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Acute hepatopancreatic necrosis disease (AHPND) is a severe,
newly emergent penaeid shrimp disease caused by Vibrio para-
haemolyticus that has already led to tremendous losses in the
cultured shrimp industry. Until now, its disease-causing mecha-
nism has remained unclear. Here we show that an AHPND-causing
strain of V. parahaemolyticus contains a 70-kbp plasmid (pVA1)
with a postsegregational killing system, and that the ability to
cause disease is abolished by the natural absence or experimental
deletion of the plasmid-encoded homologs of the Photorhabdus
insect-related (Pir) toxins PirA and PirB. We determined the crystal
structure of the V. parahaemolyticus PirA and PirB (PirAvp and PirBvp)
proteins and found that the overall structural topology of PirAvp/PirBvp

is very similar to that of the Bacillus Cry insecticidal toxin-like pro-
teins, despite the low sequence identity (<10%). This structural sim-
ilarity suggests that the putative PirABvp heterodimer might emulate
the functional domains of the Cry protein, and in particular its pore-
forming activity. The gene organization of pVA1 further suggested
that pirABvp may be lost or acquired by horizontal gene transfer via
transposition or homologous recombination.

shrimp | AHPND | Vibrio parahaemolyticus | Pir toxin | virulence plasmid

Since its first outbreak in China in 2009 (1), the newly emer-
gent shrimp disease acute hepatopancreatic necrosis disease

(AHPND) (2), originally known as early mortality syndrome,
has spread through Southeast Asia to Vietnam, Malaysia, and
Thailand to reach as far as Mexico in early 2013 (3, 4). Shrimp
production within the AHPND-affected region dropped to
∼60% compared with 2012, and the disease has caused global
losses to the shrimp farming industry estimated at more than $1
billion per year (5). In 2013, Tran et al. showed that the causative
agent of AHPND was a specific strain of the common Gram-
negative halophilic marine bacterium Vibrio parahaemolyticus
(6). Through some unknown mechanism, this strain had become
virulent, and, in infected shrimp, it induced AHPND’s charac-
teristic symptoms, i.e., a pale and atrophied hepatopancreas
(HP) together with an empty stomach and midgut. Histological
examination further showed that AHPND causes sloughing of
the HP tubule epithelial cells into the HP tubule lumens (2, 6).
Curiously, however, in the initial and acute stage of the disease,
although a massive number of bacteria are sometimes found in
the stomach chamber in some affected shrimp, there is no sig-
nificant bacterial colonization of the HP tubule lumen (6). This
led Tran et al. to propose that the distinctive pathology of
AHPND was caused by a secreted toxin, and this suggestion
was supported by the finding that injection of the bacteria-free

supernatant of culture broth media into healthy shrimp by reverse
gavage can induce the characteristic symptoms of AHPND (6).
Previous studies on AHPND have focused on isolate varia-

tions (7), appropriate farming practices (8), or comparisons of
draft genome sequences of AHPND-causing strains vs. non-
AHPND strains (3, 9–12). In our previous study (9), we used a
next-generation sequencing (NGS) platform to sequence and
compare three virulent strain and one nonvirulent strain, and
found that a large (∼69-kbp) extrachromosomal plasmid was
present in all AHPND V. parahaemolyticus strains but not in the
non-AHPND strains. We also reported that one of the genes (in
fact, the operon that comprised ORF50 and ORF51) on this
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plasmid encoded a homolog of the insecticidal Photorhabdus
insect-related (Pir) binary toxin PirAB. This homology further
suggested that, like PirAB, this plasmidic protein might also
exhibit pore-forming activity.
In the present study, the identity of the AHPND virulence

factor is determined and confirmed, and the role and importance
of the V. parahaemolyticus PirAB (PirABvp) toxin in AHPND
pathology is demonstrated in its ability to induce AHPND. We
propose a structural model of how the PirABvp complex might
act as a pore-forming toxin.

