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Quorum Sensing Determines the Choice of Antiphage Defense
Strategy in Vibrio anguillarum
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ABSTRACT Selection for phage resistance is a key driver of bacterial diversity and evolution, and phage-host interactions may
therefore have strong influence on the genetic and functional dynamics of bacterial communities. In this study, we found that an
important, but so far largely overlooked, determinant of the outcome of phage-bacterial encounters in the fish pathogen Vibrio
anguillarum is bacterial cell-cell communication, known as quorum sensing. Specifically, V. anguillarum PF430-3 cells locked in
the low-cell-density state (AvanT mutant) express high levels of the phage receptor OmpXK, resulting in a high susceptibility to
phage KVP40, but achieve protection from infection by enhanced biofilm formation. By contrast, cells locked in the high-cell-
density state (AvanO mutant) are almost completely unsusceptible due to quorum-sensing-mediated downregulation of OmpK
expression. The phenotypes of the two quorum-sensing mutant strains are accurately reflected in the behavior of wild-type

V. anguillarum, which (i) displays increased OmpK expression in aggregated cells compared to free-living variants in the same
culture, (ii) displays a clear inverse correlation between ompK mRNA levels and the concentration of N-acylhomoserine lactone
quorum-sensing signals in the culture medium, and (iii) survives mainly by one of these two defense mechanisms, rather than by
genetic mutation to phage resistance. Taken together, our results demonstrate that V. anguillarum employs quorum-sensing
information to choose between two complementary antiphage defense strategies. Further, the prevalence of nonmutational de-
fense mechanisms in strain PF430-3 suggests highly flexible adaptations to KVP40 phage infection pressure, possibly allowing
the long-term coexistence of phage and host.

IMPORTANCE Comprehensive knowledge on bacterial antiphage strategies and their regulation is essential for understanding
the role of phages as drivers of bacterial evolution and diversity. In an applied context, development of successful phage-based
control of bacterial pathogens also requires detailed understanding of the mechanisms of phage protection in pathogenic bacte-
ria. Here, we demonstrate for the first time the presence of quorum-sensing-regulated phage defense mechanisms in the fish
pathogen Vibrio anguillarum and provide evidence that quorum-sensing regulation allows V. anguillarum to alternate between
different phage protection mechanisms depending on population cell density. Further, our results demonstrate the prevalence of

nonmutational defense mechanisms in the investigated V. anguillarum strain, which allow flexible adaptations to a dynamic

phage infection pressure.

Received 17 April 2015 Accepted 22 May 2015 Published 16 June 2015

Citation Tan D, Svenningsen SL, Middelboe M. 2015. Quorum sensing determines the choice of antiphage defense strategy in Vibrio anguillarum. mBio 6(3):e00627-15. doi:

10.1128/mBi0.00627-15.
Editor Bonnie Bassler, Princeton University

Copyright © 2015 Tan et al. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0 Unported license,
which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Address correspondence to Mathias Middelboe, mmiddelboe@bio.ku.dk.

ibrio anguillarum is a marine pathogenic bacterium which

causes vibriosis in numerous fish and shellfish species, leading
to high mortalities and economic losses in aquaculture worldwide
(1). The use of bacteriophages to control bacterial infections in
aquaculture has gained increased attention in the past few years,
and successful application of phages to reduce vibriosis-related
mortality has been demonstrated (2). Development of a phage-
based treatment is, however, challenged by the wide variety of
antiphage defense strategies observed in bacterial hosts (3). There
is clear evidence that genetic mutation, normally causing disrup-
tion or modification of phage receptors in the host membrane,
plays an important role in preventing phage infection in some
cases (4-8). Such genetic changes may impose a fitness cost on the
host cell as disruption of phage receptors can reduce the uptake of
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certain substrates (9—11). Alternative defense mechanisms which
do not involve mutational changes have been described and also
play a role in V. anguillarum (12). Aggregate formation and pro-
duction of exopolysaccharides were suggested to provide protec-
tion against infection in V. anguillarum strain PF430-3 (7, 12).
Recently, a more flexible protection mechanism was discovered in
Escherichia coli, involving a temporary downregulation of phage
receptor production in response to N-acyl-L-homoserine lactone
(AHL) cell-cell signaling molecules (13). This mechanism is con-
trolled by quorum sensing (QS), i.e., the ability of bacteria to
regulate gene expression according to population density via the
production and subsequent detection of extracellular signaling
molecules (14).

