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ABSTRACT

Vibrio alginolyticus is a Gram-negative bacterium that is an opportunistic pathogen of both marine
animals and people. Its pathogenesis likely involves type Ill secretion system (T3SS) mediated
induction of rapid apoptosis, cell rounding and osmotic lysis of infected eukaryotic cells. Herein, we
report that effector proteins, Val1686 and Val1680 from V. alginolyticus, were responsible for T3SS-
mediated death of fish cells. Val1686 is a Fic-domain containing protein that not only contributed to
cell rounding by inhibiting Rho guanosine triphosphatases (GTPases), but was requisite for the
induction of apoptosis because the deletion mutant (Aval1686) was severely weakened in its ability
to induce cell rounding and apoptosis in fish cells. In addition, Val1686 alone was sufficient to
induce cell rounding and apoptosis as evidenced by the transfection of Val1686 into fish cells.
Importantly, the Fic-domain essential for cell rounding activity was equally important to activation
of apoptosis of fish cells, indicating that apoptosis is a downstream event of Val1686-dependent
GTPase inhibition. V. alginolyticus infection likely activates JNK and ERK pathways with sequential
activation of caspases (caspase-8/-10, -9 and -3) and subsequent apoptosis. Val1680 contributed to
T3SS-dependent lysis of fish cells in V. alginolyticus, but did not induce autophagy as has been
reported for its homologue (VopQ) in V. parahaemolyticus. Together, Val1686 and Val1680 work
together to induce apoptosis, cell rounding and cell lysis of V. alginolyticus-infected fish cells. These
findings provide new insights into the mechanism of cell death caused by T3SS of V. alginolyticus.
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Introduction

The type III secretion system (T3SS) is a well-character-
ized needle-like apparatus that is found on the surface of
many Gram-negative bacteria, and it plays a critical role
in pathogenesis [1]. T3SSs are composed of a basal body
that spans the inner and outer bacterial membranes, a
needle-like complex that extends from the bacterial sur-
face, and a distal needle tip complex that forms a channel
into the target cell membrane [2,3]. Effector proteins are
translocated by this apparatus where they modulate cyto-
skeletal rearrangement or perturb cellular signaling path-
ways that are involved with host cell death and innate
immune responses [4,5]. Although structural proteins are
highly conserved among different T3SS apparatus, the
effectors are most often distinct and exhibit unique func-
tions [6]. Characterization of the structure and function

of various effector proteins is important to understand the
pathogenesis of these important pathogens.

T3SS was first discovered in Yersinia [7]. Since then
presumptive orthologues have been identified in other
bacterial pathogens, including species of Escherichia, Pseu-
domonas, Shigella, Salmonella, Xanthomonas, Bordetella,
Burkholderia and Chlamydia [5]. For Vibrio spp., two dis-
tinct T3SSs were originally idenitified in the genome
of Vibrio parahaemolyticus (serotype O3:K6, strain
RIMD2210633); each of the two V. parahaemolyticus
chromosomes encodes a distinct T3SS, designated T3SS1
and T3SS2%. T3SS1 has been found in all strains of V. par-
ahaemolyticus examined [9] and is necessary for in vitro
cytotoxicity including the induction of autophagy, cell
rounding and cell lysis [10,11]. T3SS2 has been found
exclusively in clinical isolates (Kanagawa Phenomenon-
positive) of V. parahaemolyticus [8,9], and it is required
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for induction of diarrhea and enteritis in rabbit and piglet
[9,12,13]. To date, four T3SS1 effectors (VopS, VopQ,
VopR and VPA0450) have been identified. VopS is
required for T3SSl-induced actin cytoskeleton collapse
and cell rounding, which is a phenotype that is induced
by modifying the Rho family GTPases through AMPyla-
tion [14,15]. Rho GTPases belong to the Ras superfamily
of monomeric GTP-binding proteins and are best known
for their prominent roles in regulating actin and microtu-
bule cytoskeletal dynamics [16,17]. VopQ (Vp1680) was
responsible for induction of rapid autophagy in Hela
cells. The mechanism involves an interaction with the Vo
domain of the conserved V-type H*-ATPase (V-ATPase)
that forms a gated channel in lysosomal membranes
[10,18,19]. VopR (VP1683) also contributes to cell round-
ing [15,20] while VPA0450 disrupt plasma membrane
integrity and facilitates lysis of host cells [21,22]. Less is
known about T3SS orthologues from other phylogeneti-
cally-related Vibrio species, including Vibrio alginolyticus.
V. alginolyticus is closely related to V. parahaemolyticus
[23]. V. alginolyticus is a common marine organism that
can cause opportunistic infections in aquatic animals and
people [24,25]. In south coastal areas of China, V. alginoly-
ticus is the most prevalent Vibrio species and it is responsi-
ble for large losses to the marine aquaculture industry
[26,27]. Several virulence factors, including the iron uptake
system, haemolysin and extracellular proteases, likely play a
role in its pathogenesis [28-31]. Recently, a putative T3SS
“island” was identified in V. alginolyticus (Z]JO, one disease-
causing strain), and this island was similar in synteny and
predicted protein composition to T3SS1 characterized in V.
parahaemolyticus [32]. Further studies revealed that apo-
ptosis, cell rounding and osmotic lysis are involved in V.
alginolyticus T3SS-induced cell death [32]. The death pro-
cess in fish cells was different from that caused by V. para-
haemolyticus in mammalian cells as the latter induces
autophagy rather than apoptosis, although the mechanisms
of cell lysis appears similar [10,11]. Comparative genome
analysis of the T3SS gene cluster from V. alginolyticus sug-
gest that Vall686 and Vall680 are orthologues of VopS
and VopQ in V. parahaemolyticus, but their function has
not been characterized. Herein, we investigated the func-
tional activity of Vall686 and Vall680 in V. alginolyticus
by using a fish-cell infection model to further explore the
fundamental mechanism of its pathogenic mechanisms.

