A weean  Applied and Environmental
SOCIETY FOR . . ®
MICROBIOLOGY MICI’ObIO'Ogy

Acute Hepatopancreatic Necrosis
Disease-Causing Vibrio parahaemolyticus
Strains Maintain an Antibacterial Type Vi
Secretion System with Versatile Effector
Repertoires

Peng Li,2 Lisa N. Kinch,® Ann Ray,2* Ankur B. Dalia,*f9 {2’ Qian Cong,4
Linda M. Nunan,” Andrew Camilli,ef Nick V. Grishin,®<49 {2 Dor Salomon,2
Kim Ortha-<

Department of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, Texas, USA?;
Howard Hughes Medical Institute, University of Texas Southwestern Medical Center, Dallas, Texas, USAP;
Department of Biochemistry, University of Texas Southwestern Medical Center, Dallas, Texas, USAS;
Department of Biophysics, University of Texas Southwestern Medical Center, Dallas, Texas, USA9; Department
of Molecular Biology & Microbiology, Tufts University School of Medicine, Boston, Massachusetts, USAS;
Howard Hughes Medical Institute, Tufts University School of Medicine, Boston, Massachusetts, USAf;
Department of Biology, Indiana University, Bloomington, Indiana, USA; School of Animal & Comparative
Biomedical Sciences, University of Arizona, Tucson, Arizona, USAM, Department of Clinical Microbiology and
Immunology, Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel

ABSTRACT Acute hepatopancreatic necrosis disease (AHPND) is a newly emerging
shrimp disease that has severely damaged the global shrimp industry. AHPND is
caused by toxic strains of Vibrio parahaemolyticus that have acquired a “selfish plas-
mid” encoding the deadly binary toxins PirAvP/PirBvP. To better understand the rep-
ertoire of virulence factors in AHPND-causing V. parahaemolyticus, we conducted a
comparative analysis using the genome sequences of the clinical strain RIMD2210633
and of environmental non-AHPND and toxic AHPND isolates of V. parahaemolyticus. In-
terestingly, we found that all of the AHPND strains, but none of the non-AHPND strains,
harbor the antibacterial type VI secretion system 1 (T6551), which we previously identi-
fied and characterized in the clinical isolate RIMD2210633. This finding suggests that the
acquisition of this T6SS might confer to AHPND-causing V. parahaemolyticus a fitness ad-
vantage over competing bacteria and facilitate shrimp infection. Additionally, we found
highly dynamic effector loci in the T65S1 of AHPND-causing strains, leading to diverse
effector repertoires. Our discovery provides novel insights into AHPND-causing patho-
gens and reveals a potential target for disease control.

IMPORTANCE Acute hepatopancreatic necrosis disease (AHPND) is a serious disease
that has caused severe damage and significant financial losses to the global shrimp
industry. To better understand and prevent this shrimp disease, it is essential to thor-
oughly characterize its causative agent, Vibrio parahaemolyticus. Although the plasmid-
encoded binary toxins PirAvP/PirBvP have been shown to be the primary cause of
AHPND, it remains unknown whether other virulent factors are commonly present
in V. parahaemolyticus and might play important roles during shrimp infection. Here,
we analyzed the genome sequences of clinical, non-AHPND, and AHPND strains to
characterize their repertoires of key virulence determinants. Our studies reveal that
an antibacterial type VI secretion system is associated with the AHPND strains and
differentiates them from non-AHPND strains, similar to what was seen with the PirA/
PirB toxins. We propose that T6SS1 provides a selective advantage during shrimp in-
fections.
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cute hepatopancreatic necrosis disease (AHPND), previously named early mortality

syndrome (EMS), is a newly emerging shrimp disease that is causing serious
reductions in shrimp production and financial losses to the global shrimp aquaculture
industry (1, 2). Since the disease outbreak first appeared in China in 2009, it quickly
spread to Vietnam in 2010, Malaysia in 2011, Thailand in 2012, Mexico in 2013, the
Philippines in 2015, and South America in 2016 (1, 3-6). AHPND can cause up to 100%
mortality within about 20 to 30 days after a pond gets stocked with shrimp postlarvae
(7). Notable symptoms of affected shrimp include an empty gut and an atrophied,
pale hepatopancreas (2). Histopathology analysis shows sloughing of the hepatopan-
creatic tubule epithelial cells and hemocytic infiltration (1). In 2013, it was discovered
that AHPND was caused by a specific set of Vibrio parahaemolyticus strains (1). Toxic
AHPND-causing V. parahaemolyticus strains acquired a 63- to 70-kb plasmid encoding
the binary toxins PirAvP/PirB'P, which are homologous to the Photorhabdus luminescens
insect-related (Pir) toxins PirA/PirB (8, 9). PirAvP/PirBvP are secreted toxins that were
determined to be the primary virulence factors causing AHPND (8, 9). Based on their
structure, theses toxins are similar to Cry insecticidal toxin-like proteins that encode a
pore-forming activity used to kill host cells (8). This plasmid also encodes a set of
conjugative transfer and mobilization genes that could facilitate its spread between
different Vibrio species (8). It is also interesting that this is a “selfish plasmid” that
contains a pndA toxin/antitoxin system ensuring the acquisition of this plasmid in
bacterial progeny for survival (8).

In 2015, a strain of Vibrio campbellii isolated from Vietnam and a strain of Vibrio
owensii isolated from China were shown to cause AHPND (10-12). Both strains contain
a plasmid that is highly similar to the one discovered in AHPND-causing V. parahae-
molyticus and encodes the binary toxins homologous to PirA/PirB (10-12). It supports
the model that PirAvP/PirBvP are the main virulence factors causing AHPND. This
discovery is also consistent with the hypothesis that this plasmid is transmissible and
may be shared between different Vibrio species (8, 12).

V. parahaemolyticus is a Gram-negative, halophilic bacterium that naturally lives in
warm marine and estuarine environments found throughout the world (13, 14). Rising
ocean temperatures during recent years have contributed to its global dissemination
(15-20). V. parahaemolyticus is the world’s leading cause of acute gastroenteritis due to
the consumption of raw or undercooked seafood (18). It can also cause infection of
open wounds through the exposure to contaminated warm seawater (19). In immu-
nocompetent individuals, V. parahaemolyticus infection is normally self-limiting and
lasts for about 2 to 3 days (18, 19), but for individuals with underlying health conditions,
the infection can lead to severe diarrhea, septicemia, and in some cases subsequent
death (18, 19).