Little is still known about the mechanisms of phage protection
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in natural Vibrio communities. The universal outer membrane
protein K (OmpK) has previously been shown to be the infection
site for vibriophage KVP40, which infects more than eight Vibrio
species, including V. anguillarum, V. parahaemolyticus, V. harveyi,
and V. cholerae (15, 16). Mutations in this protein have been re-
ported in V. parahaemolyticus R4000 upon exposure to KVP40
(15) but were not detected in KVP40-amended cultures of V. an-
guillarum PF430-3 (7, 12). Thus, other mechanisms for prevent-
ing infection by KVP40 in the Vibrio community may also be
prevalent.

AHL-mediated QS circuits have been identified in many Vibrio
species, including V. anguillarum (14, 17, 18). V. anguillarum con-
trols QS-regulated genes via the transcription factor VanT, which
is activated in response to extracellular signaling molecules (19,
20). Atlow autoinducer concentrations (i.e., low cell density), the
response regulator VanO becomes activated by phosphorylation
and represses the expression of VanT. At high cell densities, auto-
inducer concentrations increase and bind to membrane-bound
receptors (19, 20). At a certain threshold concentration, VanO is
dephosphorylated and VanT expression is induced, allowing gene
regulation within the QS regulon (19, 20). Several N-acylhomo-
serine lactone autoinducers have been identified in stationary-
phase V. anguillarum spent culture supernatant (21).

As densities of bacterial populations vary from sparsely popu-
lated environments to highly dense populations in nutrient-rich
environments, and phages require a bacterial host in order to mul-
tiply, phage predation pressure is not constant and may be ex-
pected to correlate with the density of the bacterial host popula-
tion, among other factors. Thus, bacteria could potentially
benefit from altering their antiphage strategies depending on
the perceived population density, thereby minimizing the met-
abolic burden often associated with resistance by genetic mu-
tation (3, 9, 22, 23).

In this study, we identified a potent antiphage defense mecha-
nism in V. anguillarum and showed that different antiphage strat-
egies prevail at different population densities. Under high-cell-
density conditions, QS-mediated downregulation of the OmpK
receptor reduced phage adsorption and rendered individual cells
almost unsusceptible to phage infection. Under low-cell-density
conditions, on the other hand, OmpK expression was unaffected
by QS and the individual cells were fully susceptible to infection.
However, under these conditions, we have shown in a previous
study that aggregation of the cells prevents phage from reaching
the OmpK receptor (7, 12). In neither case was phage protection
associated with ompK mutation. Overall, the study shows that QS
controls the choice of antiphage defense strategy in the examined
V. anguillarum strain PF430-3, suggesting the presence of dy-
namic, temporary adaptations to phage infection pressure, while
still securing the ability to produce a functional OmpK receptor.
In a phage therapy context, these results are highly relevant, as a
combination of phage-based and anti-QS targeted treatments
could enhance the efficiency of phage control of vibriosis.

RESULTS

We have recently demonstrated that addition of phage KVP40 to
V. anguillarum strain PF430-3 resulted in increased cell aggrega-
tion and biofilm formation, which provided protection against
phage infection (7, 12). However, at high cell densities, detach-
ment of cells from aggregates into free-living variants was ob-
served, which coexisted with phages (12), suggesting that alterna-
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tive defense mechanisms also played a role under these conditions.
Isolation and subsequent reculturing of these free-living cells in
the absence of KVP40 showed that the recultured cells had re-
gained sensitivity to phage KVP40 (7), suggesting that the initial
protection was caused not by mutational changes but rather by a
temporary protection mechanism. To test if an extracellular factor
might be involved in the regulation of the phage-induced aggre-
gation phenotype, we examined the effect of adding cell-free spent
culture fluid from high-cell-density cultures of strain PF430-3 to
freshly inoculated cultures of the same strain in the presence or
absence of phage KVP40 by phase-contrast microscopy (Fig. 1, left
panels). Intriguingly, the phage-induced aggregation phenotype
of PF430-3 was completely inhibited by the presence of the cell-
free spent culture fluid, suggesting that an extracellular factor(s),
possibly a QS signaling molecule, is involved in the regulation of
phage defense in V. anguillarum PF430-3.