Materials and methods
Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study are
listed in Table S1. All V. alginolyticus strains were derived
from the wild-type strain, ZJO. V. alginolyticus was
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routinely grown in Trypticase Soy Broth (TSB; Difco)
with shaking (200 rpm) or on TSB agar plates (TSA) at
30°C. T3SS secretion was induced by culturing bacteria in
TSB supplemented with 10 mM MgCl, and 10 mM
sodium oxalate [10]. Escherichia coli S17 Apir was used in
gene deletion experiments and was cultured in Luria-Ber-
tani (LB; Difco) medium. Expression vector pMMB207
was used for complementation experiments and suicide
plasmid pDM4 was used to generate gene knockouts.
Expression vectors (pEGFP-N3 and pcDNA3.1) were
used to express genes of interest in fish cells. Unless
otherwise indicated, antibiotics were added to media at
the following concentrations: ampicillin (100 pg/mL),
kanamycin (50 pg/mL), or chloramphenicol (34 ©g/mL).

Construction of deletion mutants
and complementation strains

All deletion mutants were made by allelic exchange fol-
lowing a method described previously [33]. Primer pairs
used for plasmid construction in this study are detailed
in Table S2. Deletion cassettes for chromosomal in-frame
deletions were generated using the splice-overlap-exten-
sion (SOE) method, which joins two 400-600 bp PCR
fragments corresponding to genomic sequences flanking
vall686 or vall680. The deletion cassettes were then
cloned into a suicide plasmid (pDM4) by using standard
cloning procedures followed by DNA sequencing
(Table S2). The resulting constructs were individually
electroporated into E. coli S17-1 Apir, after which the
constructs were introduced by conjugation into V. algi-
nolyticus strain ZJO. Mutant strains were selected on
TSA plates containing ampicillin and chloramphenicol
followed by a 10% sucrose selection process. Gene dele-
tion was confirmed by PCR using primers located inside
of the deleted sequence (Table S2).

For complementation experiments, the complete val1686
and val1680, or truncated val1686 (1-90 deletion) incorpo-
rating a C-terminal histidine tag by PCR, were cloned into
an expression vector pMMB207 by using standard cloning
procedures. For site-directed mutagenesis, primers
(Table S2) were designed by using NEBaseChanger (http://
nebasechanger.neb.com/) and were then used to generate
point mutation and small deletion plasmids (Table S1) with
a Q5 Site-Directed Mutagenesis Kit (New England Biolabs)
following the manufacturer’s protocol. These constructs
were fully sequenced to check their inserts and then intro-
duced by conjugation into the appropriate mutant strains.

Cell lines and infection

Fathead minnow (FHM) epithelial cells were maintained
in M199 medium supplemented with 10% (v/v) fetal
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bovine serum (FBS, Gibco) at 28°C. Overnight V. algino-
Iyticus cultures were pelleted by centrifugation (10,000 x
g) for 2 min at 4°C. Pellets were resuspended in serum-
free TC199 medium, and bacterial suspensions were
added to the FHM monolayer at a multiplicity of infec-
tion (MOI) of 10. For infection with complementation
strains, overnight culture was diluted 1:100 into fresh
TSB with chloramphenicol and incubated with shaking
until ODgg, reached ~0.6. Isopropyl 8-D-1-thiogalacto-
pyranoside (IPTG; 0.5 mM) was then added to induce
protein expression. After 3 h the induced bacteria were
added to the FHM monolayer supplemented with 5 g/
mL of chloramphenicol to ensure plasmid retention [34]
and 0.1 mM of IPTG.

GTPase pulldown assay

FHM cells uninfected (Ctrl) or infected with V. alginoly-
ticus ZJO and ZJOAval1686 (Avall686) for the indicated
time points were assayed for GTPase activation using
commercially available Rho and Cdc42 Activation Assay
Kits (Cell Biolabs, Inc.) according to the manufacturer’s
instructions. Briefly, FHM cells were seeded onto
100 mm dishes. Once cells were cultured to approxi-
mately 80-90% confluency, they were infected with V.
alginolyticus as described above. Cells monolayers were
washed twice with ice-cold PBS and collected in lysis
buffer (25 mM HEPES [pH 7.5], 150 mM NaCl, 1% NP-
40, 10 mM MgCl,, 1 mM EDTA, 1% glycerol) by scrap-
ing with a cell scraper. All samples were then lysed by
incubating in ice-water with agitation for 20 min. The
lysates were cleared of insoluble debris by centrifugation
for 10 min (14,000 x g at 4°C). For GTPase activation,
cleared lysates were inoculated with a final concentration
of 1 mM EDTA and 100 uM GTPyS and incubated at
30°C for 30 min with agitation. Activated Rho and
Cdc42 GTPases were affinity purified by using Rhotekin-
RBD and PAK-lagarose beads, respectively. The beads
were washed three times with lysis buffer to remove inac-
tive GTPases and other cellular proteins followed by the
addition of SDS-PAGE sample buffer. Total cellular
GTPases were also prepared in a similar manner without
the addition of Rhotekin-RBD and PAK-1 agarase beads.
All samples were separated on SDS-PAGE and analyzed
by using western blots (see below). The primary antibod-
ies were monoclonal antibodies to Rho and Cdc42 pro-
vided with the kit (1:500 dilutions).