Despite the discovery of the toxic plasmid and binary toxins PirAvP/PirB¥P, no
comprehensive studies have been done to characterize the other important virulence
determinants commonly found in V. parahaemolyticus, such as thermostable direct
hemolysin (TDH) and TDH-related hemolysin (TRH) toxins, two type Ill secretion systems
(T3SSs) and two type VI secretion systems (T6SSs) (21). TDH and TRH are pore-forming
toxins with hemolytic activities (13). T3SS is a conserved secretory system present in
many Gram-negative bacteria that directly delivers bacterial virulence factors, called
effectors, into the cytoplasm of host cells to exert various functions (22). V. parahae-
molyticus can contain two different T3SSs (T3SS1 and T3SS2) (13, 23). T3SS1 is highly
conserved and present in both environmental and clinical isolates of V. parahaemolyti-
cus (24). It is activated by low-Ca2* environments as mimicked by the serum-free
Dulbecco’s modified Eagle medium (DMEM) and possesses cytotoxicity against various
cultured eukaryotic cell lines (25, 26). In contrast, T3552 is found only in clinical isolates
of V. parahaemolyticus (24). It is activated by bile salts and is the primary virulence factor
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for gastroenteritis during human infection (27-30). T6SS is another protein secretion
apparatus present in various Gram-negative bacteria (31). Increasing evidence suggests
that the majority of T6SSs play a role in interbacterial competition, as they possess
antibacterial activities mediated by delivery of toxic effectors into neighboring cells
(31-33). Importantly, bacteria avoid self-intoxication by these T6SSs with encoded
immunity proteins that protect against cognate antibacterial effectors. These T6SS
effector/immunity (E/I) pairs are encoded as bicistronic units (34, 35). Two T6SSs have
been described in V. parahaemolyticus, T6SS1 and T6SS2 (36). T6SST has previously
been associated predominantly with clinical isolates of V. parahaemolyticus and was
shown to possess antibacterial activities against various bacterial competitors (36-38).
In the clinical isolate RIMD2210633, this antibacterial activity is mediated by at least
three delivered toxins, two of which contain an N-terminal MIX (Marker for type sIX
effector) domain and are therefore members of the T6SS MIX effector class (35). T6SS2,
like T3SS1, is present in all V. parahaemolyticus strains, including both environmental
and clinical strains (36, 37), but its role in the V. parahaemolyticus life cycle remains
unknown. The two V. parahaemolyticus T6SSs are differentially regulated by external
cues such as temperature, salinity, and surface sensing (36).

To better understand the genetic features of AHPND-causing V. parahaemolyticus,
we selected a set of 18 isolates of V. parahaemolyticus, including 5 environmental
non-AHPND isolates, 12 toxic AHPND isolates, and 1 clinical isolate. The clinical isolate,
RIMD2210633, is not associated with the shrimp disease but rather with gastroenteritis
observed in a human host (39). Comparative analysis was conducted using the genome
sequences of these strains to provide novel insights about their key virulence deter-
minants. Our studies showed that all of the 12 AHPND V. parahaemolyticus strains
possess the same binary toxins PirAvP/PirBvP, suggesting that these toxins likely share
the same origin (12). All V. parahaemolyticus strains analyzed in this study contain the
highly conserved T3SS1 and T6552. None of these strains encode T3SS2 and TDH/TRH
toxin, except for the clinical isolate RIMD2210633; T3SS2 and TDH/TRH are associated
with incidence of gastroenteritis. Interestingly, all toxic AHPND isolates possess an
antibacterial T65S1 similar to the one found in the clinical isolate RIMD2210633,
suggesting a possible role of the T6SS1 in facilitating shrimp infection by killing
competitor bacteria and conferring to pathogenic AHPND V. parahaemolyticus a fitness
advantage (36).

RESULTS

Vibrio parahaemolyticus clinical, environmental non-AHPND, and toxic AHPND
strains contain different virulence factors. Genome sequences of 1 clinical, 5 envi-
ronmental non-AHPND, and 12 toxic AHPND strains of V. parahaemolyticus were
collected for comparative genome analysis (for a list of strains, see Table 1). Among
these, we generated draft genomes of four strains, including one non-AHPND strain
(A2) and three AHPND strains (1335, 12297B, and D4). The genome sequence data for
the other strains were obtained from the NCBI database. RIMD2210633 is a clinical
isolate that served as a reference strain, and the other strains were isolated from various
countries affected by AHPND, including China (CN), Vietnam (VT), Thailand (TH), and
Mexico (MX). We searched the genomes of all these V. parahaemolyticus strains for
known key virulence factors, such as the binary toxins PirAvp/PirBvP, T3SSs (T3SS1 and
T3SS2), TDH/TRH toxins, and T6SSs (T6SS1 and T6SS2). The analysis results are summa-
rized in Table 1. Remarkably, two features clearly distinguished the AHPND from the
non-AHPND V. parahaemolyticus strains. As expected, the virulent PirAvP/PirBvP toxins
were found only in the AHPND-causing strains. In addition, T6SS1, associated predom-
inantly with clinical isolates in previous studies, was present in all AHPND-causing
strains but in none of the non-AHPND environmental strains (Table 1).

Binary toxins PirAvP/PirBvP. A comparison of the binary toxins PirAvP/PirBvP from
different AHPND strains of V. parahaemolyticus showed that they have identical protein
sequences, suggesting that all of the PirAvP/PirBvP toxins very likely have the same
origin. Strain FIM-S1708+ was excluded from this analysis because the genome se-
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TABLE 1 Summary of toxins and virulence determinants in different V. parahaemolyticus strains analyzed in this study

PirAve/ TDH/ Associated  Accession Reference
Strain type Origin® Strain name PirBv» T3SS1 T3SS2 TRH T6SS1 T6SS2 Yr isolated® with disease number(s) or source
Clinical JP RIMD2210633 - + + + + + 1996 + NC_004603, 61
NC_004605
Non-AHPND VT A2 - + - - - + 2013 - MWVHO00000000  This study
TH TUMSAT_HO01_S4 — + - - - + 2014 - BAVI00000000 62
TUMSAT_H10_S6 — + - - - + 2014 - BAVK00000000 62
NCKU_TN_S02 - + - - - + 2014 - JPKV00000000 63
MX FIM-S1392— - + - - - + 2014 - JPLU00000000 64
AHPND \2) A3 + + - - + + 2014 + NZ_JOKEO0000000 65
1335 + + - - + + 2013 + MYFFO0000000 This study
12297B + + - - + + 2013 + MYFG00000000 This study
TH TUMSAT_DE1_S1  + + - - + + 2014 + BAVF00000000 62
TUMSAT_DE2_S2 + + - - + + 2014 + BAVG00000000 62
TUMSAT_D06_S3 + + - - + + 2014 + BAVH00000000 62
NCKU_TV_3HP + + - - + + 2014 + JPKS00000000 63
NCKU_TV_5HP + + - - + + 2014 + JPKT00000000 62
CN NCKU_CV_CHN  + + - - + + 2014 + JPKU0O0000000 63
MX D4 + + - - + + 2013 + MYFH00000000 This study
MO0605 + + - - + + 2013 + JALL00000000 4
FIM-S1708+ + + - - + + 2014 + JPLV00000000 64

aJP, Japan; VT, Vietnam; TH, Thailand; MX, Mexico; CN, China.
PAs best can be inferred from references.