Synthetic AHL-induced downregulation of phage produc-
tion. V. anguillarum has been shown to produce at least three
different AHL QS autoinducers, namely, N-(3-hydroxyhexanoyl)
homoserine lactone (3-hydroxy-C,-HSL), N-(3-oxodecanoyl)
homoserine lactone, and N-hexanoylhomoserine lactone (C-
HSL) (21). To further evaluate the role of QS in phage-host
interactions in V. anguillarum, the effect of synthetic AHL addi-
tion on phage KVP40 production was quantified in strain PF430-3
(see Fig. S2 in the supplemental material). The results showed that
the presence of synthetic AHL autoinducers in the medium re-
duced phage KVP40 production by 1.5- to 2-fold after 2 h relative
to control cultures without AHL addition (see Fig. S2, squares). In
parallel cultures grown without phage addition, cell growth was
unaffected by AHL addition (see Fig. S2, circles).

KVP40 efficiency of plating on QS mutants of PF430-3. In
order to examine the effects of QS on the interaction between
phage KVP40 and V. anguillarum PF430-3, two otherwise isogenic
QS mutants were constructed which represent cell behavior at
high (AvanO) orlow (AvanT) cell densities, respectively. Since the
phosphorylated VanO protein represses the QS regulator VanT at
low cell densities, the AvanO mutant displays full expression of
VanT at all densities and is therefore locked in a high-cell-density
phenotype (19). By contrast, a AvanT mutant has lost the ability to
regulate QS-associated functions and is therefore locked in a low-
cell-density phenotype. Use of the two extreme QS phenotypes of
AvanT and AvanO mutants in the current study allowed us to
explore the role of QS-mediated phage protection in V. anguilla-
rum PF430-3. We first tested the infectivity of phage KVP40 on the
wild-type V. anguillarum PF430-3 strain and the AvanT, AvanO,
AompK, AvanT AompK, and AvanO AompK constructed mutants
by examining the efficiency of plating (EOP; the number of
plaques obtained on each host from a given phage input). Relative
to the wild-type strain, the phage susceptibility of the AvanT mu-
tant had increased by 53%, and the plaque morphology had
changed from turbid to clear (see Fig. S3A in the supplemental
material). Additionally, the AvanO mutant had become less sus-
ceptible to phage infection with a reduction of 37% relative to the
wild type (see Fig. S3B). As expected, AompK, AvanT AompK, and
AvanO AompK mutants had all become resistant to KVP40, con-
firming that OmpK is the phage receptor (see Fig. S3A).

Phage-host interactions in liquid cultures. Further assess-
ments of QS-mediated regulation of phage infectivity in 10-h-
infection experiments with phage KVP40 and three hosts (wild-
type, AvanT, and AvanO strains) showed strong effects of the
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FIG1 Visualization by phase-contrast microscopy of V. anguillarum strain PF430-3 (wild type [wt] and AvanT and AvanO mutants) in the presence or absence
of phage KVP40 in either fresh marine broth or cell-free spent culture fluid obtained from a mid-log-phase culture of wild-type V. anguillarum PF430-3.

mutational changes on phage-host interactions. Phage KVP40 re-
duced cell density in the wild-type and AvanT cultures within the
10-h incubation by 60% and 75%, respectively, relative to the
optical density (OD) of control cultures without phages, with sig-
nificantly lower OD values in the AvanT culture than in the wild-
type culture (0.62 and 0.88 after 10 h, respectively) (Fig. 2A). In
the AvanO culture, on the other hand, OD was not significantly
affected by phage addition (Fig. 2A). In accordance with these
results, we observed rapid phage propagation in the wild-type and
AvanT cultures where KVP40 abundance stabilized at ~10'° PFU
ml~1, whereas the phage production was ~100-fold lower in the
AvanO culture (Fig. 2B). We note that the minimum OD values of
0.33 and 0.15 after 5 h in the phage-treated wild-type and AvanT
cultures, respectively, were followed by a regrowth of cells during
the remainder of the incubation (Fig. 2A), despite the abundance
of KVP40 phage.