Fluorescence microscopy

To fluorescently stain the actin cytoskeleton and nuclear
DNA of infected cells, FHM cells were seeded onto glass
coverslips in 6-well plates and grown to 80-90%

confluence prior to infection. All infections were per-
formed as described above, and at the indicated time
points, cells were fixed and stained with rhodamine phal-
loidin (Molecular Probes) and Hoechst33258 (Thermo
Scientific) as described previously [35]. Slides were
mounted in ProLong Gold Antifade Reagent (Molecular
Probes). The fluorescence signal was detected by using
an inverted fluorescence microscope (Leica).

Cell transfection

The plasmids used for transfection experiments
(Table S1) were constructed by inserting the complete
val1686 or truncated vall686 (1-90 deletion) sequence
into eukaryotic expression vectors (pEGFP-N3 and
pcDNA3.1) using standard cloning procedures. A point
mutation plasmid was generated by using a Q5 Site-
Directed Mutagenesis Kit (New England Biolabs) as
described above. Each construct (0.5 g of DNA/well for
24-well plate and 2 ug of DNA/well for 6-well plate) was
individually transfected into FHM cells using Lipofect-
amine 2000 Transfection Reagent (Invitrogen) according
to the manufacturer’s instructions. FHM cells were
plated onto glass coverslips in a 6-well plate with
60-70% confluence one day before transfection. Cells
were prepared for a caspase activity assay (see below) by
seeding FHM cells into a 24-well plate with 90% conflu-
ence one day before transfection. Eight hours after trans-
fection, the cells on glass coverslips were fixed and
stained with Hoechst 33258 (Thermo Scientific) and
then the slides were examined by fluorescence micros-
copy as described above, while the cells in a 24-well plate
were collected for measuring caspase activity.

TUNEL assay

DNA fragmentation was detected by using the terminal
dUTP nick-end labelling (TUNEL) method and a com-
mercial kit (In situ Cell Death Detection kit, TMR red;
Roche) following the manufacturer’s protocol. FHM cells
were infected with strains of V. alginolyticus as described,
or left untreated as the negative control. The assay was
performed as described previously [32].

Caspase activity assay

The activities of several caspases (caspase-3, -8, -9 and
-10) were detected using commercially available caspase
assay kits (BioVision). FHM cells were left uninfected, or
infected with V. alginolyticus strains for 2 h as described,
and were then lysed on ice for 10 min with the cell lysis
buffer provided in the kit. All assays were done as
described previously [32].



In vitro secretion assay

To induce the V. alginolyticus T3SS secretion, overnight
cultures were diluted 1:100 into the inducing TSB
medium as described (with chloramphenicol) and were
cultured at 30°C with shaking. When ODygy, reached
~0.6, IPTG (0.5 mM) was added to induce protein
expression and then continued to grow for 5 h. Bacterial
cells were pelleted by centrifugation (3200 x g, 10 min),
and were then re-suspended in Laemmli sample buffer
(Bio-rad). The supernatant was collected and filtered
through a low-protein-binding filter with a 0.2-um pore
size (Acrodisc syringe filter; Pall Life Sciences). Tri-
chloroacetic acid (TCA) precipitation was carried out as
described previously [36,37] with a minor modification.
Briefly, TCA was added to a final volume of 20% and
incubated in ice-water for 2 h. After centrifugation at
22,000 x g for 30 min at 4°C, the pellets were resus-
pended in pre-chilled acetone and washed twice. The
final protein pellet was dried in air and re-suspended in
Laemmli sample buffer (Bio-Rad). All samples were
boiled for 8 min and analyzed by western blots (see
below). The primary antibodies were monoclonal anti-
body to His tag (1:2000 dilution; Abcam) or polyclonal
antibody to DnaK (1:1000 dilution) [38].

Western blot analysis

An equal volume of 2X Laemmli sample buffer (Bio-
Rad) was added into each sample and all samples were
boiled at 100°C for 5 min. Equal volume of prepared
samples were loaded into AnykD Tris-glycine precast
gels (Bio-Rad) for protein separation per manufacturer’s
protocol. After electrophoresis proteins were transferred
to a PVDF membrane (Roche) and the membrane was
blocked with 5% skimmed milk in Tris-buffered saline
containing 0.05% (v/v) Tween 20 (TBST; Sangon Bio-
tech). After 1 h blocking, the membrane was respectively
probed with primary antibodies as indicated for 2 h at
room temperature. Secondary antibody (HRP-linked
goat anti-mouse antibody or goat anti-rabbit antibody,
Cell Signaling Technology) was diluted 1:5000 in TBST
with 1% milk for 1 h at room temperature. Protein sig-
nals were detected with a chemiluminescent reagent
(ECL; SuperSignal West Pico Chemiluminescent sub-
strate; Thermo Scientific) followed by exposure of mem-
branes to autoradiograph film (Kodak X-Omat LS film).