Results
Unique Characteristics of AHPND-Causing Strains of V. parahaemolyticus.
To identify the critical virulence factors associated with AHPND,
we first sequenced the genomes of three AHPND-causing strains
(3HP, 5HP, and China) and one non–AHPND-causing strain (S02;
Table S1). The contigs were generated from the sequence reads by
the de novo genomic assembler Velvet (13), and then Mugsy (14)
was used to perform multiple sequence alignments on these closely-
related whole genomes to search for AHPND-specific contigs. For
this analysis, we also included the complete genome sequence of
two other non–AHPND-inducing strains of V. parahaemolyticus:
human clinical isolate V. parahaemolyticus RIMD 2210633 and
environmental isolate V. parahaemolyticus BB22OP. We retrieved
315 contigs that were found in all three AHPND-causing strains but
not in any of the non-AHPND strains. BlastN showed that many of
these putative AHPND-specific contigs were homologous to se-
quences found in plasmids in other Vibrio spp. We inferred that
these contigs very probably also originated from a plasmid rather
than from the V. parahaemolyticus chromosomal DNA.

Analysis of Plasmids Purified from AHPND and Non-AHPND Strains.
To confirm that the unique sequences of the AHPND-causing
strains were of plasmidic origin, we purified plasmids from six
AHPND and four non-AHPND strains. All the AHPND-causing
strains contained from one to five extrachromosomal plasmids
(Fig. 1A), whereas Southern blot hybridization with a probe
(AP2) (9) derived from one of the largest AHPND-specific
contigs (12.2 kb) detected a plasmid of ∼70 kbp in each of the
AHPND-causing strains (Fig. 1B). As this strongly suggested that
AHPND virulence in V. parahaemolyticus is conferred by a
common plasmid, we next sequenced the purified plasmids from
two strains of AHPND-causing V. parahaemolyticus (3HP and
M1-1). Our sequencing data revealed that both strains contained

a plasmid with a size of ∼70 kbp. This APHND-associated
plasmid was designated pVA1. Sequence identity of the two
pVA1s was 98–99%, and the size also varied slightly.

Sequence Analysis of the APHND-Associated Plasmid pVA1. Fig. S1A
shows one of the AHPND-causing strains of V. parahaemolyticus
(3HP). This strain contains chromosome I (3.3 Mbp), chromo-
some II (1.9 Mbp), the plasmid pVA1 (70,452 bp), and a 64-kbp
non–AHPND-associated plasmid. The pVA1 plasmid was as-
sembled into a single contiguous sequence with a size of 70,452
bp and a G + C content of 45.95%. With the Rapid Annotations
using Subsystems Technology online service (15), a total of 59
predicted ORFs were found on the forward strand, whereas 31
predicted ORFs were found on the reverse strand, with sizes
ranging from 120 bp to 2,415 bp. The average length of the
ORFs was approximately 652 bp, and the gene density was 0.78
per kb (Fig. S1B).
The predicted ORFs were annotated by using a protein

BLAST (BLASTP) search. Among the 45 putative ORFs with
known function (Fig. S1 B and C, orange), one putative ORF
(ORF7) showed homology to the toxin-antitoxin gene pndA (16),
which is associated with a postsegregational killing (PSK) system.
Five putative ORFs resembled transposase (Fig. S1 B and C, green;
ORF15, ORF48, ORF55, ORF57, and ORF68), and three of these
(ORF15, ORF48, and ORF55) were identical (ORF48 is in re-
verse orientation). pVA1 also includes an operon that encodes
ORF50 and ORF51, which are homologs (∼30% identity) to the
pore-forming Pir toxins PirA and PirB (17). We note that, before
the emergence of AHPND, this binary insecticidal toxin had not
been reported in a marine organism to our knowledge.

PirABvp Toxin Leads to Shrimp HP Cell Death and to the Characteristic
Sloughing of the Dead Epithelial Cells into the HP Tubules. Previous
reports have shown that, even though AHPND induces massive
sloughing of HP cells into HP tubules, there is no sign of any
bacteria in the lesions (4, 6, 18). This has led to the suggestion that
the observed necrotic effects are caused by some unidentified
toxin (6), and we hypothesized that the secreted form of the
pVA1-encoded Pirvp toxin was very likely to be responsible.
To test this hypothesis, we first investigated whether AHPND-

causing V. parahaemolyticus secretes PirAvp and PirBvp into the
culture medium. By Western analysis with antibodies against
PirAvp and PirBvp, we detected secreted PirAvp (12 kDa) and
PirBvp (50 kDa) in the AHPND-causing V. parahaemolyticus
culture medium 1 h after cultivation (Fig. 2A).
For the next experiment, we constructed a pirAB operon de-