Aggregation of cells in the two QS mutants following phage
KVP40 exposure was assessed by phase-contrast microscopy
(Fig. 1, center and right panels; see also Fig. S1 in the supplemental
material). Similar to the wild-type culture shown in Fig. 1, addi-
tion of phages led to increased aggregation in the AvanT mutant
cultures. In fact, at 24 h most cells occurred in large aggregates in
the AvanT mutant cultures, while a fraction of free-living cells was
still detectable in the wild-type culture (Fig. 1; see also Fig. S1). In
the AvanO cultures, on the other hand, phage addition did not
result in formation of aggregates (Fig. 1; see also Fig. S1), suggest-
ing that the QS pathway is involved in the regulation of the phage-
induced aggregation phenotype. Furthermore, the addition of
cell-free spent culture fluid, which prevented aggregation of the
wild-type culture, did not prevent aggregation of the AvanT mu-
tant cultures upon exposure to phage, suggesting that the inhibi-
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tory factor present in the cell-free culture fluid prevents aggrega-
tion via the QS pathway (Fig. 1). However, addition of the
synthetic AHL autoinducers did not mimic the inhibitory effect of
adding cell-free spent culture fluid on phage-induced aggregation
in wild-type PF430-3 (data not shown).

Effects of phage KVP40 and QS on biofilm formation. Based
on the indications of phage-driven stimulation of biofilm forma-
tions in the short-term liquid culture experiments, a more system-
atic quantification of the effects of phage KVP40 on biofilm for-
mation in the three strains was performed. In the control cultures
without phages, the biofilm formation of the wild-type and AvanT
strains increased for 5 days and then remained constant at an OD
at 595 nm (ODse5) of 1.5 to 1.75, as measured by crystal violet
staining of the biofilm. In the AvanO cultures, the biofilm devel-
oped at a lower rate but reached the same endpoint as the other
strains after 8 days (see Fig. S4A in the supplemental material).
Pretreatment of the cultures with phage KVP40 enhanced biofilm
formation in all 3 strains. The ODsq5 in wild-type and AvanT
cultures reached values of 2.8 after 3 days, whereas ODs,5 in the
KVP40-treated AvanO cultures increased gradually during the in-
cubation to a maximum of 2.2 after 8 days (see Fig. S4A). Phage
concentration in the liquid above the biofilm increased rapidly
and stabilized around 10° PFU ml~! in both wild-type and AvanT
cultures after 1 day. In the AvanO + KVP40 cultures, phage con-
centration increased at a slower pace until day 3, where it also
stabilized at ~10° PFU ml~! (see Fig. S4B).

Together, the results from these experiments demonstrate a
reduced susceptibility to phage KVP40 in the AvanO mutant de-
spite the fact that this mutant aggregates less and forms biofilm
more slowly than the wild type, suggesting that V. anguillarum
PF430-3 may obtain protection against KVP40 via a separate
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FIG 2 (A) Optical densities (ODy) of cultures of V. anguillarum wild-type
(wt) and QS mutant (AvanT and AvanO) strains in the presence or absence of
phage KVP40 at an API of 1 were measured at 1-h intervals over a 10-h period
of incubation. (B) Corresponding abundances of PFU per milliliter were quan-
tified by plaque assay over a 10-h period of incubation in wild-type + KVP40,
AvanT + KVP40, and AvanO + KVP40 cultures, respectively. Error bars rep-
resent standard deviations from all experiments carried out in duplicate.

mechanism in the high-cell-density QS mode mimicked by the
AvanO mutant.

Phage adsorption rate. To address the question of how AvanO
mutant cells reduce their susceptibility to KVP40, we first mea-
sured the rate of adsorption of KVP40 to the wild-type and QS
mutant host cells. The adsorption rates of wild-type, AvanT, and
AvanO strains were calculated as 6.7 X 10710 £ 849 X
10" ml 'min=1, 81 X 10710 %+ 92 X 10" ml~! min—!, and
3.8 X 10710 £ 1.4 X 107" ml~! min~—!, respectively. Thus, the
rate of adsorption of phage KVP40 to the AvanO strain was sig-
nificantly lower than that observed for the wild-type and AvanT
strains.