quence of this isolate did not contain complete pirA"? and pirB*? genes. The pirAvP and
pirB? genes are flanked by two inverted copies of a transposase, suggesting that the
toxic genes are likely acquired by AHPND strains from an unknown foreign source (8,
12). PirAvP/PirBvP are homologues of the insecticidal toxins PirA/PirB of the Photorhab-
dus and Xenorhabdus genera (8). Although the mechanism underlying the toxicity of
PirAvP/PirBVP is still unknown, the binary toxins share high structural similarities with the
Bacillus pore-forming Cry insecticidal toxin (8).

T3SS and TDH/TRH toxins. V. parahaemolyticus possesses two different T3SSs,
called T3SS1 and T3SS2 (13, 23). T3SS1 is present in all sequenced strains of V.
parahaemolyticus, including both environmental and clinical isolates (24). The T3SS1
pathogenicity island contains 49 genes, with the main cluster (vp1656-vp1702) located
on chromosome 1 and two genes (vpa0450 and vpa0451) on chromosome 2 (Fig. 1A)
(13). All of the V. parahaemolyticus strains analyzed in our study contain this highly
conserved T3SS1. Our analysis revealed a novel feature of T35S1, namely, that there are
two different subtypes of T35S1, which we termed T3SS1a and T3SS1b (Fig. 1A). The
clinical RIMD2210633 strain, all 5 non-AHPND strains, and 7 of the 12 AHPND strains
have T3SS1a that contains vp1676 to vp1679 (Fig. 1A; shown in blue). The other five
AHPND strains possess T3SS1b that contains three hypothetical genes at the locus
corresponding to vp1676-vp1679 of T3SS1a (Fig. TA; shown in green). The functions of
VP1676 to VP1679, as well as those of their counterparts in T3SS1b, remain unknown.
VP1676 is a putative LysR family transcriptional regulator. VP1678 is a putative dienel-
actone hydrolase. VP1677 and VP1679 are both annotated as hypothetical proteins. The
three newly identified proteins in T3SS1b are annotated as a putative transcriptional
regulator, a putative major facilitator superfamily (MFS) transporter, and a putative
multidrug transporter, respectively.

T3SS1 contains four characterized effectors, VopQ (VP1680), VopR (VP1683), VopS
(VP1686), and VPA0450, which orchestrate rapid cell death against multiple eukaryotic
cell lines (13, 14). To test whether the T3SS1 of the V. parahaemolyticus strains analyzed
in this study is functional, one non-AHNPD strain and four AHPND strains as well as
control strains derived from RIMD2210633 (POR1, POR2, and POR3) were used to infect
Hela cells (29). POR1 is referred to here as the parental strain; it is a derivative of the
clinical isolate RIMD2210633 that encodes deletions for the two hemolysins (encoded
by tdh and trh) (40). Using POR1 as the parental strain, POR2 had the vcrD1 gene
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FIG 1 V. parahaemolyticus clinical, non-AHPND, and AHPND strains contain a conserved T35S1. (A) Comparison of T3SS1 clusters from clinical, non-AHPND, and
AHPND strains of V. parahaemolyticus. All V. parahaemolyticus strains analyzed in this study contain a highly conserved T3SS1 that is further categorized into
two subtypes, T35S1a and T3SS1b. T3SS1a contains vp1676 to vp1679 (blue), and T3SS1b contains three newly identified genes (green). JP, Japan; VT, Vietnam;
TH, Thailand; MX, Mexico; CN, China. (B) HeLa cells were infected with the indicated V. parahaemolyticus strains for 4 h at an MOI of 10. Lactate dehydrogenase
(LDH) release was evaluated as the measure of cytotoxicity against host cells. Data are means =+ standard deviations (SD); n = 3. Data are representative of
three independent experiments.

deleted to inactivate T3SS1, and POR3 had the vcrD2 gene deleted to inactivate T3SS2
(29, 40). Their cytotoxicity was evaluated at 4 h postinfection by measuring the release

of lactate

dehydrogenase (LDH) into the culture medium during cell death. As ex-

pected, all the strains containing T3SS1 exhibited similar cytotoxicity toward Hela cells,
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FIG 2 V. parahaemolyticus clinical, non-AHPND, and AHPND strains contain a conserved but differentially regulated T65S2. (A) Schematic
representation of the V. parahaemolyticus T6SS2 gene cluster. RIMD2210633 strain locus numbers are shown above and gene names below. (B)
Expression (Cell) and secretion (Media) of V. parahaemolyticus T6552 component Hcp2 by the indicated V. parahaemolyticus strains grown in LB
at 23°C or 37°C for 5 h and analyzed by Western blotting using a-Hcp2 antibody. PAR, parental strain. LC, loading control.

which suggests that their T35S1 is active (Fig. 1B). The control POR2 strain, in which
T3SS1 is inactive, was unable to kill HeLa cells (Fig. 1B).

None of the V. parahaemolyticus strains that we analyzed, except for RIMD2210633,
contains T3S5S2, consistent with previous reports that this system is associated with
clinical isolates of V. parahaemolyticus only (4). Therefore, it is unlikely that the AHPND
V. parahaemolyticus strains identified so far could infect human beings and cause
gastroenteritis. TDH/TRH toxins are generally associated and encoded along with T3SS2
(24). Consistent with this association, all of the V. parahaemolyticus strains analyzed,
other than RIMD2210633, also lacked the TDH/TRH toxins.