letion mutant (Fig. 2B) of AHPND-causing V. parahaemolyticus
(ΔpirABvp AHPND-causing V. parahaemolyticus) by conjugation
of AHPND-causing V. parahaemolyticus with Escherichia coli
S17-1λpir that had been transformed with recombinant pIT009
with the pirABvp operon deletion allele. We also constructed a
complementation mutant (Fig. 2B) by introducing a recombinant
pIT009 with the pirABvp operon into the ΔpirABvp AHPND-
causing V. parahaemolyticus by conjugation for in trans expres-
sion of PirABvp toxin. We confirmed by Western blot analysis
that ΔpirABvp AHPND-causing V. parahaemolyticus did not pro-
duce PirAvp or PirBvp (Fig. 2C). The results of challenge tests
revealed that the isogenic ΔpirABvp mutant showed a dramatic
decrease in virulence and caused no AHPND-like histopathology,
whereas both effects were recovered by the complementation
mutant that exogenously expressed PirABvp (Fig. 2 D and E).
These results suggest the PirABvp toxin plays a critical role in
producing the characteristic symptoms of AHPND.
To further explore the toxicity of PirAvp, PirBvp, and the

PirABvp complex, shrimp were challenged with the recombinant
proteins themselves or with two E. coli BL21 recombinants that
respectively expressed recombinant PirAvp (rPirAvp) and rPirBvp

(Fig. 2F). When reverse gavage was used to directly inject 100 μL

Fig. 1. Analysis of plasmids purified from AHPND and non-AHPND strains.
(A) Uncut plasmids from various AHPND-causing strains (lanes 1–6) and non-
AHPND strains (lanes 7–10) after separation in 0.8% agarose gel. The size
marker lane (marked “M”) shows uncut plasmids from Pantoea stewartii
SW2 (29). (B) Southern blot hybridization signals of the same uncut plasmids
after they were transferred to a nylon membrane and probed with alkaline
phosphatase-labeled DNA fragments derived from the AP2 amplicon. As-
terisks indicate corresponding plasmid bands.
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of 2 μM rPirAvp, rPirBvp, or premixed rPirAvp+rPirBvp into
shrimp (body weight 1 g), histological examination of HP tissue
sections showed that, although rPirAvp caused only minor his-
tological changes, the premixed rPirAvp+rPirBvp and the rPirBvp

alone induced typical signs of AHPND, including sloughing of
the epithelial cells into the HP tubules (Fig. S2A). However,
when shrimp were challenged by the more natural per os path-
way in feeding trials, rPirBvp alone showed no histological effect,
whether administered as a protein or via E. coli BL21 (Fig. S2 B
and C), whereas mortality was significantly increased only by a
mixture of both toxins and by a mixture of both toxin-expressing
E. coli BL21 recombinants (Fig. 2 G and H).

Natural Deletion/Insertion of pir Genes. Further evidence of the
importance of the PirABvp toxin in causing AHPND comes from
V. parahaemolyticus strain M2-36, which was isolated from a
culture pond in Vietnam after an outbreak of AHPND. Al-
though M2-36 gave positive PCR results with primer sets derived
from AP1 and AP2 (Fig. S3), it failed to induce AHPND in
shrimp that were challenged by immersion (Fig. S4). PCR am-
plification of a region of the plasmid between AP1 and AP2
produced an amplicon of only ∼3,701 bp instead of the expected
∼9,116 bp. Southern hybridization confirmed that the amplified
region was from an M2-36 plasmid (Fig. S5), and sequencing
revealed that the entire pirAB operon was missing from this
amplicon (Fig. 3). Interestingly, the missing pirAB fragment was
flanked by two mobile elements: upstream, there was a transposable

element protein (transposase) with terminal inverted repeats,
whereas the transposase downstream shared 100% sequence
identity but was oriented in the opposite direction as the trans-
posase upstream, suggesting that the acquisition of pirABvp by
pVA1 or the deletion of pirAB from M2-36 might have resulted
from a horizontal gene transfer between microorganisms via gene
transposition or homologous recombination.