ompK expression in cultures of wild-type and QS mutant
cells. To further examine the mechanism underlying the differ-
ences in adsorption rates among wild-type and QS mutant
(AvanT and AvanO) strains and to link these differences to QS
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regulation, we quantified the expression of phage KVP40 receptor
ompK in 9 different cultures (wild type, AvanT, AvanO, wild type
+ KVP40, AvanT + KVP40, AvanO + KVP40, AompK, AvanT
AompK, and AvanO AompK) by quantitative real-time PCR
(qPCR). The relative ompK expression levels of wild-type and
AvanT strains were approximately 4 times higher than the relative
ompK expression in the AvanO strain, suggesting a downregula-
tion of ompK when the cells are locked in the regulatory state
mimicking high cell densities (Fig. 3A). Purification and separa-
tion of outer membrane proteins (OMPs) by SDS-PAGE (Fig. 3B)
using three ompK mutants (AompK, AvanT AompK, and AvanO
AompK strains) as negative controls confirmed the presence of the
OmpK receptor (26 kDa) in wild-type and AvanT strains and the
QS-mediated OmpK receptor downregulation in the AvanO
strain (15). In agreement with the gene expression data, OmpK
appeared to be slightly more abundant in the AvanT strain than in
the wild-type strain. SDS-PAGE outer membrane protein analysis
also demonstrated that outer membrane proteins other than
OmpK, which potentially function as phage receptors, were
downregulated in the AvanO QS mutant as well (Fig. 3B, OmpK,
indicated by arrow).

ompK mRNA levels in the free-living and aggregated cell
fractions. We have shown above that the AvanT mutant displays
increased aggregation and contains high levels of ompK, whereas
the AvanO mutant displays very little aggregation but instead re-
duces its susceptibility to phage KVP40 by expressing low levels of
OmpK. Next, we verified whether these two phenotypes are also
correlated in the wild-type PF430-3 strain. We fractionated cul-
tures (wild type + KVP40, AvanT + KVP40, and AvanO +
KVP40) into a free-living and an aggregate fraction by centrifuga-
tion and compared relative ompK mRNA levels in the two frac-
tions using qPCR (Fig. 4). The analysis revealed that ompK gene
expression varied significantly between aggregated and free-
living cells in the wild-type strain, with approximately 2-fold-
higher ompK mRNA levels in the bacteria located in aggregates
than in the fraction containing free-living cells (Fig. 4). More-
over, it should be noted that the applied centrifugation proce-
dure does not result in complete separation of the aggregates
from the free-living cells; hence, the difference in ompK mRNA
levels between the two fractions is likely underestimated. Inter-
estingly, ompK mRNA levels were also higher in the aggregated
fraction of the AvanO mutant cells than in the corresponding
free-living fraction, although the ompKlevels in both fractions
were still much reduced compared to the wild-type or AvanT
culture. Thus, even in the absence of a functional QS pathway,
free-living cells express less ompK mRNA than do aggregated
cells, which could either reflect the existence of a redundant
VanO-independent regulatory mechanism or simply reflect a
phage-mediated enrichment of cells with low ompK mRNA
expression among the surviving free-living cells. Unfortu-
nately, we were unable to collect free-living cells from AvanT
cultures grown in the presence of phage, as any free-living cells
were lysed by the phage and the remaining cells were all aggre-
gated. However, in agreement with the data shown in Fig. 3A
(ompK mRNA levels in the presence of phage KVP40), ompK
mRNA levels were upregulated in the AvanT aggregates even
compared to the wild-type aggregated fraction.

Temporal changes in ompK expression and AHL production
in wild-type V. anguillarum PF430-3. In order to determine
whether ompK expression was in fact repressed by a cell-density-
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FIG 3 (A) ompK gene expression of wild type (wt) and QS mutants (AvanT and AvanO) in the presence or absence of phage KVP40. (B) SDS-PAGE analysis
of the outer membrane protein K (OmpK) with Coomassie blue staining. Lane M, protein markers; lanes 1 to 6, wild-type, AvanT, AvanO, AompK, AompK
AvanT, and AompK AvanO strains, respectively. Phage receptor ompK mRNA transcript levels were quantified by real-time PCR. “Relative gene expression”
corresponds to the level of ompK mRNA after normalization to the level of recA mRNA in the same sample. Error bars represent standard deviations (duplicate

samples).