T6SS2. T6SS2 is highly conserved, located on chromosome 2, and found in all
sequenced isolates of V. parahaemolyticus (36-38). The RIMD2210633 T6SS2 cluster
contains 22 genes (locus tags vpal025 to vpal046) (Fig. 2A). Consistent with previous
discoveries, all of the V. parahaemolyticus strains analyzed in this study possess this
conserved T6SS2 (Table 1). T6SS2 in RIMD2210633 is most active under low-salt (1%
NaCl) conditions at 23°C and exhibits no activity at 37°C (36). To test whether the
T6SS2s in different V. parahaemolyticus isolates are active under similar conditions,
clinical strain RIMD2210633-derived POR1, one environmental non-AHPND strain, and
four toxic AHPND strains were selected, and the expression and secretion of the T6552
hallmark secreted protein Hcp2 were monitored. Similar to POR1, non-AHPND strain A2
and AHPND strains A3, 12297B, and D4 expressed Hcp2 when grown at 23°C, and the
expression level of Hcp2 was largely decreased at 37°C (Fig. 2B) (36). AHPND strain 1335
had no detectable level of Hcp2 expression, suggesting that the T6SS2-activating
conditions could be different for this isolate (Fig. 2B). Only POR1 and D4 secreted Hcp2
(Fig. 2B). As all strains grew at similar rates at 23°C (see Fig. S2A in the supplemental
material), a possible explanation for this result is that additional components necessary
for T6SS2 activity are not expressed in these strains under the conditions tested (Fig.
2B). The mechanisms underlying these differences remain unknown and need further
characterization.

T6SS1. T6SS1 has previously been associated predominantly with clinical isolates of
V. parahaemolyticus and shown to possess antibacterial activities against various bac-
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FIG 3 All V. parahaemolyticus AHPND strains contain a T65S1 cluster similar to that of the RIMD2210633 clinical strain. Schematic representation
comparison of T65S1 clusters from clinical and AHPND strains of V. parahaemolyticus. RIMD2210633 strain locus numbers are shown above and
gene names below. Genes with variations between the strains analyzed are highlighted with different colors. RIMD2210633 genes are labeled in
blue, and corresponding genes in AHPND strains are labeled in blue when they are the same or highly conserved but in other colors when
otherwise. The same color indicates conserved genes (>90% amino acid identity). In RIMD2210633, the previously annotated vp1396 and vp1397
actually form one single gene, as in all AHPND strains (cyan). JP, Japan; VT, Vietnam; TH, Thailand; MX, Mexico; CN, China; MIX, T6SS MIX effector;
Imm, immunity protein; AHH, AHH nuclease toxin domain.

AHPND

MX

terial competitors (36-38). RIMD2210633 T6SS1 is encoded by a main gene cluster
(vp1386-vp1420) and an orphan E/I module (vpal263 and vti2) (35, 36). The antibacterial
activity of the RIMD2210633 T6SS1 is mediated by at least three effectors: VP1388,
VP1415, and VPA1263 (35). VP1388 is a MIX effector encoded at the beginning of the
T6SS1 cluster with unknown mechanism of action; VP1415 is a Pro-Ala-Ala-Arg (PAAR)
repeat-containing protein with a C-terminal Ala-His-His (AHH) nuclease domain and is
encoded at the end of the cluster; VPA1263 is another MIX effector located outside the
T6SS1 cluster, which contains pyocin S and colicin DNase domains (Fig. 3) (35). Genes
encoding immunity proteins that protect against self-intoxication are encoded down-
stream of their cognate antibacterial effectors (35). In contrast to previous reports
suggesting that T65S1 is predominantly associated with clinical isolates of V. parahae-
molyticus, our analysis revealed that all of the 12 toxic AHPND strains analyzed in this
study encode a T6SS1 (Fig. 3).

Comparative analysis of the T6SS1s of V. parahaemolyticus RIMD2210633 and AH-
PND strains revealed important variations at three different sites, which are highlighted
in blue in the RIMD2210633 T6SS1 cluster shown in Fig. 3. Corresponding genes in the
AHPND strains are labeled with blue when they are identical or have greater than 90%
identity to the RIMD2210633 proteins and with a different color otherwise. All three
sites contain genes encoding the RIMD2210633 T6SS1 effectors, consistent with pre-
vious observations showing that the T6SS1 effector repertoire varies between different
V. parahaemolyticus isolates (41, 42).
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Site one encompasses genes vp1388-vp1390. VP1388 is a MIX effector, and VP1389
is its cognate immunity protein (35). VP1390 is a protein with unknown function that
is secreted in a T6SS1-dependent manner and contains a predicted peptidoglycan-
binding domain similar to the C-terminal domain of outer membrane protein OmpA
(35). Six of 12 AHPND strains contain the same three genes as those found in
RIMD2210633 (Fig. 3). TUMSAT_DE2_S2, NCKU_TV_3HP, and NCKU_TV_5HP contain a
different set of three homologous genes, labeled in purple, whereas strains
TUMSAT_D06_S3 and D4 possess another set of homologous genes, labeled in red (Fig.
3). In all three sets of genes found as an operon in site one, there are three genes that
encode a MIX effector, followed by a putative immunity protein and a large hypothet-
ical protein with unknown function containing a predicted peptidoglycan-binding
domain similar to the C-terminal domain of OmpA. A similar observation was recently
made in a genomic analysis of virulent V. parahaemolyticus strains encoding T65S1 (41).
The beginning of the T6SS1 cluster that contains site one is missing in the genome
sequencing data of strain M0605, which was therefore not included in this analysis
(Fig. 3).

Site two encompasses vp1415-vp1420. VP1415 is a T6SS1 effector, and VP1416 was
shown to mediate immunity against it (35). Interestingly, VP1417-VP1420 appear to be
distant homologues of the VP1416 immunity protein and could therefore be the result
of gene duplications that evolved to provide immunity against homologous AHH
nuclease toxins, similar to VP1415. Site two is highly diverse among the AHPND strains,
encoding either a single effector protein containing the PAAR and AHH nuclease
domains, similar to VP1415 (PAAR-AHH), or two separate proteins (PAAR and AHH). In
the latter case, the first protein is the same in all strains and contains the PAAR domain
while the second protein varies but retains a nuclease domain (Fig. 3). In addition, site
two may include more than one nuclease-containing gene, suggesting multiple T65S1
E/I pairs (see Fig. S1, versions 1, 3, and 5, in the supplemental material). Furthermore,
site two also varies in the number of VP1416-homologous immunity proteins that it
encodes (Fig. 3 and Fig. S1). Overall, seven different versions of site two were found in
the 12 AHPND strains we examined (Fig. S1).

Site three contains the E/I pair vpa1263 and vti2 (35). In RIMD2210633, this module
is found outside the T6SS1 cluster within the V. parahaemolyticus island 6 (vpa1254-
vpal270), a mobile element flanked by a transposase and an integrase located on
chromosome 2 (42, 43). Notably, a predicted toxin/antitoxin module containing a
putative HNH nuclease toxin (vpal260) and a HigA-like antitoxin (vpal259) is also
encoded within the same mobile element (as predicted by HHpred [44]). However,
none of the analyzed AHPND strains contain this mobile element with this MIX effector.

