISAs showed that rALF AV-R bound to
LPS and PGN (Fig. 6A), which are the major cell wall component of
Gram-negative and Gram-positive bacteria, respectively. Moreover,
rALF AV-R more strongly bound to Gram-negative bacteria than to
Gram-positive bacteria (Fig. 6B and C) as expected because it contains
an LPS-binding domain. The unexpected finding that rALF AV-R didn't
bind to the Gram-positive S. agalactiae (Fig. 6C) might be due to the
presence of different cell wall components in this species, compared to
Bacillus spp. Most Gram-positive bacteria incorporate peptidoglycan,
anchored with cell-wall glycopolymers, which have highly variable
structures among species [51].

The finding that rALF AV-R bound to recombinant Vp_PirB-like
toxin but not to native toxin (Fig. 7A) might be a false-positive result
because recombinant Vp_PirB-like also bound to rGFP (Fig. 7A). This
was supported by the Far-Western blotting, which showed that rALF
AV-R interacted with ∼10 kDa V. parahaemolyticus proteins but not
with the toxin proteins (Fig. 7B). These rALF AV-R-binding proteins
may be lipopolysaccharide-related proteins that are mainly found in
Gram-negative bacteria. Also, in the Far-Western blotting, unlike the
ELISA, rALF AV-R did not bind to Vp_PirB-like recombinant protein,
while rGFP bound to both Vp_PirA- and Be like recombinant proteins.
These results suggest that the recombinant proteins could differ in
structures and functions from the native forms [52]. Moreover, the
structures of Vp_PirA- and B-like toxins under non-denaturing (ELISA)

and denaturing (Far-Western) conditions were different and may have
affected their interactions.

Previous studies have reported that ALF isoform 3 of Penaeus
monodon (ALFPm3) [53] and a single WAP domain-containing protein
of L. vannamei (LvSWD) [54], exhibited antimicrobial activities against
V. parahaemolyticus AHPND-causing strains and promoted survival of L.
vannamei after infections. For testing the effect of rALF AV-R to
Vp_PirAB-like toxin, an immersion challenge with VpD6 was used in-
stead of FKC-VpD6 feeding, to imitate the uptake of toxin in natural
condition. In this study, the survival rate of rALF AV-R-fed shrimp after
challenge was not significantly different from that of the control groups
(Fig. 8). However, the mortality of the rALF AV-R-fed shrimp was not as
sudden as it was for the PBS group at both doses of VpD6. Hence, in-
creasing the rALF AV-R concentration in the diet or the feeding time
prior to an infection may increase survival. Also, the finding that the
survival of rGFP group has higher than that of the PBS group and rALF
AV-R group (Fig. 8) might be due to non-self molecule recognition ei-
ther by innate effector molecules or phagocytosis [55,56] that raised
immune defenses against AHPND infection.

On the other hand, the cause of AHPND-resistance might be due to
the mutations of some specific genes that affect the action of toxin. The
Vp_PirAB-like toxin has structure similar to B. thuringiensis Cry toxins,
therefore they might also use similar mechanisms to cause cell death in
the host [57]. The studies on Cry toxin-resistant insects revealed that
the mutations of toxin-receptor genes are the main cause of resistance.
Mutated receptor genes alter binding between toxin and receptor, re-
sulting in the reduction of toxicity or resistance [58,59]. To investigate
possible occurrence of mutation causing toxin resistance as previously
reported, survival shrimp were collected 1 week-post FKC-VpD6
feeding and stocked for 1 week. Shrimp were then re-fed with FKC-
VpD6 but result showed that all shrimp died after 3 days (data not
shown). Thus, it is highly possible that shrimp survived because of the
mechanisms of immune defense, as shown in a study of L. vannamei
tolerance to AHPND after non-lethal heat shock [60].

In conclusion, our results demonstrate that LvALF AV-R transcrip-
tion is upregulated in the hepatopancreas of toxin-resistant L. vannamei
in response to Vp_PirAB-like toxin. However, LvALF AV-R may not be
the only factor involved in the defense against Vp_PirAB-like toxin
virulence.
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Fig. 8. Survival rate of L. vannamei treated with rALF AV-R (rALF) and challenged with two doses of VpD6. A) 2.5× 105 CFU/ml and B) 5×105 CFU/ml. rGFP and
PBS treated shrimps were used as control groups.
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