dependent factor secreted by the V. anguillarum PF430-3 wild-
type strain, simultaneous measurements of ompK expression and
extracellular AHL levels were performed during growth of the
wild-type strain in batch culture in the absence of phages. Inter-
estingly, phage receptor ompK expression and AHL levels were
significantly negatively correlated (r = 0.811) during the first 12 h.
Thus, in accordance with the previous experiment, ompK expres-
sion was 3 to 4 times higher at the low cell density around 2 h than
at the high cell density at 6 h (Fig. 5). AHL production reached a
maximum at 6 h and decreased after 8 h, concomitantly with an
increase in ompK expression. After 16 h, a sharp decline in ompK
expression was observed.

Examination of potential fitness costs in AompK mutants.
Throughout our studies of the interaction of phage KVP40 with V.
anguillarum strain PF430-3, we did not once observe a single case
of resistance to phage KVP40 infection due to mutation of ompK.
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By contrast, cells that survived exposure to phage KVP40 always
multiplied to produce offspring that had regained phage sensitiv-
ity (7, 12). Therefore, we suggest that the sensitivity to phage
KVP40 was related to regulation of phenotypic traits rather than
genetic mutation. The physiological role of OmpK is not known,
but Biolog GN2 physiological fingerprints of the wild-type strain
and the AompK mutant showed that the AompK mutant lost the
ability to utilize glucose-1-phosphate, glucose-6-phosphate, cis-
aconitic acid, L-alaninamide, and L-alanine as growth substrates,
suggesting that indeed OmpK may play an important role for
V. anguillarum metabolism (see Fig. S5 in the supplemental ma-
terial). We were, however, unable to detect a change in the relative
abundance of the AompK mutant compared to wild type after 8 h
of growth in mixed culture. Thus, loss of the OmpK receptor does
not directly affect the competitive ability of strain PF430-3 under
our experimental conditions (see Fig. S6).
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FIG 4 Fractionation experiment. For bacterial aggregates (A), samples were
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levels were quantified by real-time PCR. Relative gene expression was normal-
ized against the gene expression level of recA. Error bars represent standard
deviations (duplicate samples). wt, wild type.

DISCUSSION

Given the recent findings that bacteria may employ QS to reduce
phage receptor expression under conditions of high infection risk
(13), we aimed at exploring the role of QS in regulating suscepti-
bility to the broad-host-range phage KVP40 in V. anguillarum
strain PF430-3 through downregulation of the phage receptor
OmpK. The reduced susceptibility to phage KVP40 in V. anguil-
larum strain PF430-3 after addition of cell-free supernatant or
synthetic AHLs provided the first indications of a QS-regulated
mechanism of phage protection. This was further supported by
our subsequent studies of phage susceptibility in the two con-
structed V. anguillarum QS mutants, the AvanT and AvanO
strains. These results showed that phage susceptibility and adsorp-
tion were reduced in the AvanO strain and enhanced in the AvanT
strain relative to the wild type, directly confirming that QS played
a key role in the protection against KVP40 infection. The >100-
fold-higher phage production and 3-fold-lower bacterial density
in cultures of the AvanT strain relative to the AvanO strain after
phage addition thus emphasized that QS signaling in the high-
cell-density phenotype mediated an efficient protection against
phage infection.

Measurements of the ompK expression further resolved the
underlying mechanisms of QS-mediated phage protection. Thus,
the significant (4-fold) reduction in ompK expression in the
AvanO strain and the verification that an OmpK receptor-
deficient mutant (the AompK strain) was resistant to phage
KVP40 provided direct evidence for QS-mediated downregula-
tion of ompK expression as an important mechanism for protec-
tion against phage infection in V. anguillarum.