Inhibitor assay

U0126-EtOH, SB203580 and SP600125, which inhibit
pathways involving ERK, p38 and JNK MAPK, respec-
tively, were purchased from Selleck. Next-generation
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caspase inhibitors (Q-IETD-OPh and Q-LEHD-OPh)
and a control inhibitor Q-VE-OPh were purchased from
BioVision. These reagents were prepared as stock solu-
tions by dissolving in dimethyl sulfoxide (DMSO). All
inhibitors were added to cell monolayers grown in 24-
well plates for 1 h before infection with V. alginolyticus.
To rule out effect of DMSO on apoptosis, the same vol-
ume of DMSO was respectively added to the uninfected
and ZJO-infected cells as negative and positive controls.
The final concentration of each inhibitor used here
showed no cytotoxicity to FHM cells, as tested by MTT
cell viability assay. To evaluate the effect of inhibitors
after 2 h of infection, cultures were subjected to TUN-
NEL and caspase activity assays as described above.

Measurement of lactate dehydrogenase (LDH)
release

FHM cells were seeded into 96-well plates and incubated
overnight to 90% confluence. Prior to infection, growth
media was replaced with 110 wL (per well) of serum-free
TC199 medium, and cells were infected with different
strains of V. alginolyticus over a 5-h time course. At the
indicated time point, 96-well plates were centrifuged at
3200 x g for 2 min, and a 100 iL aliquot of the superna-
tant was removed for measuring LDH release by using
the Cytotoxicity Detection kit”™"® per manufacturer’s
instructions (Roche). Background LDH release was mea-
sured from TC199 medium only. Maximum LDH release
was obtained by total cell lysis using the Lysis Buffer pro-
vided in the kit. Absorbance values from each well were
measured at 492 nm by using a microplate spectropho-
tometer (Thermo Labsystems Ascent). Results are
expressed as a percentage of total cell lysis after sub-
stracting the absorbance value in background control.

Statistical analysis

A Kruskal-Wallis test was used to assess phenotypic vari-
ables (o = 0.05). Post-hoc multiple comparisons (versus
the control group) were conducted by using a Tukey-
Kramer test and the analyses were conducted by using R
(version 3.4.1).

Results

Val1686 contributes to V. alginolyticus T3SS-mediated
cell rounding in fish cells. Seven putative T3SS-related
genes were predicted through the comparative genome
analysis in V. alginolyticus and five of them share high
sequence identity to these well-characterized T3SS1
effector-encoding genes in V. parahaemolyticus strain
RIMD2210633 (Fig. S1). vall686 and vall680 from
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V. alginolyticus are putative orthologues for vp1686
(VopS; 91% amino acid identity) and vp1680 (VopQ;
88% amino acid identity) from V. parahaemolyticus,
respectively. To determine the functional activity of
Vall686 and Vall1680, the deletion mutants and corre-
sponding complementation strains were generated
(Fig. S2). FHM cells were infected with either wild-type
V. alginolyticus or deletion mutants and the infection
was monitored over a 3 h time course. Cell rounding was
observed for both wild-type strain (ZJO; 60min) and
vall1686 deletion mutant (Avall686; 90min), but the dele-
tion of the vall686 gene resulted in a measurable delay
(~30 min) in this phenotype (Fig. 1A and Fig. S3).
Extensive cell lysis was found by the end of both infec-
tions (Fig. 1A and Fig. S3). In trans expression of
val1686 successfully restored the earlier cell rounding
phenotype (Fig. 1A). As a control, uninfected cells exhib-
ited normal actin cytoskeleton and nucleus phenotypes
(Fig. S4).

VopS of V. parahaemolyticus was implicated in cell
rounding by inhibiting Rho family of guanosine triphos-
phatases (GTPases) [14,15]. In a similar manner, we
found that the Val1686-mediated cell rounding involves
interference with activation of Rho GTPases in V. algino-
Iyticus (Fig. 1B). This was suggested from a GTPase
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pulldown assay showing that active RhoA and Cdc42
were no longer detected in ZJO-infected cell lysates after
1 h of infection, even if they were stimulated with the
nonhydrolyzable GTP analogue GTPyS (Fig. 1B). In
contrast, active RhoA and Cdc42 were still detected in
cells infected with the val1686 deletion mutant (Fig. 1B).
These results reveal that Vall1686 in V. alginolyticus, like
VopS in V. parahaemolyticus for mammal cells, contrib-
utes to T3SS-mediated cell rounding in fish cells.
Val1686 is required and sufficient for V. alginolyti-
cus T3SS-induced apoptosis. Apoptotic bodies were
observed after 90 min infection with the ZJO strain
(Fig. 1A). By contrast, apoptotic bodies were largely
absent for cells that were infected with the Avall686
strain, although nuclear condensation was evident
(Fig. 1A). TUNEL assays indicated that after 2 h, ~80%
of Z]O-infected FHM were positive for nuclear fragmen-
tation whereas only ~15% were positive for Avall686-
infected cells (Fig. 2A and Fig. S5). Furthermore, cas-
pase-3 in Z]JO-infected cells was activated (present in the
form of a cleaved procaspase-3) and its activity reached
levels approximately 6 to 8-fold higher than those in
control cells at 1 h and 2 h post infection (Fig. 2B). Cas-
pase-3 activity from Avall686-infected cells was much
less pronounced (Fig. 2B) while complementation