We also found that vp1396 and vp1397, which are annotated as two separate genes
within the RIMD2210633 T6SS1 gene cluster, are actually one single gene. In all 12
AHPND strains of V. parahaemolyticus that we analyzed, the region between vp1395 and
vp1398 contains one gene that is predicted to encode a single protein, which appears
to be a fusion protein of the predicted VP1396 and VP1397 of RIMD2210633. This
observation prompted us to determine the source of this discrepancy. To this end,
we amplified and then sequenced the region containing vp71396 and vp1397 from
RIMD2210633. The sequencing results revealed that the current sequence of
RIMD2210633 deposited in the NCBI database (NC_004603) includes a wrongly
inserted 22-bp fragment, which resulted in the annotation of two separate genes,
vp1396 and vp1397. After correcting this error in the sequence, we confirmed that the
region between vp1395 and vp1398 in RIMD2210633 contains only a single gene that
is predicted to encode the same protein as the corresponding region in all of the
AHPND strains (Fig. 3, cyan).

Mobile T6SS1 MIX effectors. T6SS MIX effectors are grouped into five distinct clans
(35). Members of the MIX V clan were shown to be “orphan” effectors encoded outside
T6SS clusters, usually in regions next to mobile genetic elements, and were thus
suggested to be horizontally shared between bacteria (35, 42). One such example is
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FIG 4 AHPND-causing V. parahaemolyticus strains encode mobile T6SS MIX effectors. Mobile genetic elements containing T6SS MIX
effectors from the clinical isolate RIMD2210633 and four AHPND strains, including TUMSAT_DE1_S1, NCKU_CV_CHN, FIM-S1708+, and
MO0605. Components within the mobile elements that are discussed in the text are highlighted with different colors: T6SS mobile MIX
effector, blue and cyan; immunity, green; toxin/antitoxin module, orange; genes encoding proteins that mediate DNA rearrangement
and mobility upstream of the E/I pair are in red and downstream of the E/I pair are in magenta. The number of omitted genes is shown
in parentheses.

vpal263 in RIMD2210633, which is located on an apparent prophage flanked by a
transposase and an integrase (35, 42, 43). Since none of the toxic AHPND strains seem
to encode a VPA1263 homologue at the same synteny as in RIMD2210633 (site three),
we tested whether any of the AHPND strains contains other mobile T6SS MIX effectors.
We searched the protein libraries of all 12 AHPND strains using the MIX domain as our
query to identify MIX effectors encoded by genes outside the main T6551 gene cluster
(35). Our analysis revealed that four AHPND strains, TUMSAT_DE1_S1, NCKU_CV_CHN,
FIM-S1708+, and M0605, possess one MIX effector belonging to clan V (Fig. 4). The
mobile effectors from TUMSAT_DE1_S1, NCKU_CV_CHN, and FIM-S1708+ all contain
the pyocin S and colicin DNase domains, similar to VPA1263 found in RIMD2210633.
The effectors in TUMSAT_DE1_S1 and NCKU_CV_CHN are identical and found in the
same synteny. M0605 contains a novel mobile MIX effector with a predicted LysM
domain and a C-terminal pore-forming toxin domain (as predicted by HHpred [44]). All
of the identified MIX effectors had a small open reading frame downstream that is
predicted to encode their cognate immunity protein (Fig. 4).

We noticed two features of interest in the genetic neighborhood of these mobile
MIX effectors. First, consistent with our previous report on mobile MIX effectors that
belong to the MIX V clan, these E/I pairs are flanked by transposable elements (Fig. 4)
(42). Genes encoding transposase or resolvase, labeled in red in Fig. 4, are found
upstream of the E/I pairs. Downstream of the E/I pairs, there are genes encoding
integrase, invertase, or helicase, shown in magenta in Fig. 4. For TUMSAT_DE1_S1 and
NCKU_CV_CHN, no genes encoding transposase or resolvase are discovered upstream
of the mobile MIX effector. Nevertheless, the assembled contig from their genome
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sequences starts with two and one tRNA genes, respectively. Second, we found that the
mobile genetic elements containing the mobile MIX effector of both the RIMD2210633
and FIM-S1708+ strains also contain genes encoding putative toxin/antitoxin modules
upstream of the MIX effector (Fig. 4, orange). We predict that such toxin/antitoxin
modules might provide an effective mechanism for bacteria to maintain these mobile
genetic elements and thus also maintain the mobile MIX effectors in the genome.

The antibacterial T6SS1 is functional in AHPND-causing Vibrio parahaemolyti-
cus. RIMD2210633 T6SS1 is induced under high-salt (3% NaCl) conditions at 30°C when
surface sensing is activated (36). Surface sensing can be mimicked when bacteria are
grown in suspension by adding phenamil, an inhibitor of the flagellar sodium channel
(36). To test whether the T6SS1 in toxic AHPND-causing V. parahaemolyticus strains is
active and regulated similarly to T6SS1 in the clinical RIMD2210633 isolate, four AHPND
isolates were selected and the expression and secretion of the T6SS1 hallmark secreted
protein VgrG1 were monitored. A POR1 derivative in which vgrG1 was deleted was used
as a negative control. As shown in Fig. 5A, AHPND-causing strains A3, 1335, 12297B, and
D4 all expressed and secreted VgrG1 when grown under T65S1-inducing conditions,
similar to the RIMD2210633 derivative POR1. Notably, strain 1335 expressed and
secreted VgrG1 at a lower level than the other strains. Next, we tested the antibacterial
activities of the T6SS1 in these four AHPND strains. To do so, we employed bacterial
competition assays. AHPND strains A3, D4, and 12297B killed Escherichia coli (Fig. 5B)
and Vibrio cholerae (Fig. 5C) prey similarly to the POR1 positive control. Surprisingly,
however, strain 1335 did not show any effect and resembled the POR1/Ahcp1 (T6SS17)
negative control (Fig. 5B and C). Notably, the growth rates of POR1 and all four AHPND
strains were similar under assay conditions (see Fig. S2B in the supplemental material).
Therefore, the mechanism underlying the lack of antibacterial activities in strain 1335
needs further characterization and is likely related to lower levels of T6SS1 activation
under the examined conditions, as indicated by lower VgrG1 expression and secretion
(Fig. 5A).