Interestingly, our results also showed that downregulation of
ompK expression was not the only QS-regulated phage defense
mechanism in the investigated V. anguillarum strain. Cell aggre-
gation and formation of a biofilm in response to phage addition in
the wild-type strain suggested that the transformation from a free-
living life form to growth in a biofilm was also a mechanism of
protection against phage infection, as also supported by a previous
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FIG 5 AHL assay and ompK expression quantification in the wild-type (wt)
strain over time. Aliquots of cultures were withdrawn every 2 h during growth
for measurement of AHL production and ompK gene expression by RT-PCR as
described in the legend to Fig. 3. Error bars represent standard deviations
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study (12). The exact mechanism by which phages induce cell
aggregation, however, remains to be discovered. While the pro-
duction of extracellular polymers by the host to create a physical
barrier against phage infection has been suggested previously (3,
24), the current results suggest that this mechanism is QS con-
trolled in V. anguillarum. Addition of phage KVP40 strongly stim-
ulated cell aggregation and biofilm formation in the wild type and
low-cell-density mutant (AvanT), whereas no aggregation was ob-
served in the high-cell-density mutant (AvanO). Hence, the data
suggest that cell aggregation and biofilm formation are an impor-
tant phage defense mechanism at low cell densities where QS reg-
ulation of ompK expression is inefficient. Consequently, we show
that V. anguillarum PF430-3 alternates between these two types of
phage defense mechanisms and that QS regulates the choice of
strategy by upregulating one mechanism (removal of OmpK re-
ceptor) while downregulating another mechanism (cell aggrega-
tion) at high cell densities. Whether the overall reduction in
OmpK receptors under high-cell-density conditions results in a
general decrease in the number of receptors per cell in the popu-
lation, thus reducing the encounter rate between phages and
OmpK receptors, and/or if OmpK downregulation generates a
fraction of cells completely without receptors (i.e., resistant cells),
is not known. However, the presence of turbid plaques in the
AvanO mutant upon exposure to KVP40 in spot assays indicated
that some of the cells were, in fact, temporarily fully resistant to the
phage. The presence of two distinct phage defense mechanisms in
wild-type cells was confirmed by the observation that ompK ex-
pression was reduced in free-living cells relative to cells embedded
in aggregates. Together with the significant negative correlation
between extracellular AHL concentration and ompK expression
during growth of the wild-type strain in batch cultures, this dem-
onstrated the dynamic nature of phage defense and emphasized
that the obtained results were not restricted to the extreme phe-
notypes of the QS mutants. Interestingly, ompK expression was in
fact enhanced in phage-amended wild-type and AvanT cultures
relative to control cultures without phages. OmpK is a porin-like
protein which has been suggested to be involved in bile salt resis-
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tance, as well as iron acquisition (25). We show here that OmpK
also plays a role in the ability of V. anguillarum to use glucose-1-
phosphate, glucose-6-phosphate, cis-aconitic acid, L-alaninamide,
and L-alanine as growth substrates. We speculate therefore that
upregulation of ompK in aggregated cells may be an adaptation to
stimulate nutrient uptake in an aggregate environment where
supply of specific nutrients may be limited or for enhancing the
bile salt resistance of the cell aggregates inside the host. However,
in the short-term competition experiment that we carried out, the
AompK mutant was able to reach the same density as the wild-type
strain in a mixed culture. Further studies are needed to determine
the physiological role(s) of OmpK and hence the cost of its repres-
sion or loss.

We note that in the wild-type cultures of V. anguillarum
PF430-3, AHLs accumulate as the culture grows to high cell den-
sities, but they largely disappear later in stationary phase (Fig. 5).
This phenomenon has been observed previously in cultures of
Yersinia pseudotuberculosis and Pseudomonas aeruginosa, grown in
LB medium, and was found to be caused by pH-dependent lac-
tonolysis (26). We found, however, that the pH of the marine
broth (MB) cultures used here remained stable around 7.6 for at
least 13 h (data not shown). Alternative explanations for the dis-
appearance of the AHLs in stationary phase are the possible pro-
duction of an AHL lactonase enzyme as reported in Bacillus spp.
(27) or the uptake of AHLs for use as a source of energy, carbon,
and nitrogen, as reported for Variovorax paradoxus (28). Addi-
tional studies are required to determine the mechanism responsi-
ble for AHL removal in V. anguillarum strain PF430-3.