The pVA1 Plasmid Is the Only Source of the AHPND-Causing Toxin. To
confirm that the pVA1 plasmid was the only source of pirABvp, the
plasmid needed to be cured, i.e., removed, from the bacterium.

Fig. 2. PirABvp toxin leads to shrimp HP cell death, the characteristic sloughing of the dead epithelial cells into the HP tubules, and mortality within 24 h.
(A) Western blot analysis with anti-PirAvp and anti-PirBvp antibodies detected PirAvp and PirBvp proteins in the medium of a V. parahaemolyticus culture
during the log phase of growth (1–4 h). (B) PCR confirmation of the AP1, AP2, pirAvp, and pirBvp sequences in the ΔpirABvp and ΔpirABvp+pirABvp strains.
(C) Western blot analysis with anti-PirAvp and anti-PirBvp antibodies shows the presence or absence of PirAvp and PirBvp proteins in theΔpirABvp and ΔpirABvp+pirABvp

strains. (D) Virulence assay shows cumulative mortalities of shrimp immersed in the WT, ΔpirABvp, and the complemented strains. Shrimp immersed in TSB were used
as a negative control. Significant differences were determined by unpaired Student t test (**P< 0.005). (E) Sections of the HP from shrimp in the virulence
assay were stained with H&E and subjected to histological examination. The typical AHPND signs of sloughed epithelial cells (arrows) and hemocytic en-
capsulation (HE) were induced by the WT and the complemented strains, whereas shrimp immersed in the ΔpirABvp strain or the TSB control exhibited normal
B- and F-cells (broken arrows) without any sloughing of the tubule cells. (Scale bar: 100 μm.) (F) To confirm the toxin content used in the per os challenge,
Western blot with anti-PirA and anti-PirB probes was used to detect the purified recombinant Pir toxins rPirAvp, rPirBvp, rPirAvp+rPirBvp, and the E. coli
recombinants BL21 (ppirAvp), BL21 (ppirBvp), and BL21 (ppirAvp) + BL21 (ppirBvp). WT AHPND strain 3HP was used as the positive control, and BSA and the
empty vector BL21 (pET21b) were used as the negative controls. (G and H) Results of per os challenge show cumulative mortalities of shrimp fed with pellets
soaked for 10 min in solutions containing (G) purified recombinant Pir toxin rPirAvp, rPirBvp, and rPirAvp+rPirBvp and (H) the E. coli recombinants BL21 (ppirAvp),
BL21 (ppirBvp), and BL21 (ppirAvp) + BL21 (ppirBvp). Shrimp fed with pellets soaked in BSA or in the E. coli recombinant with the expression vector only, BL21
(pET21b), was used as the negative controls. Significant differences were determined by unpaired Student t test (**P< 0.005).

Fig. 3. Comparison of pVA1 and the non–AHPND-causing plasmid from
strain M2-36 shows the location of the missing DNA fragments. Putative
pVA1 ORFs are indicated by the boxes marked with arrows. In the sequence
amplified by the AP1-F16/AP2-R1 primer set (Table S2), fragments I and III
are absent from the plasmid in the M2-36 strain, whereas fragment II is in
reverse orientation. The blue arrowheads represent inverted repeats.
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However, in our preliminary trials, we failed to produce any cured
clones from more than 20,000 clones that were sensitive to the
chloramphenicol acetyltransferase marker. We determined that
this was a result of the pndA toxin-antitoxin gene, which provides
the pVA1 plasmid with a PSK system. When a bacterium contains
a PSK+ plasmid, any of the bacterium’s progeny that do not inherit
this plasmid will die because the stable pndA mRNA will be
translated to the bactericidal PndA toxin (16). To prevent the
PSK effect, pndA was therefore deleted by allelic exchange under
sucrose stress conditions via conjugation of an AHPND-causing
V. parahaemolyticus (3HP) with E. coli S17-1λpir that had been
transformed with the recombinant suicide vector pDS132-
ΔpndAvp. After pndA deletion, the pVA1 plasmid was success-
fully cured from the pVA1 ΔpndAvp 3HP mutant by using a high
concentration of the plasmid curing agent acridine orange. As
shown in Fig. 4A, the 64-kb non-AHPND plasmid was still pre-
sent in the pVA1-cured strain, and the bacterial growth of the
cured strain was unaffected after undergoing the curing process
(Fig. S6). However, the virulence of the pVA1-cured derivative
was greatly impaired (Fig. 4 B–D), and histopathological exam-
ination of shrimps infected with this pVA1-cured strain showed
normal HP tissue morphology (Fig. 4E). We also found that

