RESEARCH ARTICLE
Host-Microbe Biology

crossm
Variable Virulence of Biotype 3 Vibrio
vulniﬁcus due to MARTX Toxin Effector
Domain Composition
Karla J. F. Satchell

Department of Microbiology-Immunology, Northwestern University Feinberg School of Medicine, Chicago,
Illinois, USA

ABSTRACT Vibrio vulniﬁcus is an environmental organism that causes septic human
infections characterized by high morbidity and mortality. The annual incidence and
global distribution of this pathogen are increasing as ocean waters warm. Clinical
strains exhibit variations in the primary virulence toxin, suggesting a potential for
the emergence of new strains with altered virulence properties. A clonal outbreak of
tilapia-associated wound infections in Israel serves as a natural experiment for the
sudden emergence of a new V. vulniﬁcus strain. The effector domain content of the
multifunctional autoprocessing RTX (MARTX) toxin of the outbreak-associated biotype 3 (BT3) strains was previously shown to harbor a modiﬁcation generated by recombination. The modiﬁcation introduced an actin-induced adenylate cyclase effector domain (ExoY) and an effector domain that disrupts the Golgi organelle (DmX).
Here, we report that the exchange of these effector domains for a putative progenitor biotype 1 toxin arrangement produces a toxin that slows the lysis kinetics of targeted epithelial cells but increases cellular rounding phenotypes in response to bacteria. In addition, replacing the biotype 3 toxin variant with the putative progenitor
biotype 1 variant renders the resulting strain signiﬁcantly more virulent in mice. This
suggests that the exchange of MARTX effector domains during the emergence of
BT3 generated a toxin with reduced toxin potency, resulting in decreased virulence
of this outbreak-associated strain. We posit that selection for reduced virulence may
serve as a route for this lethal infectious agent to enter the human food chain by allowing it to persist in natural hosts.
IMPORTANCE Vibrio vulniﬁcus is a serious infection linked to climate change. The

virulence capacity of these bacteria can vary by gene exchange, resulting in new
variants of the primary virulence toxin. In this study, we tested whether the emergence of an epidemic strain of V. vulniﬁcus with a novel toxin variant correlated with
a change in virulence. We found that restoring the biotype 3 toxin variant to the
putative progenitor-type toxin resulted in dramatically increased virulence, revealing
that the emergence of the biotype 3 strain could be linked to virulence reduction.
This reduced virulence, previously found also in the biotype 1 strain, suggests that
reduced virulence may stimulate outbreaks, as strains have greater capacity to enter
the human food chain through reduced impact to environmental hosts.
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T

he seafood-associated pathogen Vibrio vulniﬁcus causes severe wound and intestinal infections that can progress to tissue necrosis, septicemia, organ failure, and
death, often within 48 h of pathogen exposure (1). The pathogen is spreading globally,
and more infections are occurring annually as its geographic distribution increases with
warming seawaters (2, 3). Biotype 1 (BT1) strains are most commonly associated with
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FIG 1 Comparative structures of different V. vulniﬁcus MARTX toxins. Effector arrangements of the BT3-type MARTX toxin in
representative strain BAA87 and the C-type toxin found in BT1 strains CMCP6 and LOS6966 and clade B strain V252. Each has ﬁve
effector domains, as shown by the labels, which are described in the text. The BAA87 hybrid strain modiﬁed to have a C-type toxin
is also shown. Notable amino acid changes in the clade B and BAA87 toxins are also noted. N-term, N-terminal; C-term, C-terminal.