B
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Figure 1. Val1686 contributes to the delay of cell rounding and nuclear fragmentation, and the inactivation of Rho family GTPase
in fish cells during the V. alginolyticus infection. (A) FHM cells were infected with ZJO, ZJOAval1686 (Aval1686) and ZJOAval1686:
pval1686 (Aval1686:pval1686). Cells were visualized under a fluorescence microscopy using rhodamine phalloidin to stain actin (red)
and Hoechst to stain nuclei (blue) at indicated time points after infection. Arrows indicate fragmented nuclei (apoptotic bodies), while
arrowheads indicate condensed nuclei. Scale bar: 10 wm. (B) FHM cells were infected with ZJO and ZJOAval1686 (Aval1686) and cell
lysate were prepared as described in Materials and Methods. The lysates were incubated with (+) or without (-) GTPyS as indicated, fol-
lowed by GTPases pulldown assays. Active Rho or Cdc42 (GTP-bound) were detected using corresponding antibodies. Upper panels indi-
cate active GTPase, while middle panels represent total cellular GTPase, which were detected from total cleared lysates. Lower panels
represent S-actin loading controls. Uninfected FHM cells were included as controls (Ctrl) in this assay.
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Figure 2. Val1686 is required for V. alginolyticus T3SS-induced apoptosis. (A) TUNEL assay. FHM cells were either uninfected, or infected
(m.o.i. = 10) with wild-type ZJO (WT), deletion mutant and complementation strains as indicated. At 1 h and 2 h after infection, DNA
fragmentation was detected by TUNEL staining. TUNEL-positive cells were quantified from three independent experiments and the data
are presented as means £ SEM. At least four fields under light microscopy (40 x objective) were randomly selected and examined for
each experiment. (B) Measurement of caspase-3 activity of infected cells as described for TUNEL assay. The data are expressed as fold-
increase compared to the corresponding values of caspase activity in uninfected cells (Ctrl) (error bars = SEM; 3 independent experi-
ments). Statistical analysis was performed by using a Kruskal Wallis test followed by a Tukey-Kramer multiple comparisons test between

sokok

the treatment groups and the control. Asterisks indicate significance for both 1- and 2-hour time points compared to controls (***;

P < 0.001).

restored ~75% of the wild-type fragmentation and cas-
pase-3 phenotypes (Fig. 2A and Fig. 2B, respectively).
These data are consistent with Vall686 playing a key
role in V. alginolyticus T3SS-induced apoptosis.

To determine if Val1686 alone is sufficient to induce
apoptosis, we transiently transfected FHM cells with a
plasmid that encoded recombinant GFP solely or as a
Vall686-GFP fusion protein. After 8 h the GFP-only
transfected cells were positive for widely dispersed GFP
in both the cytosol and nucleus (Fig. 3A). FHM cells
transfected with the Val1686-GFP fusion protein exhib-
ited cell rounding and nuclear fragmentation at 8 h after
transfection (Fig. 3A). Caspase-3 activity was clearly
detected in Vall1686 transfected cells (Fig. 3B). Collec-
tively, these data are consistent with Vall1686 contribut-
ing to cell rounding, and with this protein being
necessary and sufficient to induce apoptosis in FHM
cells.

The Fic domain is necessary for apoptotic activity of
Val1686. Fic (filamentation induced by cAMP) domain is
required for V. parahaemolyticus VopS-induced cell
rounding [15]. Sequence alignment suggested that the Fic-
conserved motif (HPFXXGNG) and the key H348 residue
are present in Vall686 of V. alginolyticus (data not
shown). To determine if the apoptotic activity of Val1686
is Fic domain-dependent, we complemented the Aval1686
mutant strain with either vall1686 lacking the HPFTDG
region or with a version having a mutated residue
H348A. Unlike complementation with the full-length,

wild-type Val1686 protein (Fig. 1A), the apoptosis pheno-
type was not restored for either of these complemented
strains (Avall1686:pvall686AFic and Avall686:pvall686
H348A), as evidenced by TUNEL and caspase-3 activity
assays (Fig. S5 and, Fig. 2, respectively). Western blot
analysis confirmed that the two mutants of Val1686, like
wild-type Val1686 were present in the supernatant of their
complemented strains (Fig. 4, Lane 3 and Lane 4 in lower
panel), which also indicates that the Fic domain is not
required for secretion of Vall686. As a control, another
mutant of Vall1686, which lacked the first 30 amino acid
residues, was complemented into the Aval1686 (Avall686:
pval1686A30). Although the mutated Vall686 is synthe-
sized in the complemented strain (Fig. 4, Lane 3, upper
panel), it was not present in the supernatant of Avall686:
pvall686A30 strain (Fig. 4, Lane 2, lower panel), suggest-
ing that the first 30 amino acid residues are essential to
secrete the effector Vall1686 during infection. As expected,
the Aval1686:pvall686A30 strain did not induce apoptosis
based on TUNEL and caspase-3 activity assays (Fig. S5
and Fig. 2).