To further demonstrate that the bacterial killing was mediated by T6SS1, we
performed the competition assay at 37°C, a temperature at which T65S1 should be
inactive (36). As a positive control for bacterial killing at 37°C, we used Vibrio algino-
lyticus, which employs an antibacterial T6SS2 at this temperature (42). Except for D4,
none of the V. parahaemolyticus strains were able to kill V. cholerae at 37°C (see Fig. S3A
in the supplemental material), suggesting that T6SS1 activity was required for the
observed bactericidal activity at 30°C. Interestingly, even though D4 retained bacteri-
cidal activity at 37°C, it is unlikely that this activity was mediated by either T6SS1 or
T6SS2, as we did not detect VgrG1 or Hcp2 expression and secretion at this temperature
(Fig. S3B and Q). Thus, it is possible that D4 possesses additional bactericidal mecha-
nisms not present in the other V. parahaemolyticus strains that were examined.

DISCUSSION

AHPND is a newly emerging shrimp disease that has generated devastating losses
on the global shrimp industry (1, 2). Identification of the plasmid-encoded binary toxins
PirAvP/PirB'P as the deadly cause of AHPND provided significant insights into the
mechanism of this disease. However, to enable prevention of AHPND and design
effective therapeutic strategies, it is necessary to gain a better understanding of the
mechanisms used by these V. parahaemolyticus strains to colonize and thrive in the
shrimp environment. In this study, we conducted a comparative analysis of the genome
sequences for clinical and environmental non-AHPND and toxic AHPND strains of V.
parahaemolyticus and identified an antibacterial T6SS as a differentiating factor be-
tween pathogenic and nonpathogenic strains.

The AHPND strains contain a plasmid with the pndA toxin/antitoxin system, ensuring
the acquisition of this selfish plasmid in bacterial progeny for survival (8). Genes pirAv»
and pirB*P are flanked by two copies of a gene that encode a transposase, suggesting
the possibility that the toxin genes were acquired by the plasmid from some unknown
foreign resource (8, 12). The PirAvP/PirBvP toxins from different AHPND strains of V.
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FIG 5 AHPND-causing V. parahaemolyticus strains contain a functional antibacterial T6SS1. (A) Expression
(Cell) and secretion (Media) of T6SS1 component VgrG1 by the indicated V. parahaemolyticus strains
grown in MLB at 30°C + 20 uM phenamil were analyzed by Western blotting using a-VgrG1 antibody.
PAR, parental strain. LC, loading control. (B and C) Viability counts of E. coli (B) or V. cholerae (C) prey
before (0 h) and after (4 h) coculture with indicated V. parahaemolyticus attacker strains on MLB (3% NaCl)
solid media at 30°C. Data are representative of three independent experiments.

parahaemolyticus contain identical protein sequences, indicating that they may have
originated from the same source. As noted above, PirAvP/PirBvP are homologues of
insecticidal toxins PirA/PirB present in the Photorhabdus and Xenorhabdus bacterial
species (28% sequence identity; see Fig. S4 in the supplemental material). Interestingly,
insect-pathogenic bacteria, including Photorhabdus and Xenorhabdus species, are com-
monly studied and developed as biological agents for pest control (45). It prompts us
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to consider the possibility that the spread of Photorhabdus and Xenorhabdus in the
environment may have facilitated the transfer, directly or via an intermediate, of
PirA/PirB toxins into V. parahaemolyticus, which leads to the emergence of AHPND. The
conjugative transfer and mobilization genes carried on this toxic plasmid could facili-
tate its spread to V. parahaemolyticus strains all over world and to other Vibrio species
(8,10, 11).

All of the V. parahaemolyticus strains analyzed in this study contain a highly
conserved T3SS1 that has been discovered in all sequenced isolates of V. parahaemo-
lyticus (Fig. 1A) (24). Similar to clinical isolate RIMD2210633-derived POR1, infection of
Hela cells by non-AHPND strain A2 and the four AHPND strains A3, 1335, 12297B, and
D4 showed that their T3SST was active and exhibited cytotoxicity (Fig. 1B). It is
speculated that maintenance of the T3SS1 contributes to survival of V. parahaemolyti-
cus in the environment; however, its natural target remains unknown (25). Notably,
except for the clinical isolate RIMD2210633, none of the strains used in this study
possess T35S2 or TDH/TRH toxins. As T3SS2, rather than T3SS1, appears to be the main
virulence factor responsible for gastroenteritis in mammals (28), it would be reasonable
to conclude that the AHPND-causing isolates do not pose a risk for humans.

A highly conserved T6SS2 was found in all of the V. parahaemolyticus strains
analyzed in this study (Fig. 2A). However, it appears that the environmental conditions
and cues required to activate this system differ between the previously characterized
clinical strain RIMD221063 and the non-AHPND- and AHPND-causing strains. Consistent
with this observation, it has been recently shown that the regulation of the V. cholerae
T6SS differs between clinical and environmental isolates, thus suggesting a different
requirement for this system in various bacterial lifestyles (46). This may also be the
case for T6SS2 in V. parahaemolyticus. To understand the mechanisms underlying
these differences, further characterization of the conditions and cues that activate
the V. parahaemolyticus T6SS2 in different strains, as well as its role, will be required.

T6SS1 was previously regarded as being predominantly associated with clinical
isolates of V. parahaemolyticus (36-38). However, here we show that the antibacterial
T6SS1 is present in all 12 AHPND-causing V. parahaemolyticus strains used in our study,
whereas none of the non-AHPND strains contains T6SS1. Moreover, T6SS gene clusters
homologous to the V. parahaemolyticus T6SS1 are also found in the genomes of the
non-V. parahaemolyticus vibrios that cause AHPND (AKQ11_RS16920-17050 in V. camp-
bellii KC13.17.5 and TY62_RS02625-02490 in Vibrio owensii SH-14). Therefore, we pro-
pose that the T65S1 may not simply be enriched in clinical isolates but is actually linked
to V. parahaemolyticus virulence, regardless of the target host (humans in clinical
isolates and shrimp in AHPND-causing isolates). Given this distinguishing feature, it is
likely that T6SS1 plays an important role during infection by killing competitor bacteria
and thereby provides a growth advantage for AHPND-causing V. parahaemolyticus
strains during host colonization. In support of this hypothesis, transcription of the V.
parahaemolyticus T6SS1 was previously shown to be induced during animal infection,
suggesting that this antibacterial T65S1 provides an advantage inside the host (47).
Indeed, we demonstrate that three AHPND-causing strains (A3, 12297B, and D4)
possess a functional antibacterial T6SS1. Surprisingly, another AHPND-causing strain,
1335, was unable to kill E. coli and V. cholerae prey in a bacterial competition assay,
even though it encodes a T6SS1 with at least two antibacterial effectors. This inability
to mediate antibacterial activities could be explained by a lower activity level of T6SS1
than in the other tested strains, as we observed while monitoring the expression and
secretion of the hallmark secreted protein VgrG1 (Fig. 5A). It is therefore possible that
the environmental conditions required to fully activate T6SS1 in strain 1335 are slightly
different from the ones sufficient to activate the system in other strains but that the
ideal conditions do exist in the shrimp host. Alternatively, it is possible that this strain
acquired other determinants that aid it in establishing a niche inside the host, thus
making the T65S1-mediated antibacterial activities nonessential.