clinical infections, while biotype 2 (BT2) strains cause infections in eels (1, 4, 5). From
1996 to 1999, pond-raised tilapia in Israel were linked to an outbreak of woundassociated V. vulniﬁcus infections that was due to a newly emerged clonal variant (6).
These biotype 3 (BT3) strains are now in the seas of Israel, where they cause
occasional wound infections in ﬁsh handlers. The death rate from these infections
is 10%, with survivors suffering extreme morbidity, including amputations and long
hospitalizations (7).
The primary virulence factor of V. vulniﬁcus BT1, BT2, and BT3 strains is the multifunctional autoprocessing RTX (MARTX) toxin (8–10). These large, secreted, polypeptide
toxins have long repeat regions that form pores in eukaryotic cell plasma membranes
for the delivery of catalytically active effector domains to cells (11, 12). Among all
V. vulniﬁcus isolates, seven different MARTX variants with distinct effector domain
repertoires have been identiﬁed. In this naturally competent bacterium, the composition and organization of domains is altered by horizontal acquisition of DNA followed
by recombination within the rtxA1 toxin-encoding gene (13). Since the MARTX toxin is
a major virulence factor, we surmised that the exchange of effector content in the
MARTX toxin, resulting in altered toxin potency, could contribute to the emergence of
V. vulniﬁcus strains with outbreak potential (14). The sudden emergence and clonality
of BT3 strains serves as a natural experiment for how changes in MARTX effector
contents affect disease progression and strain emergence (15). Therefore, in this study,
we asked how toxin type impacts virulence during strain emergence by generating a
strain in the BT3 background encoding a BT1 C-type toxin from a modiﬁed rtxA1 gene.
Speciﬁcally, we hypothesized that the acquisition of new effector domains conferred
increased virulence on BT3 strains by generating MARTX toxins with increased potency
compared to that of the toxin types present in progenitors of BT3. However, our data
support the idea that the BT3 toxin type is actually less potent than the C type in this
background, suggesting that BT3 emerged in part due to selection for reduced virulence that may enhance persistence in an environmental host.
RESULTS
Domain structure of BT3 V. vulniﬁcus and putative progenitor strains. The
5,208-amino-acid (aa) MARTX toxin in representative BT3 strain BAA87 has ﬁve effector
domain regions: a domain of unknown function that binds prohibitin (DUF1), a cysteine
catalytic protein that inactivates Rho GTPases (RID), an alpha-beta hydrolase enzyme
that cleaves phosphatidylinositol-3-phosphate (ABH), an actin-stimulated adenylate
cyclase (ExoY), and a cysteine protease that disrupts the Golgi organelle (DmX) (Fig. 1A)
(11, 13, 16–18). This effector domain arrangement is unique to BT3 strains. Wholegenome single-nucleotide polymorphism analysis indicates that BT3 strains emerged
from a BT1 clade B lineage (19). Analysis for this paper revealed that sequenced
representative clade B strain V252 (20) has an rtxA1 gene that encodes a 5,206-aa
MARTX toxin of equal length and 98.8% identity (5,146/5,206 aa) with that of the
representative BT1 isolate CMCP6. Unlike the BT3 MARTX toxin, CMCP6 and clade B
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TABLE 1 Plasmids and bacterial strains used in this study
Strain or plasmid
V. vulniﬁcus strains
LOS6966 (CDC9342-95)
BAA87rif
KZ1
BS1313
BS1314
BS1315
BS1316
BS1317
BS1319

S17-1 pir
Plasmids
pDS132
pBS1305
pBS1202
pBS1207
aAntibiotic

Reference or source

BT1, clinical isolate, Texas/Louisiana, USA, 1995
BT3, human wound isolate, Afula, Israel, 1996, Rifr
BAA87 rtxA1::kan (ΔrtxA1)
BAA87 ΔvvhA
KZ1 ΔvvhA
BS1313 rtxA1ΔexoY
BS1313 rtxA1ΔexoYΔdmx
BS1313 rtxA1BAA87⍀rtxA1LOS6966 (rtxA1hyrid)
BS1313 rtxA1Δdmx

A. DePaola, FDA
16
16
17
This study
This study
This study
This study
17

F⫺ ⌽80lacZ ΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rK⫺ mK⫹) phoA supE44
⫺ thi-1gyrA96 relA1
thi pro hsdR hsdM⫹ recA::RP4-2-Tc::Mu-km::Tn7; pir, Smr

Laboratory collection

oriR6K sacB oriT RP4; Cmr
mcf::rrsp::cpdLOS6966 with ﬂanking regions from BAA87 rtxA1 in pDS132; Cmr
ΔexoY in pDS132; Cmr
ΔexoYΔdmx in pDS132; Cmr

23
This study
This study
This study

Laboratory collection

resistance: Apr, ampicillin; Kmr, kanamycin; Rifr, rifampin; Cmr; chloramphenicol.