The above observation was also supported by a trans-
fection assay. When the histidine residue was changed to
alanine in the Vall686-GFP fusion protein (Vall686
H348A-GFP) or for the Val1686 without GFP (Val1686
H348A), apoptosis did not occur as indicated by a lack
of change in cell morphology and Capase-3 activity of
transfected FHM cells (Fig. 3). By contrast, when FHM
cells were transfected with the truncated Vall686
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Figure 3. Val1686 alone is sufficient to induce apoptosis in transfected cells. (A) FHM cells were transfected with the plasmids pEGFP-N3,
pEGFP_val1686, pEGFP_val1686A30 or pEGFP_val1686 H348A and visualized with fluorescence microscopy. Green fluorescence shows
GFP alone (as control), or GFP fusion proteins (Val1686-GFP, Val1686A30-GFP, Val1686H348A-GFP). Nuclei were stained by using
Hoechst33258 (blue). Arrows indicate the fragmented nuclei. (B) FHM cells were respectively transfected with the plasmids pcDNA3.1,
pcDNA_val1686, pcDNA_val1686A30 or pcDNA_val1686 H348A and harvested for caspase-3 activity assay. The data are expressed as
fold-increase compared to the corresponding values of caspase activity in uninfected cells (Ctrl) (3 independent experiments). (No statis-

tical significance observed, P = 0.02)
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Total Lysate

AntiDnak [N S -I

Anti His.tag Supernatant

Figure 4. Western blot analysis of Val1686 secretion. Overnight
cultures of Aval1686 strain and several complemented strains.
Complementation included strains that synthesis native Val1686
(pval1686) or Val1686 without the first 30 amino acids
(pval1686A30; negative control), or Val1686 having an amino acid
change (histidine to alanine, position 348; pval1686 H348A) or
Val1686 lacking the Fic domain (pvall686AFic). Equal volume
(10 L) of prepared samples were loaded onto SDS-PAGE gel and
the histidine tag in C-terminus was probed for individual recombi-
nant protein in western blot. Anti-DnaK was used as a loading con-
trol. The data are representative of three repeated experiments.

(Val1686A30-GFP or Vall686A30) cell rounding,
nuclear fragmentation and caspase-3 activation were evi-
dent (Fig. 3); this result is also consistent with the secre-
tion signal being located within the first 30 amino acid
residues of Val1686. Results from gene knockout, com-
plementation and transfection experiments are consis-
tent with the Fic domain being necessary for Val1686 to
induce apoptosis in FHM cells.

Vall686 induced-apoptosis depends on activation
of caspase-8/10 and caspase-9 in infected fish cells.
Caspase-3 is an apoptotic effector caspase that is acti-
vated by the presence of Val1686 (see above). We next
investigated activation of initiator caspases (caspase-8/10
and caspase-9). Activation of caspase-8, -9, and -10 was
observed in the wild-type Z]JO-infected cells after 2 h of
infection, while the Avall686 strain was unable to induce
these initiator caspases. For this experiment a T3SS-dys-
functional strain (AvscC) was included as a negative con-
trol (Fig. 5A). We treated FHM cells with inhibitors
against caspase-8 and -9 (Q-IETD-Oph and Q-LEHD-
Oph) for 1 h prior to infection and then measured
nuclear fragmentation and caspase-3 activity. Both
Q-IETD-Oph and Q-LEHD-Oph blocked nuclear frag-
mentation and caspase-3 activation in ZJO-infected
cells (Q-VE-Oph served as a negative control for these
experiments (Fig. 5B and Fig. $6). When FHM cells were
pretreated with caspase inhibitors (1 h), Q-IETD-Oph
suppressed caspase-8 and caspase-9 activation, while
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Figure 5. Val1686 induced-apoptosis depends on caspases activation. (A) Measurement of caspase-8, -9 and -10 activity. FHM cells
were either uninfected (Ctrl), or infected with wild-type ZJO (WT), Aval1686 or AvscC. caspase-8, -9 and -10 activity assays were con-
ducted after 2 h infection. (B) Inhibitory effect of three caspase inhibitors on V. alginolyticus-induced apoptosis. FHM cells were pre-incu-
bated for 1 h with 20 M of caspase-8 inhibitor (Q-IETD-Oph), caspase-9 inhibitor (Q-LEHD-Oph) and negative control inhibitor (Q-VE-
Oph) and then infected with wild-type ZJO. Inhibitory effects on apoptosis were evaluated using the caspase-3 activity assay. (C) Inhibi-
tory effect of three caspase inhibitors on caspase-8 and caspase-9 activity. FHM cells were treated as in (A) and measured for caspase-8
and -9 activity. The data are expressed as fold-increase compared to the corresponding values of caspase activity in uninfected cells
(Ctrl) (3 independent experiments). A Kruskal Wallis test followed by a Tukey-Kramer multiple comparisons test versus control group

(* P < 0.05, ™" P < 0.001).

Q-LEHD-Oph inhibited caspase-9 activation and had
less effect on caspase-8 (Fig. 5C). Taken together this
data indicates that Val1686 induced-apoptosis depends
on activation of caspases (caspase-3, -8, -9 and -10) in
infected fish cells.

ERK and JNK pathways are important for Val1686-
induced apoptosis. Mitogen-activated protein kinase
(MAPK) signaling pathways are targeted by various bac-
terial type III effectors that triggers different cellular
responses [39,40]. To confirm whether the MAPK (ERK,
p38 and JNK) pathway is involved in the Vall686-
induced apoptosis, FHM cells were treated with three
kinase inhibitors (U0126, SB203580 or SP00125) for 1 h
prior to bacterial infection. The concentration of the
inhibitors used did not affect cell viability until 8 h (data
not shown). None of the inhibitors blocked ZJO-induced
cell rounding, but U0126 and SP00125 almost completely
prevented the ZJO-infected cells from undergoing nuclear
fragmentation after 2 h of infection (Fig. 6A). In contrast,
SB203580-treated cells infected with ZJO still displayed

nuclear fragmentation (Fig. 6A; compare with DMSO
+ZJO infected cells). Consistent with the DNA staining
results, U0126 and SP00125, but not SB203580, repressed
activation of caspase-3 in the ZJO-infected cells after 2 h
of infection (Fig. 6B). Collectively, these data are consis-
tent with V. alginolyticus infection activating the JNK
and ERK pathways and this activation is involved with
Val1686-induced apoptosis in FHM cells.