We and others previously reported that T6SS effector repertoires may vary among
different isolates of the same bacterial species (42, 48). Whereas a previous study found
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high variances only in the site encoding the VP1388 MIX effector between different V.
parahaemolyticus strains (named “site one” in this work) (41), our comparison of the
T6SS1s from RIMD2210633 and all of the AHPND strains revealed three highly divergent
sites, all of which correspond to the locations of the three known V. parahaemolyticus
RIMD221063 antibacterial effectors (35). This type of rapid evolution of T6SS E/I pairs in
different V. parahaemolyticus isolates provides a molecular explanation to our previous
observation showing that the V. parahaemolyticus T6SS1 mediates not only interspecies
competition but also intraspecies competition (36). Moreover, we previously demon-
strated that marine bacteria, and especially vibrios, share T6SS effectors that belong to
the MIX V clan of MIX effectors via horizontal gene transfer (42). Indeed, when we
searched the genomes of the APHND-causing strains for MIX effectors, we discovered
that each of the four AHPND strains, TUMSAT_DE1_S1, NCKU_CV_CHN, FIM-51708+,
and M0605, contains one “orphan” (i.e., not carried within the main T6SS gene cluster)
MIX-E/I pair. In agreement with our previous report, these four novel V. parahaemo-
lyticus MIX effectors are located within mobile genetic elements that contain genes
encoding proteins involved in DNA rearrangement and mobility (42). Furthermore, they
all belong to the mobile MIX V clan. Interestingly, the MIX effector-containing mobile
genetic elements of both RIMD2210633 and FIM-S1708+ also possess genes that
encode a toxin/antitoxin module, providing a possible effective mechanism for the
maintenance of these mobile units. As we have shown previously, acquisition of these
novel mobile MIX effectors provides a competitive advantage over neighboring kin
bacteria (42). A bacterium that acquires a novel antibacterial MIX effector on a mobile
genetic element is able to outcompete its kin and establish itself in the population.
Thus, such mobile MIX effectors can be a driving force for the evolution of these
pathogen populations (42, 49, 50). Moreover, we propose that the rapidly evolving
T6SS1 E/I pairs that we found in this work may play a significant role in the worldwide
dissemination of AHPND-causing V. parahaemolyticus strains, as they can enhance their
environmental competitive fitness (1, 42).

In conclusion, our studies revealed different repertoires of putative virulence factors
that distinguish non-AHPND from AHPND-causing V. parahaemolyticus strains. In addi-
tion to the acquisition of the plasmid-borne binary toxins PirAvP/PirBvP, which mediate
virulence against shrimp, the virulent V. parahaemolyticus strains seem to have acquired
a selective competitive advantage over other bacterial strains, the T6SS1, that enhances
their environmental fitness. This antibacterial T6SS1 may play a major role in the
emerging shrimp disease AHPND, as it could be required for V. parahaemolyticus to
establish a replicative niche inside the host.

MATERIALS AND METHODS

Bacterial strains and media. V. parahaemolyticus non-AHPND strain A2 and AHPND strains A3, 1335,
122978, and D4 are generous gifts from Donald Lightner at the University of Arizona and were used for
bacterial whole-genome sequencing and in the experiments described here. The V. parahaemolyticus
strains used in this study, from five geographical origins, i.e., Japan (JP), Vietnam (VT), Thailand (TH),
Mexico (MX), and China (CN), are as follows: (i) a clinical strain from Japan, strain RIMD2210633; (ii) five
non-AHPND strains, including 1 from Vietnam (strain A2), 3 from Thailand (strains TUMSAT_HO01_S4,
TUMSAT_H10_S6, and NCKU_TN_S02), and 1 from Mexico (strain FIM-S1392—); (iii) 12 AHPND-causing
strains, including 3 from Vietnam (strains A3, 1335, and 12297B), 5 from Thailand (strains
TUMSAT_DE1_S1, TUMSAT_DE2_S2, TUMSAT_DO06_S3, NCKU_TV_3HP, and NCKU_TV_5HP), 1 from China
(strain NCKU_CV_CHN), and 3 from Mexico (strains D4, M0605, and FIM-S1708+). POR1 (RIMD2210633
AtdhAS) is a derivative strain of the clinical isolate RIMD2210633 (29, 51). POR2 (POR1 AvcrD1) and POR3
(PORT AvcrD2) were used as controls lacking a functional T3SS1 and T3SS2, respectively (29). V.
alginolyticus strain 12G01 was used in bacterial competition assays (see below). All V. parahaemolyticus
and V. alginolyticus strains were routinely cultured in marine Luria-Bertani (MLB) broth (Luria-Bertani
broth containing 3% NaCl) or on marine minimal medium (MMM) agar (1.5% [wt/vol] agar, 2% [wt/vol]
NaCl, 0.4% [wt/vol] galactose, 5 mM MgSO,, 7 mM K,SO,, 77 mM K,HPO,, 35 mM KH,PO,, 2 mM NH,CI)
at 30°C. V. cholerae strain El Tor N16961 was used as prey in bacterial competition assays (see below) and
was grown in LB at 37°C. E. coli strain DH5a was used as prey for bacterial competition assays (see below).
E. coli strain S17-1 (A pir) was used for maintenance of pDM4 plasmids and mating (see below). E. coli
strains were routinely cultured in 2X YT broth (1.6% [wt/vol] tryptone, 1% [wt/vol] yeast extract, 0.5%
[wt/vol] NaCl) at 37°C with addition of chloramphenicol (25 wg/ml) when maintenance of plasmid was
required.
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Construction of deletion strains. For in-frame deletions of vgrG1 (locus tag vp1394) and hcp2 (locus
tag vpal027), 1-kb sequences directly upstream and downstream of each gene were cloned into pDM4,
a Cm" OriRéK suicide plasmid (52). These pDM4 constructs were inserted into V. parahaemolyticus via
conjugation by E. coli S17-1 (A pir). Transconjugants were selected for on MMM agar containing
chloramphenicol. The resulting transconjugants were plated onto MMM agar containing 15% (wt/vol)
sucrose for counterselection and loss of the sacB-containing pDM4. Deletions were confirmed by PCR.
The generation of in-frame deletions of hcp1 (locus tag vp1393) was described previously (36).