MARTX toxins have effector domain arrangements of DUF1, RID, ABH, a cysteine
protease that induces apoptosis (MCF), and a Ras/Rap1-speciﬁc endopeptidase (RRSP)
(Fig. 1) (11). This arrangement has been termed the C-type/type I toxin (14, 21).
A notable difference identiﬁed between V252 and CMCP6 MARTX toxins is a point
mutation at the MCF catalytic cysteine residue of V252. We suggest that the BT3 toxin
most likely arose from a C-type toxin as a recombination event that replaced an inactive
MCF and neighboring RRSP domains found in the clade B toxin with sequences for the
ExoY-DmX domains (Fig. 1). This exchange further incorporated a cysteine protease
domain (CPD) with the autoprocessing leucine changed to tryptophan. This likely
moves the initial autoprocessing site upstream to the next available Leu; autoprocessing site ﬂexibility has been experimentally demonstrated (22).
Generation of BT3 strain BAA87 V. vulniﬁcus reverted to carry the putative
progenitor C-type MARTX toxin. We sought to understand the impact of the effector
domain exchange by reverting the BT3 toxin back to an unmodiﬁed C-type toxin.
Among sequenced C-type rtxA1 genes in our strain collection (14), the sequences
ﬂanking the MCF-RRSP-CPD-coding sequence of BT1 strain LOS6966 were most similar
to the strain BAA87 rtxA1 (rtxA1BAA87) gene sequence, indicating that the LOS6966 rtxA1
(rtxA1LOS6966) gene would be a suitable source of DNA for ampliﬁcation to mediate
the genetic exchange (97% nucleotide [nt] identity; 2,416/2,473 nt). The rtxA1
effector domain region was ampliﬁed from LOS6966 chromosomal DNA and cloned
into sacB counterselection vector pDS132 (23), and the LOS6966-derived gene
sequence was recombined into the rtxA1 gene of BT3 strain BAA87rif. The resulting
rtxA1BAA87⍀rtxA1LOS6966 hybrid strain is referred to as the rtxA1hybrid strain hereinafter.
In addition, variants of rtxA1 lacking for ExoY and DmX effector domain DNA sequences
(designated rtxA1ΔexoY, rtxA1Δdmx, and rtxA1ΔexoYΔdmx hereinafter) were generated
(Table 1). The ΔexoY and Δdmx arrangements were both conﬁrmed to lack relevant
toxic activities (see Fig. S1 in the supplemental material; see also reference 17). To focus
our studies on rtxA1, the gene vvhA, encoding a second cytolysin known to impact
virulence and lyse cells in vitro (8–10), was deleted from all strains; thus, the BAA87
ΔvvhA strain is referred to here as the wild type (WT).
BAA87 with hybrid toxin shows altered cytopathicity. All V. vulniﬁcus strains lyse
epithelial cells in culture due to MARTX toxin repeat region pores (12, 24). When
incubated with HeLa cells, the rtxA1hybrid strain expressed, secreted, and delivered
MARTX toxin to target cells, as indicated by the release of lactate dehydrogenase (LDH)
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FIG 2 Function of BAA87 with hybrid toxin in cytotoxicity and cytopathicity. (A) HeLa cells were
coincubated with V. vulniﬁcus strains as indicated at an MOI of 20. At the indicated times, the LDH release
to cell culture supernatant was quantiﬁed using the Promega CytoTox96 nonradioactive cytotoxicity
assay, and the results are plotted as percent LDH release compared to the results for 100% lysis by 1%
Triton X-100. All strains have a deletion in vvhA, with BAA87 ΔvvhA indicated as the wild type. At t ⫽
225 min (arrow), the rtxA1hybrid, rtxA1ΔexoYΔdmx, and rtxA1 null strains induced signiﬁcantly less lysis
than the wild type (P ⬍ 0.01) as compared by analysis of variance (ANOVA). (B) HeLa cells were
coincubated with V. vulniﬁcus at an MOI of 10, and cellular rounding was quantiﬁed from digital images
using the cell counter plug-in in NIH ImageJ. At both 60 and 120 min, the rtxA1hybrid strain induced
signiﬁcantly more rounding than the other strains being compared (**, P ⬍ 0.05; ***, P ⬍ 0.01; ****, P ⬍
0.001). Data are the mean results ⫾ standard deviations from three experimental sets.