reintroduction of the PirABvp toxin via exogenous expression (by
introducing a recombinant pIT009 with pirABvp operon into the
pVA1-cured strain) restored virulence and the cytopathic effects
(Fig. 4 B–E). These data suggested that pirABvp, irrespective of
other plasmidic factors of pVA1, was sufficient to produce the
symptoms associated with AHPND.

The Combined Structural Topology of PirAvp/PirBvp Resembles That of
the Cry Insecticidal Toxins Even Though the Shared Sequence Identity
Is Low. For the original Photorhabdus PirAB insecticidal toxin to
be effective, both components needed to be coexpressed (17),
which suggested that the two proteins might form a binary
complex. We found that PirAvp and PirBvp interacted to form a
complex in vitro (Fig. 5A), and this PirAvp/PirBvp complex was
detected in the supernatant of a bacterial culture in midlog phase
(Fig. 5B). In the same supernatant, we also observed a strong
signal for PirBvp but not PirAvp.
As the crystal structures of the components of the Photo-

rhabdus binary PirAB insecticidal toxin are unknown and be-
cause, in any case, there is genetic distance between the pirAB
coding region of the V. parahaemolyticus strains vs. Photorhabdus
and the other pirAB-harboring bacterial species (Fig. S7), we
crystallized PirAvp and PirBvp and used X-ray crystallography to
determine their respective structures (Fig. S8 and Table S3). The
overall structural topology of PirAvp/PirBvp is very similar to that
of the Bacillus Cry insecticidal toxin-like proteins, even though
their shared sequence identity is less than 10% (Fig. 5C). This
similarity suggested how the putative PirABvp heterodimer might
emulate the functional domains of the Cry protein (Fig. 5D),
with the N terminal of PirBvp corresponding to Cry domain I
(pore-forming activity), the C-terminal corresponding to Cry
domain II (receptor binding), and PirAvp corresponding to Cry
domain III, which is thought to be related to receptor recogni-
tion and membrane insertion (19–21). If this predicted func-
tionality is correct, PirABvp might induce cell death by forming
ionic pores in the cell membrane by using a Cry insecticidal
toxin-like mechanism.

Discussion
We have shown here that the characteristic symptoms of AHPND
are caused by the binary insecticidal toxin homologs PirAvp and
PirBvp, and that these two proteins are encoded by the pVA1
plasmid. This plasmid was found in all six of the AHPND-
causing strains isolated from diseased shrimp in several Asian
countries and Mexico (Fig. 1). Although virulence plasmids have
been reported in several Vibrio spp. that are pathogenic for aquatic
animals (22–24), plasmid prevalence in V. parahaemolyticus is
usually less than 25%, and plasmid size typically ranges from 2.4 kb
to 23.0 kb (25), which is much smaller than pVA1 and the other
non-AHPND plasmids that were found in the AHPND-causing
strains. Another interesting difference is that, unlike other fish-
pathogenic Vibrio species, in which the plasmids contribute to
virulence via a plasmid-encoded iron acquisition system (22) or
confer resistance against the serum killing effect to overcome
host defenses (23), the virulence plasmids of V. parahaemolyticus
produce toxins that immediately destroy the host cells. We also
note that the insecticidal Pir toxins/homologs currently described
from bacterial species such as Photorhabdus and Xenorhabdus
have all been found in the bacterial chromosomes (FM162591.1,
FN667742.1, and FO704550.1), whereas PirABvp is the only toxin
to be encoded by a plasmid.
It was reported previously that both PirA and PirB needed to

be present to induce mortality in insect larvae (17), and now that
this binary insecticidal toxin homolog has been found in a marine
organism, it likewise seems that both PirAvp and PirBvp are
necessary to produce the characteristic symptoms of AHPND
(Fig. 2 G and H and Fig. S2 B and C).We note, however, that,
when challenged by reverse gavage, the PirBvp toxin alone was