Val1680, not Vall686, plays a role in V. alginolyti-
cus T3SS-induced LDH release. T3SS of V. alginolyticus
induces three different events (apoptosis, cell rounding
and osmotic lysis) in infected fish cells (Zhao et al,
2010) [32]. Vall680 is a putative orthologue of VP1680
(VopQ) of V. parahaemolyticus, and the latter is not
only responsible for autophagy induction, but also con-
tributes to release of cellular contents in V. parahaemoly-
ticus-infected HeLa cells (Burdette et al., 2009) [10]. To
determine if Vall686 or Vall680 contributes to an
osmotic lysis phenotype, we measured LDH release of
infected cells by the V. alginolyticus ZJO, Avall686,
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Figure 6. Activated ERK and JNK pathways are involved in V. alginolyticus-induced apoptosis. FHM cells were pre-incubated with
40 M of ERK inhibitor (U0126-EtOH), 20 1M of p38 MAPK inhibitor (SB203580) and 10 M of JNK inhibitor (SP600125) as described in
the Materials and Methods. Inhibitory effect on V. alginolyticus-induced apoptosis was evaluated using Hoechst33258 staining (A) and
caspase-3 activity assay (B). Arrows indicate the fragmented nuclei, while arrowheads indicate condensed nuclei. Scale bar = 50 pm.
The data are expressed as fold-increase compared to the corresponding values of caspase activity in uninfected cells (Ctrl) (3 indepen-
dent experiments). A Kruskal Wallis test followed by a Tukey-Kramer multiple comparisons test versus control group (** P < 0.01).

Avall680, and Avall686Avall680 strains over a 5 h time
course. Deletion of val1686 did not reduce LDH release
(Fig. 7). In contrast, deletion of vall680 resulted in
delayed release of LDH (Fig. 7). Complementation of the
val1680 restored the ability of the Aval1680 strain to effi-
ciently cause the phenotype of LDH release (Fig. S7A)
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Figure 7. Deletion of val1680 reduced V. alginolyticus T3SS-
induced LDH release. FHM cells were either uninfected or
infected with V. alginolyticus strains ZJO, Aval1686, Aval1680,
Aval1686Aval1680 and AvscC as described in the Materials and
Methods. At the indicated time points, culture supernatants were
measured for the release of LDH and calculated as a percentage
of total cellular lysis. The data are expressed as means + SEM
from three independent experiments.

while deletion of val1680 from V. alginolyticus did not
have any observable effect on T3SS-mediated cell round-
ing and apoptosis (Fig. S3). A Avall686Avall680 strain
exhibited a similar delay in LDH release as the Aval1680
strain (Fig. 7). FHM cells infected with the double-
knockout strain for 5 h still maintained a uniform mono-
layer and the cell appeared similar to that of the AvscC-
infected cells (Fig. S7B). Based on these observations, we
surmise that Vall680 contributes to V. alginolyticus
T3SS-induced LDH release, but unknown effector(s)
may also be involved in this event.

Discussion

Zhao et al. (2010) [32] showed that in vitro V. alginolyti-
cus infection causes fish cells to undergo cell rounding,
apoptosis and cell lysis. In this study, we further charac-
terized the contribution of two V. alginolyticus T3SS
effectors (Vall686 and Vall680) to these phenotypes.
Vall686 is a Fic-domain containing protein that is a
likely orthologue to VopS in V. parahaemolyticus.
Vall686 appears to function in a similar manner to
VopS, which induces cell rounding by inhibiting the Rho
family of guanosine triphosphatases (GTPases), but it is
also necessary and sufficient to trigger apoptosis in V.
alginolyticus-infected fish cells. Studies suggests that Rho
GTPases have other functions including effects on gene
transcription [41], cell cycle control [42], and cellular



survival and death [43,44]. One orthologous effector to
VopS in Pseudomonas aeruginosa, ExoS, modifies the
Rho GTPases through ADP-ribosylating activity, and
this modification is required for induction of apoptosis
in host cells [45,46]. Consequently, targeting Rho
GTPases may lead to different phenotypes [47—49], and
therefore is not surprising to find that the Vall686 can
evoke two distinct phenotypes (cell rounding and apo-
ptosis) in fish cells. This conclusion is supported by our
assays for the apoptotic activity of Fic domain in
Val1686. We demonstrated that the Fic domain is not
only necessary for cell rounding, but it is required for the
apoptotic phenotype. This is consistent with a previous
study in V. parahaemolyticus, where the Fic domain was
responsible for collapse of the actin cytoskeleton by
AMPylation of Rho GTPases by VopS, which induces
cell rounding [15]. Consequently, we infer that the inac-
tivation of Rho GTPases by Val1686 concurrently evokes
two different events (cell rounding and apoptosis) in V.
alginolyticus infected fish cells.