(Fig. 2A). The hybrid strain revealed slower cell lysis than the wild-type control (Fig. 2A,
arrow at 225 min). Altered kinetics were also observed for rtxA1ΔexoY and rtxA1Δdmx
strains, with an additive effect for the rtxA1ΔexoYΔdmx strain. This suggests that slowed
cell lysis by the hybrid is due to the structural or enzymatic changes brought about by
loss of ExoY and DmX from the BT3 toxin. In contrast, the rtxA1hybrid strain induced
more-rapid cell rounding than the WT strain. Interestingly, this indicates increased cell
cytopathicity despite delayed lysis. In contrast to the lysis phenotype, the rounding
effect is due to the gain of MCF and RRSP, not the loss of ExoY and DmX (Fig. 2B), since
accelerated rounding is seen with the hybrid strain but not with the double deletion
strain.
BT3 V. vulniﬁcus with C-type toxin is more virulent than BAA87. Noting that the
hybrid toxin conferred delayed lysis kinetics but accelerated rounding kinetics, we
tested the effect of the toxin swap on bacterial virulence. The dorsal side of outbred
female ICR mice was inoculated by subcutaneous (s.c.) injection with 5 ⫻ 106 CFU of
bacteria as previously detailed (16). This dose is approximately the 50% lethal dose
(LD50) for the wild-type strain (BAA87 ΔvvhA) (Fig. 2). An isogenic mutant lacking rtxA1
is signiﬁcantly attenuated compared to the virulence of the parental strain. One
hundred percent of mice survived after rtxA1 null strain infection. In contrast, all mice
inoculated with the rtxA1hybrid strain died within 13 h, a signiﬁcant acceleration
compared to the results for the parental strain (Fig. 3).
DISCUSSION
In this study, we sought to test the hypothesis that naturally occurring effector
exchange in MARTX toxins can impact the emergence of epidemic strains. The clonal
outbreak of biotype 3 V. vulniﬁcus associated with tilapia ﬁsh in Israel provided a natural
experiment to test this hypothesis. Contrary to our initial hypothesis, the hybrid strain
had increased virulence, indicating that the putative progenitor C-type toxin is actually
more potent, in terms of its virulence contribution, than the BT3 toxin of BAA87. This
increased virulence occurred despite slower cell lysis kinetics. These results are consistent with recent observations that bacterial virulence outcomes are more likely linked
to MARTX effector domain activity than to the lytic cytotoxicity characteristic of MARTX
delivery in vitro (25). Moreover, these data reveal that a putative BT3 progenitor strain
harboring the C-type MARTX toxin could have been more virulent than the current
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FIG 3 The BT3 BAA87 hybrid with C-type toxin is hypervirulent. Female ICR mice (n ⫽ 10; pooled data
from two experiments conducted with 5 mice per group) were infected s.c. with 5 ⫻ 106 CFU of the
indicated V. vulniﬁcus strains, and survival was monitored for 48 h. The survival curve of the rtxA1hybridstrain-infected group is signiﬁcantly different from that of the parental wild-type-strain-infected group,
as determined by Mantel-Cox log rank test.