Fig. 4. AHPND virulence is abolished in the pVA1-cured derivative and
recovered by in trans expression of PirABvp. (A) Uncut plasmid profiles of
the 3HP AHPND WT strain and its pVA1-cured derivative. Plasmid DNAs
extracted from the respective strains were separated in a 0.8% agarose gel.
The band corresponding to the plasmid pVA1 is indicated by an asterisk. M,
uncut plasmids from P. stewartii SW2 as size markers. (B) PCR confirmation
of the AP1, AP2, pirAvp, and pirBvp sequences in the pVA1-cured and pVA1-
cured+pirABvp strains. (C) Western blot analysis with anti-PirAvp and anti-
PirBvp antibodies to show the presence or absence of PirAvp and PirBvp

proteins in the pVA1-cured and pVA1-cured+pirABvp strains. (D) Virulence
assay shows cumulative mortalities for shrimp immersed in the WT, pVA1-
cured, and pVA1-cured+pirABvp strains. Shrimp immersed in tryptic soy
broth (TSB) were used as a negative control. Significant differences com-
pared with the negative control were determined by unpaired Student t test
(**P < 0.005). (E) Sections of the HP from shrimp in the virulence assay were
stained with H&E and subjected to histological examination. The typical
AHPND signs of sloughed epithelial cells (arrows) and hemocytic encapsulation
(HE) of the hepatopancreatic tubules were observed in the shrimp immersed in
the WT and pVA1-cured+pirABvp strains, whereas normal B- and F-cells without
any sloughing of the tubule cells (broken arrows) were seen in the shrimp im-
mersed in the pVA1-cured strain and TSB control. (Scale bar: 100 μm.)
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able to induce AHPND-like histological signs (Fig. S2A). Re-
verse gavage is a challenge method commonly used in shrimp to
analyze toxicity because, even though it is stressful to the animal,
the amount of injected toxin can be quantified, and the mor-
talities associated with each dosage can be precisely compared.
In the present case, in which our per os feeding protocol also
ensured that the experimental animals were challenged with
comparable dosages, the reason for the observed discrepancy
in the toxicity of PirBvp is not clear, but it is presumably related to
the different physiological conditions, especially the different
enzymes, that would be encountered on the two respective chal-
lenge pathways. Meanwhile, as ingestion of AHPND-causing
V. parahaemolyticus is probably the natural route of infection, it
seems likely that the results of the oral feeding challenge are
more reliable and more closely represent reality compared with
the reverse gavage results, and we therefore tentatively conclude
that PirAvp and PirBvp are both required to induce AHPND.
Our results show that the pVA1 plasmid contains a cluster of

conjugative transfer genes and two plasmid mobilization genes
(Fig. S1 B and C), which suggests that pVA1 may be a self-
transmissible plasmid. When combined with the pndA PSK sys-
tem, this ensures that the plasmid is inherited during bacterial
replication, and, in this way, the pVA1 plasmid is passed on to
subsequent generations of AHPND-causing V. parahaemolyticus.
Indeed, as noted earlier (Results), we could not obtain any
plasmid-cured derivative until the pndA gene was deleted. (This
result also confirmed that the pndA in pVA1 was functional.)
Taken together, these two features, i.e., the pndA PSK system
and the conjugative transfer gene cluster, suggest that the
AHPND virulence plasmid might be disseminated via conjuga-
tion and then become permanently inheritable in the recipient.
The high homology (99∼100% identity) of the nucleotide se-
quences between pVA1 (KP324996) and two corresponding
plasmids from the AHPND strains M1-1 and A/3, pVAM1-1 and

pVPA3-1 (NC_025152), respectively, further supports the notion
that these plasmids—and by extension, all the APHND-causing
plasmids—might have originated from the same ancestor.
As for the bacterium itself, Kongrueng et al. found that several