Antibodies. Polyclonal antibodies were produced in-house with rabbits for the VgrG1 (VP1394)
peptide KDMSTKVLNNRYRDIGQDE and the Hcp2 (VPA1027) peptide KYADIKGEATAEQ.

Next-generation sequencing (NGS) and bacterial genome assembly and annotation. Whole-
genome sequencing of V. parahaemolyticus was conducted using the homopolymer tail-mediated
ligation PCR (HTML-PCR) method followed by single-end 50-nucleotide sequencing performed on the
lllumina HiSeq2500 (53).

For bacterial genome assembly, the sequencing reads for each sample were processed sequentially
by mirabait (version 3.4.0) (54) to remove contamination from the lllumina sequencing adapters, by
fastq_quality_trimmer from the FASTX toolkit (version 0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/) to
remove low-quality base pairs at both ends, and by Jellyfish (version 1.1.2) (55) to obtain 15-mer
frequencies in the reads. The 15-mers with frequencies much lower than expected probably contained
sequencing errors and were corrected using Quake (56). The error-corrected reads were assembled into
contigs using SOAPdenovo2 (version 2.044r240) (57). The assembled whole-genome sequence was then
annotated by RAST (Rapid Annotation using Subsystem Technology) to generate the protein library (58).

Identification of mobile T6SS MIX effectors. We generated a BLAST database library using
genome-wide protein sequences from all V. parahaemolyticus strains examined in this study using the
makeblastdb application. To identify potential T6SS MIX effectors, we searched the strain library using all
available MIX effector protein sequences from previous studies as queries (BLAST E value cutoff, 0.001)
(35, 59). We removed redundant hits and identified MIX V-like protein sequences in four AHPND strains,
FIM-51708+, M0605, NCKU_CV_CHN, and TUMSAT_DE1_S1.

LDH cytotoxicity assay. Hela cells were plated in a 24-well tissue culture plate at 8 X 10* cells per
well and grown for 24 h. V. parahaemolyticus strains POR1, A2, A3, 1335, 122978, and D4 were grown in
MLB medium at 30°C overnight. Overnight bacterial cultures were diluted with DMEM to an optical
density at 600 nm (ODg,,) of 0.3 and grown at 37°C for 30 min to induce T3SS1. Induced V. parahae-
molyticus isolates were then used to infect Hela cells at a multiplicity of infection (MOI) of 10. At 4 h
postinfection, lactate dehydrogenase (LDH) release into the culture medium was evaluated as a measure
of cytotoxicity and host cell lysis by using a colorimetric cytotoxicity detection kit (TaKaRa Bio) according
to the manufacturer’s instructions. Assays were repeated at least three times with similar results, and
results of a representative experiment are shown.

T6SS2 expression and secretion assay. V. parahaemolyticus strains were grown in MLB at 30°C
overnight. To test the activity of T6552 under low-salt conditions, overnight bacterial cultures were
diluted to an ODy,, of 0.9 in LB and grown at 23°C or 37°C for 5 h, as previously described (36). For the
expression fraction (cell), bacterial cultures with the same OD,,, were collected and cell pellets were
resuspended in 2X protein sample buffer (100 mM Tris-HCl [pH 6.8], 20% glycerol, 2% sodium dodecyl
sulfate [SDS], 2% B-mercaptoethanol, 150 mM sodium hydroxide, bromophenol blue). For the secretion
fraction (Media), bacterial culture supernatants were filtered with a 0.22-um filter and precipitated with
deoxycholate and trichloroacetic acid (60). Precipitated proteins were pelleted, washed twice with
acetone, and then resuspended in 2X protein sample buffer. Hcp2 expression and secretion were
detected by Western blot analysis. Total protein load was assessed by staining the membrane of the cell
fractions with Coomassie blue (Fig. 2) or Ponceau S (Fig. S3). Assays were performed at least three times
with similar results, and the results of a representative experiment are shown.

T6SS1 expression and secretion assay. V. parahaemolyticus strains were grown in MLB at 30°C
overnight. Overnight bacterial cultures were diluted to an ODy,, of 0.18 in MLB and grown at 30°C for
5 h. Phenamil (20 wM) was added when necessary to induce T65S1 (36). Pellet and supernatant samples
were treated as described above for T65S2 expression and secretion assay. VgrG1 expression and
secretion were detected by Western blot analysis. Total protein load was assessed by staining the
membrane of the cell fractions with Coomassie blue (Fig. 5) or Ponceau S (Fig. S3). Assays were
performed at least three times with similar results, and the results of a representative experiment are
shown.

Bacterial competition assay. Bacterial strains were grown overnight in MLB (for V. parahaemolyticus
and V. alginolyticus), 2X YT (for E. coli DH5«), or LB (for V. cholerae). Bacterial cultures were mixed in
triplicates at a 4:1 (attacker-to-prey) ratio and spotted onto MLB (3% NaCl) plates as previously described
(36). CFU of the prey spotted at time zero (t = 0 h) were determined by plating 10-fold serial dilutions
onto selective LB medium plates (containing 25 pg/ml chloramphenicol for selection of E. coli prey
containing a pBAD33 plasmid for antibiotic resistance or 50 ug/ml streptomycin for selection of V.
cholerae prey). Bacterial spots were harvested after 4 h of incubation at either 30°C or 37°C, and the CFU
of the surviving prey cells were determined as explained above. Assays were repeated three times with
similar results, and results of a representative experiment are shown.

Bacterial growth assay. Triplicates of overnight cultures of V. parahaemolyticus strains were
normalized to an OD, of 0.1 in MLB (3% NaCl) and grown at 30°C or in LB (1% NaCl) and grown at 23°C.
Growth was measured as ODy,,. The assay was repeated three times with similar results, and results of
a representative experiment are shown.
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non-AHPND and AHPND strains. V. parahaemolyticus genes encoding PirA/B, TDH/TRH, and conserved
components of T3SS and T6SS were used as the templates to search against assembled genomes of
non-AHPND and AHPND strains analyzed in this study for corresponding genes encoding these virulence
factors. The entire T3SS and T6SS clusters in the non-AHPND and AHPND strains were identified by
analyzing adjacent genes flanking the conserved components mentioned above. Then, the similarity
between RIMD221063 genes and those in the other V. parahaemolyticus strains was assessed using
BLAST. In general, genes with over 90% identities based on BLAST analysis were considered conservative

and labeled with the same color; otherwise, they were labeled with different colors.
Accession number(s). The accession numbers of the sequences determined in this study have been

deposited in GenBank as follows: strain A2, MWVHO00000000; strain 1335, MYFFO000000O; strain 122978,
MYFG00000000; strain D4, MYFH00000000.
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