BAA87 if the strains were completely isogenic. Therefore, this experiment suggests that
outbreak strains may arise from decreases in the potency of key virulence factors rather
than increased potency.
In fact, a reduction of virulence leading to clinical emergence has been previously
suggested also for BT1 V. vulniﬁcus strains. In mouse intragastric studies, strains with an
RRSP⫹ C-type toxin were 50-fold more virulent than isogenic strains with an RRSP⫺
M-type toxin (14). Loss of the RRSP-coding sequence from rtxA1 has occurred repeatedly, according to phylogenetic analysis, and RRSP⫺ M-type/type II toxin variants are
more common clinically. This occurs despite data showing that RRSP⫹ C-type toxins are
more common in oyster isolates (14). To date, RRSP⫹ clade B lineages likewise lack
clinical isolates (19). Unfortunately, no retrospective studies in humans have been
conducted to correlate strains with disease progression.
Of course, the actual BT1/clade B and BT3 V. vulniﬁcus strains existing today are not
isogenic, and this study cannot discount the possibility that other genetic changes may
have resulted in altered bacterial virulence potential during the divergence of BT1 and
BT3 lineages. Nonetheless, the data certainly reveal that MARTX toxin evolution is not
linear in the direction of increased potency, as the BT3 MARTX is notably less potent
than the putative progenitor-type toxin tested. Thus, we posit that movement of a
strain into human contact may be driven not by hypervirulence but by a reduction of
the potency of key virulence factors, including MARTX, that thereby reduces virulence
potential in an otherwise highly pathogenic background.
MATERIALS AND METHODS
Ethics statement. This work was performed in strict accordance with the recommendations in the
United States Public Health Service regulations and applicable federal and local laws. The methods for
modiﬁed toxin generation were approved by the Northwestern University Institutional Biosafety Committee. All mouse experiments were conducted in accordance with the protocols approved by the
Northwestern University Institutional Animal Care and Use Committee (protocol number IS00000318).
Reagents, medium, and cell culture. The bacterial strains and plasmids used in this study are listed
in Table 1. Primers used for DNA ampliﬁcation are listed in Table 2. HeLa cells were obtained directly from
the American Type Culture Collection (ATCC) and cultured at 37°C with 5% CO2 in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 50 g/ml penicillin, and 50 g/ml

TABLE 2 Primers used in this study
Primer
LMPC_1301
LMPC_1302
Los_1305
Los_1306
ExoY_Lic_F
ExoY_Lic_R
Bio3X_1201
Bio3X_1204