Apoptosis is mediated by a family of cysteine-depen-
dent, aspartate-specific proteases known as caspases
[50,51]. The caspase family can be divided into two func-
tional subgroups: initiator and effector caspases. The ini-
tiator caspases (caspase-2, -8, -9, -10) work to auto-
activate and initiate the proteolytic processing of other
caspases in response to apoptotic stimuli, while effector
caspases (caspase-3, -6, -7) are activated by initiator cas-
pases and are primarily responsible for the dismantling
of the apoptotic cell [52]. As expected, activated caspase-
3 was detected in the Vall686-induced apoptosis of
FHM cells. We did not expect, however, to observe
simultaneous activation of caspase-8, -9 and -10 because
caspase-8 and -10 are involved in an extrinsic (receptor-
mediated) pathway while caspase-9 is involved in an
intrinsic (mitochondria-mediated) pathway of apoptosis
in mammals [53]. Furthermore, we found evidence that
caspase-8 is activated upstream of caspase-9 in the
Vall1686-induced apoptosis of fish cells. Normally, cas-
pase-8 is activated in a receptor-mediated pathway after
which it cleaves and activates caspase-3 [53]. In some sit-
uations, activated caspase-8 can also initiate the crosstalk
between the extrinsic and intrinsic pathways by cleaving
the BH3-only protein, Bid, and then the truncated Bid
(tBid) is translocated to mitochondria. This promotes
cytochrome C release, which subsequently activates cas-
pase-9 and -3 [54]. Our findings suggest that Val1686
activation of caspase-8 is responsible for activation of
caspase-9 by evoking cytochrome C release, which subse-
quently results in the activation of caspase-3 in fish cells.
Unfortunately, existing reagents for detecting cyto-
chrome C and Bid are optimized for mammalian systems
and are not able to detect these proteins in fish cells.
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Nevertheless, these data are consistent with Val1686-
induced activation of caspase-8/-10, -9 and -3 in a cas-
cade-like manner, leading to apoptosis in fish cells.

The MAPK are a group of protein serine/threonine
kinases that induce different cellular responses upon
extracellular stimuli [55] and three main types of
MAPK signaling pathways have been characterized to
date [56]. The ERK1/2 pathway is important for cell
proliferation and differentiation, while the JNK and p38
pathways are deemed stress responsive and thus
involved in cell survival [56,57]. Pathogenic bacteria
commonly manipulate these pathways via an extensive
list of T3SS effector proteins [39,40,50]. For example,
Woolery et al (2014) reported that AMPylation of Rho
GTPases by VopS inhibited the activation of JNK and
ERK signaling pathways during infection with V. para-
haemolyticus. Herein, we show that the activation of
ERK and JNK pathways are required for Vall686-
induced apoptosis of V. alginolyticus in fish cells. Given
that stress signals are usually transmitted to the MAPK
signaling cascades by Rho family GTPases [58], we infer
that Rho GTPases inactivation caused by effector
Val1686 of V. alginolyticus T3SS further stimulates apo-
ptosis via activation of ERK and JNK-dependent signal-
ing pathways in FHM cells.

VopQ (Vp1680), is a T3SS1 effector from V. parahae-
molyticus that contributes to induction of rapid autoph-
agy in HeLa cells. This effector functions by interacting
with the Vo domain of the conserved V-type H'-ATPase
(V-ATPase) that forms a gated channel in lysosomal
membranes [10,18,19]. Although the V. alginolyticus
orthologue (Vall680) of effector VopQ is present,
autophagy was not detected by monodansylcadaverine
(MDC) staining [35], nor was LC3 conversion detected
after FHM cells were infected with V. alginolyticus (data
not shown). We are not able to determine the detailed
mechanism behind this difference without additional
experiments, but the inherent differences between fish
and mammalian cells may contribute to this effect. Bur-
dette et al., (2009) reported that deletion of VopQ
attenuates the ability of V. parahaemolyticus to induce
release of cellular contents in addition to autophagy, and
we observed a similar event in V. alginolyticus by show-
ing Val1680 contributes to T3SS-induced LDH release.
We also speculate that other T3SS effector(s) of V. algi-
nolyticus may also contribute to fish cells lysis because
the Avall686Avall1680 strain was still capable of induc-
ing lysis (albeit delayed) while a strain lacking a func-
tional T3SS (AvscC strain) did not. VPA0450, another
effector secreted by T3SS1 of V. parahaemolyticus,
reportedly accelerates cell lysis by disrupting membrane
integrity [22], but its homolog is not present in the
genome of V. alginolyticus.
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In summary, we describe the functional activity of two
T3SS effectors from V. alginolyticus (Val1686 and Val1680)
that are responsible for the in vitro death of FHM cells.
Val1686 not only mediates cell rounding by inhibiting Rho
family GTPases, but it also activates the apoptosis pathway
via Vall686-dependent GTPase inhibition. Subsequently,
this effector activates the ERK and JNK signaling pathways
and caspase-8/-10, -9 and -3 in a cascade-like manner,
thereby leading to an apoptotic phenotype in fish cells. The
other effector protein, Vall1680, was found to contribute to
T3SS-dependent lysis of fish cells which behaves differently
from its orthologue, VopQ which induces autophagy in V.
parahaemolyticus. Together, we report here that Vall1686
and Val1680 are involved in the induction of apoptosis, cell
rounding and cell lysis in V. alginolyticus-infected fish cells
which certainly aid in the understanding of Vibrio
pathogenesis.
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