AHPND V. parahaemolyticus strains isolated from southern
Thailand were serologically similar, had closely related pulsed
field gel electrophoresis DNA profiles, and possessed the same
repertoire of virulence factors (26). This led them to postulate
that all these strains might have originated from a single clone.
However, it is hard to generalize from this evidence alone because,
although all of these strains were isolated from different locations,
these locations were all in a single geographic area and lacked
geographic diversity. Other reports that have focused on charac-
terizing different AHPND-causing strains have also isolated sam-
ples from farms within a single locality (7, 18). To properly address
this question, a phylogenetic analysis of various AHPND strains
with a wide geographic diversity will be necessary. Until then, it
remains unclear whether the different AHPND strains arose from
the acquisition of pVA1 by a single V. parahaemolyticus ancestor
(monophyletic origin) or by several different V. parahaemolyticus
ancestors (polyphyletic origin).
We postulate that the cytotoxicity of PirAvp and PirBvp can be

explained by their crystal structures. Structural alignment shows
that PirAvp corresponds to domain III of the Bacillus thuringiensis
Cry toxin and PirBvp corresponds to domains I and II (Fig. 5D).
Functionally, Cry toxin induces cell death by undergoing a series of
processes that include receptor binding, oligomerization, and
pore forming (19, 20). In the case of B. thuringiensis Cry1A toxin,
domain III first interacts with the GalNAc sugar on the amino-
peptidase N (APN) receptor and facilitates further binding of
domain II to another region of the same receptor (19–21). This
binding promotes localization and concentration of the activated
toxins. The APN-bound Cry toxin subsequently binds to another
receptor, cadherin, which facilitates the proteolytic cleavage of

Fig. 5. Formation of the PirABvp complex in vitro and in vivo, and a proposed binding model that suggests a functional similarity between PirABvp and the
Cry proteins. (A) When purified PirAvp, PirBvp, and a PirAvp/PirBvp mixture were analyzed separately by using a Superose 16 gel filtration column (GE
Healthcare), we found that, for the PirAvp/PirBvp mixture, both proteins were eluted faster than the individual proteins on their own. This suggests that PirAvp

and PirBvp have formed a complex. (B) In the supernatant from a midlog-phase culture of the WT and the pVA1-cured+pirABvp (CP) strains, PirBvp was found in
a complex with PirAvp and as a monomer, whereas PirAvp was only detected in the complex. Immunoblotting was performed with anti-PirAvp or anti-PirBvp

antibody under undenatured, native PAGE conditions (Left). The denatured SDS/PAGE (β-mercaptoethanol; Right) confirmed that PirAvp and PirBvp were
present in the culture medium. (C) Structural comparison of PirAvp and PirBvp with Cry. (Left) PirAvp (magenta) is superimposed on domain III of Cry (yellow).
(Right) PirBvp (magenta) is compared with domains I and II of Cry. PirAvp has an rmsd of 3.2 Å for 88 matched Cα atoms in CRY domain III, and PirBvp su-
perimposes with Cry domain I and II with an rmsd of 2.8 Å for 320 matched Cα atoms. (PDB ID codes: PirAvp, 3X0T; PirBvp, 3X0U). (D) A putative model of the
PirABvp heterodimer was constructed by superimposing PirAvp on domain III of Cry and PirBvp on domains I and II. (Left) Cry toxin shown for comparison (PDB
ID codes for Cry, 1CIY and ref. 30).
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its domain Iα1 helix. This cleavage induces the formation of Cry
oligomer, which has pore-forming activity (19–21). Interestingly,
when Cry toxin binds only to cadherin, it triggers an alternative
signal transduction pathway. By activating protein G and adenylyl
cyclase, cellular cAMP concentration is increased and protein
kinase A is activated. This will destabilize the cytoskeleton and
ion channels on the membrane, and induce cell death (27, 28).
As the structural similarities suggest that the PirAvp/PirBvp sys-
tem uses a similar strategy to kill cells, the first step to explore
this possibility will be to identify cell receptors that might interact
with the PirAvp/PirBvp heterodimer. Given that PirABvp toxin
induces cell death in the HP but not in the stomach, it seems very
likely that these putative PirABvp receptors will be found ex-
clusively in the HP and any other PirABvp toxin-sensitive organs.

Materials and Methods
The detailed protocols for NGS, multiple sequence alignment, plasmid
isolation, Southern blotting, construction of mutants and complemented

strains, plasmid-cured derivative isolation, immersion challenge test,
histopathology examination, reverse gavage injection, per os challenge,
purification of recombinant Pir protein, gel filtration, protein crystalli-
zation, native PAGE analysis, and Western blotting as well as the in-
formation of bacterial strains and primers used, are provided in SI Materials
and Methods.
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