Sequence (5= ¡ 3=)
CCAAGCGGTGTCTGGCTTATTGCTTGACCGTCCTATG
CTCATCCTTGGCAACAACTTCACCTTGCTCGTCCCAG
GCTAGAGAAGATGTACTCTGCGGCAG
CATCTGTTCATTAACAAAGCGTAGGCCG
TACTTCCAATCCAATGCGGGGACAAATACAGATGCACCCCAT
TTATCCACTTCCAATGCTAATTAATCGCTACCTGCTGGAAATTAGAAAAC
GCTCTATCCAAACGTATTTCAATGTAAATG
CTCCAGTCCACGCATCTTTCTG
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streptomycin. Restriction and ampliﬁcation enzymes and Gibson assembly reagents were purchased
from New England Biolabs, and DNA oligonucleotides and gBlocks gene fragments were from Integrated
DNA Technologies, Inc.
Generation of mutant strains expressing modiﬁed MARTX toxin. All new V. vulniﬁcus strains were
generated in a spontaneously rifampin-resistant isolate of BT3 strain BAA87. To generate the hybrid
rtxA1, a DNA fragment corresponding to the MCF-, RRSP-, and CPD-coding sequence of rtxA1 was
ampliﬁed from genomic DNA of LOS6966 using primers LMPC_1301 and LMPC_1302. At the same time,
two 500-bp gBlocks gene fragments corresponding to up- and downstream ﬂanking regions of the
ampliﬁed fragment but containing the sequence matched to the BAA87 rtxA1 gene were synthesized.
These three DNA fragments were assembled into SphI-SacI-digested pDS132 using Gibson assembly
master mix, generating plasmid pBS1305. The new DNA arrangement was recombined into BAA87rif by
conjugation followed by sucrose counterselection as detailed previously (16). The desired mutant was
isolated and conﬁrmed by PCR using various primer sets, including LOS_1305 and LOS_1306, ExoY_Lic_F
and ExoY_Lic_R, and Bio3X_1201 and Bio3X_1204.
The rtxA1Δdmx arrangement was previously described, as listed in Table 1. To generate rtxA1ΔexoY
and rtxA1ΔexoYΔdmx arrangements, 500-bp gBlocks gene fragment sets corresponding to up- and
downstream ﬂanking regions of BAA87 rtxA1 bp 9703 to 9737 and 9703 to 12180 were assembled into
SphI-SacI-digested pDS132 by Gibson assembly, generating plasmids pBS1202 and pBS1207. The new
DNA arrangements were recombined into BAA87rif by conjugation, followed by sucrose counterselection
as detailed previously (17). The desired mutants were isolated and conﬁrmed by PCRs using primer sets
ExoY_Lic_F and ExoY_Lic_R and Bio3X_1201 and Bio3X_1204.
All strains were made isogenic with the previously generated strain BS1313 by deletion of vvhA to
remove this second cytolysin as previously described (17).
Cytotoxicity assay. HeLa cells were seeded in a 6-well cell culture dish at a density of 1 ⫻ 105
cells/well in complete DMEM (supplemented as described above). On the following day, the cells were
washed twice with warmed phosphate-buffered saline (PBS) and the medium replaced with 3 ml of
DMEM lacking phenol red, fetal bovine serum (FBS), and antibiotic. Mid-log-phase bacteria were pelleted
and resuspended in PBS. One hundred microliters of bacterial suspension was added to each well of HeLa
cells to achieve a multiplicity of infection (MOI) of 20. The culture dish containing both HeLa and bacterial
cells was centrifuged at 500 ⫻ g for 3 min and incubated at 37°C with 5% CO2. At each time point, 80 l
of cell supernatant was removed from the 3.1-ml total volume per well. Supernatant samples were
centrifuged at maximum speed (~15,000 ⫻ g) for 60 s to pellet any bacteria or cell debris, and 50 l was
subsequently extracted for use in the LDH assay. Experiments were performed in triplicate, with three
wells of HeLa cells per bacterial strain. Each experiment also employed (i) three wells of bacterium-free
HeLa cells to serve as uninfected controls for spontaneous lysis and (ii) three wells of bacterium-free HeLa
cells that were lysed using Triton X-100, as indicated in the CytoTox 96 nonradioactive cytotoxicity assay
technical bulletin, to serve as maximum lysis controls. The results for all bacterially infected samples were
adjusted for spontaneous lysis and normalized to the percentage of total lysis according to the equations
given in the technical bulletin.
Adenylate cyclase assay. The assay measuring the increase of adenylate cyclase in V. vulniﬁcustreated Chinese hamster ovary cells was conducted as previously described (16).
Mouse wound infection model. Five-week-old female ICR mice were purchased from Charles River
Laboratories, Inc., and allowed to adapt to the new environment for at least 24 h. V. vulniﬁcus strains were
grown to mid-log phase (optical density at 600 nm [OD600] of approximately 0.5 to 0.8), harvested, and
diluted in PBS at 1 ⫻ 108 CFU/ml. After slight anesthesia with isoﬂurane, the mice were subcutaneously
injected with 50 l of bacterial suspension under the dorsal skin. After 6 h postinfection, the mice were
monitored at least every 2 h until 24 h and then monitored occasionally after 24 h. Surviving mice
without any infection symptoms were euthanized at 96 h postinfection.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
mSphereDirect.00272-17.
FIG S1, PDF ﬁle, 0.1 MB.
ACKNOWLEDGMENTS
This work was supported by National Research Foundation of Korea (NRF) funded by the
Ministry of Education, Science and Technology (grant number 2013R1A6A3A03024337 to
B.S.K.), the USDA National Institute of Food and Agriculture (a predoctoral fellowship to
H.E.G.), and the National Institutes of Health (grant numbers R01AI092825 and
R01AI098369 to K.J.F.S.). The funders had no role in study design, data collection and
interpretation, or the decision to submit the work for publication.

REFERENCES
1. Jones MK, Oliver JD. 2009. Vibrio vulniﬁcus: disease and pathogenesis.
Infect Immun 77:1723–1733. https://doi.org/10.1128/IAI.01046-08.
2. Paz S, Bisharat N, Paz E, Kidar O, Cohen D. 2007. Climate change and the
July/August 2017 Volume 2 Issue 4 e00272-17

emergence of Vibrio vulniﬁcus disease in Israel. Environ Res 103:390 –396.
https://doi.org/10.1016/j.envres.2006.07.002.
3. Baker-Austin C, Trinanes JA, Taylor NGH, Hartnell R, Siitonen A, Martinezmsphere.asm.org 6

Reduced Potency of BT3 Vibrio vulniﬁcus MARTX Toxin

4.

5.

6.

8.

9.

10.

11.
12.

13.

14.

15.

July/August 2017 Volume 2 Issue 4 e00272-17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

molecular characteristics of Vibrio vulniﬁcus biotype 3: evidence for high
clonality. Microbiology 153:847– 856. https://doi.org/10.1099/mic.0
.2006/003723-0.
Ziolo KJ, Jeong HG, Kwak JS, Yang S, Lavker RM, Satchell KJ. 2014. Vibrio
vulniﬁcus biotype 3 multifunctional autoprocessing RTX toxin is an
adenylate cyclase toxin essential for virulence in mice. Infect Immun
82:2148 –2157. https://doi.org/10.1128/IAI.00017-14.
Kim BS, Satchell KJ. 2016. MARTX effector cross kingdom activation by
Golgi-associated ADP-ribosylation factors. Cell Microbiol 18:1078 –1093.
https://doi.org/10.1111/cmi.12568.
Belyy A, Raoux-Barbot D, Saveanu C, Namane A, Ogryzko V, Worpenberg
L, David V, Henriot V, Fellous S, Merriﬁeld C, Assayag E, Ladant D, Renault
L, Mechold U. 2016. Actin activates Pseudomonas aeruginosa ExoY nucleotidyl cyclase toxin and ExoY-like effector domains from MARTX toxins.
Nat Commun 7:13582. https://doi.org/10.1038/ncomms13582.
Raz N, Danin-Poleg Y, Hayman RB, Bar-On Y, Linetsky A, Shmoish M,
Sanjuán E, Amaro C, Walt DR, Kashi Y. 2014. Genome-wide SNPgenotyping array to study the evolution of the human pathogen Vibrio
vulniﬁcus biotype 3. PLoS One 9:e114576. https://doi.org/10.1371/
journal.pone.0114576.
Eﬁmov V, Danin-Poleg Y, Green SJ, Elgavish S, Kashi Y. 2015. Draft
genome sequence of the pathogenic bacterium vibrio vulniﬁcus V252
biotype 1, isolated in Israel. Genome Announc 3:e01182-15. https://doi
.org/10.1128/genomeA.01182-15.
Roig FJ, González-Candelas F, Amaro C. 2011. Domain organization and
evolution of multifunctional autoprocessing repeats-in-toxin (MARTX)
toxin in Vibrio vulniﬁcus. Appl Environ Microbiol 77:657– 668. https://doi
.org/10.1128/AEM.01806-10.
Prochazkova K, Shuvalova LA, Minasov G, Voburka Z, Anderson WF,
Satchell KJ. 2009. Structural and molecular mechanism for autoprocessing of MARTX toxin of Vibrio cholerae at multiple sites. J Biol Chem
284:26557–26568. https://doi.org/10.1074/jbc.M109.025510.
Philippe N, Alcaraz JP, Coursange E, Geiselmann J, Schneider D. 2004.
Improvement of pCVD442, a suicide plasmid for gene allele exchange in
bacteria. Plasmid 51:246 –255. https://doi.org/10.1016/j.plasmid.2004.02
.003.
Kim YR, Lee SE, Kang IC, Nam KI, Choy HE, Rhee JH. 2013. A bacterial RTX
toxin causes programmed necrotic cell death through calcium-mediated
mitochondrial dysfunction. J Infect Dis 207:1406 –1415. https://doi.org/
10.1093/infdis/jis746.
Gavin HE, Beubier NT, Satchell KJ. 2017. The effector domain region of
the Vibrio vulniﬁcus MARTX toxin confers biphasic epithelial barrier
disruption and is essential for systemic spread from the intestine. PLoS
Pathog 13:e1006119. https://doi.org/10.1371/journal.ppat.1006119.

msphere.asm.org 7

Downloaded from http://msphere.asm.org/ on February 25, 2018 by guest

7.

Urtaza J. 2013. Emerging Vibrio risk at high latitudes in response to
ocean warming. Nat Clim Change 3:73–77. https://doi.org/10.1038/
nclimate1628.
Amaro C, Biosca EG. 1996. Vibrio vulniﬁcus biotype 2, pathogenic for eels,
is also an opportunistic pathogen for humans. Appl Environ Microbiol
62:1454 –1457.
Tison DL, Nishibuchi M, Greenwood JD, Seidler RJ. 1982. Vibrio vulniﬁcus
biogroup 2: new biogroup pathogenic for eels. Appl Environ Microbiol
44:640 – 646.
Bisharat N, Agmon V, Finkelstein R, Raz R, Ben-Dror G, Lerner L, Soboh S,
Colodner R, Cameron DN, Wykstra DL, Swerdlow DL, Farmer JJ, III. 1999.
Clinical, epidemiological, and microbiological features of Vibrio vulniﬁcus
biogroup 3 causing outbreaks of wound infection and bacteraemia in
Israel. Israel Vibrio Study Group. Lancet 354:1421–1424. https://doi.org/
10.1016/S0140-6736(99)02471-X.
Zaidenstein R, Sadik C, Lerner L, Valinsky L, Kopelowitz J, Yishai R,
Agmon V, Parsons M, Bopp C, Weinberger M. 2008. Clinical characteristics and molecular subtyping of Vibrio vulniﬁcus illnesses, Israel. Emerg
Infect Dis 14:1875–1882. https://doi.org/10.3201/eid1412.080499.
Jeong HG, Satchell KJ. 2012. Additive function of Vibrio vulniﬁcus MARTX(Vv) and VvhA cytolysins promotes rapid growth and epithelial tissue
necrosis during intestinal infection. PLoS Pathog 8:e1002581. https://doi
.org/10.1371/journal.ppat.1002581.
Lo HR, Lin JH, Chen YH, Chen CL, Shao CP, Lai YC, Hor LI. 2011. RTX toxin
enhances the survival of Vibrio vulniﬁcus during infection by protecting
the organism from phagocytosis. J Infect Dis 203:1866 –1874. https://doi
.org/10.1093/infdis/jir070.
Lee CT, Pajuelo D, Llorens A, Chen YH, Leiro JM, Padrós F, Hor LI, Amaro
C. 2013. MARTX of Vibrio vulniﬁcus biotype 2 is a virulence and survival
factor. Environ Microbiol 15:419 – 432. https://doi.org/10.1111/j.1462
-2920.2012.02854.x.
Gavin HE, Satchell KJF. 2015. MARTX toxins as effector delivery platforms. Pathog Dis 73:ftv092. https://doi.org/10.1093/femspd/ftv092.
Kim BS, Gavin HE, Satchell KJ. 2015. Distinct roles of the repeatcontaining regions and effector domains of the Vibrio vulniﬁcus
multifunctional-autoprocessing repeats-in-toxin (MARTX) toxin. mBio
6:e00324-15. https://doi.org/10.1128/mBio.00324-15.
Satchell KJF. 2015. Multifunctional-autoprocessing repeats-in-toxin
(MARTX) toxins of vibrios. Microbiol Spectrum 3:VE-0002. https://doi.org/
10.1128/microbiolspec.VE-0002-2014.
Kwak JS, Jeong HG, Satchell KJ. 2011. Vibrio vulniﬁcus rtxA1 gene
recombination generates toxin variants with altered potency during
intestinal infection. Proc Natl Acad Sci U S A 108:1645–1650. https://doi
.org/10.1073/pnas.1014339108.
Bisharat N, Amaro C, Fouz B, Llorens A, Cohen DI. 2007. Serological and