One surprising observation from the current study was that QS
reduced biofilm formation (see Fig. S4 in the supplemental mate-
rial). Biofilm formation is in many bacterial pathogens found to
be upregulated by QS and stimulated at high cell density, promot-
ing virulence (29). This has also been observed in V. anguillarum
(strain NB10), where a low-cell-density mutant (AvanT strain)
showed significantly lower biofilm formation than the wild-type
strain (30). The reason for this contrasting effect of QS on biofilm
formation in PF430-3 is not clear. V. anguillarum strain NB10
showed limited susceptibility to phage KVP40 and produced tur-
bid plaques (data not shown), suggesting that KVP40 is not an
important predator on that strain; hence, other antiphage strate-
gies may be favored. VanT expression is known to regulate phys-
iological responses required for survival and stress response (19),
and in the investigated strain PF430-3, this seems to include shift-
ing from aggregation to ompK downregulation in response to in-
creased cell density. In addition, since total protease activity cor-
relates with VanT expression in V. anguillarum strain NB10 (30),
it may be speculated that at high cell densities, when VanT is fully
expressed, VanT activates protease activity to promote the release
of cells from aggregates, in a manner similar to the action of the
VanT homologue HapR in V. cholerae, where QS also downregu-
lates biofilm formation (31, 32). By QS-mediated ompK gene reg-
ulation, aggregate-associated bacteria may thus have evolved a
mechanism of detaching a subpopulation of free-living cells with
reduced phage susceptibility which can survive in phage-dense
environments, thus allowing further spreading of vibriosis infec-
tions. In any case, the results support previous indications of large
differences in phage defense strategies among different strains of
V. anguillarum (12) and emphasize the need for further exploring
whether the mechanisms described here are a general phenome-
non in bacteria or are limited to a subset of V. anguillarum strains.
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Phages are known to be key drivers of bacterial evolution by
selecting for phage-resistant mutants, and it has been proposed
that phage-host interactions lead to either an arms race dynamic
of antagonistic host and phage coevolution or a fluctuating selec-
tion dynamic involving frequency-dependent selection for rare
host and phage genotypes (33, 34). In this study, however, we
found evidence for an alternative to these scenarios, as the defense
mechanisms identified do not involve mutational changes or
complete elimination of phage-susceptible host cells. The de-
scribed antiphage mechanisms in V. anguillarum thus represent
more flexible adaptations to dynamic changes in phage and host
densities, adding to the complexity of phage-host coevolutionary
interactions and phage-driven genetic and phenotypic changes in
bacterial populations. Since mutational changes often result in a
loss of fitness for the host (9, 10), the mechanisms described here
represent a potential fitness advantage for the host. It may be spec-
ulated that the development of this temporary protection mecha-
nism in V. anguillarum PF430-3 is related to the fact that the
OmpK receptor is widely conserved among Vibrio and Photobac-
terium species and thus probably executes an important func-
tion(s) in the cell. It is likely, therefore, that mutations in ompK
could have significantly negative effects on host fitness in natural
habitats, in which case development of alternative phage defense
strategies that leave the ompK gene intact would be of strong se-
lective advantage. Further studies are needed, however, to confirm
this hypothesis.

Successful application of phage therapy in the treatment of
vibriosis requires detailed knowledge of the phage-host interac-
tions and the regulation of antiphage strategies in Vibrio. Our
results add to the suite of known phage defense mechanisms and
their regulation in marine bacteria and further emphasize that the
complexity of phage-host interactions poses a challenge for future
use of phages in disease control. On the other hand, the evidence
that QS regulates phage receptor expression may potentially be
used actively by quenching QS signaling, hence preventing recep-
tor downregulation. In support of that, QS inhibitors have been
shown to impede expression of virulence factors (35), and re-
cently, the addition of modified T7 phages producing quorum-
quenching enzymes has resulted in inhibition of biofilm forma-
tion, suggesting that the use of QS inhibitors may be a promising
strategy in future antimicrobial therapy (36).

MATERIALS AND METHODS

Bacterial strains and bacteriophages. The bacterial strain V. anguillarum
PF430-3 was originally isolated from salmonid aquaculture in Chile (37),
and phage KVP40, which infects PF430-3, is a broad-host-range phage
originally isolated from Japan (38) (see Table S1 in the supplemental
material). Basic characterization of phage KVP40 and its interactions with
PF430-3 has been provided recently (7). All the constructed mutant
strains derived from the V. anguillarum PF430-3 wild-type strain and the
plasmids used in this study are listed in Table S1 in the supplemental
material. E. coli S17-1 (Apir) was used as the donor strain for transfer of
plasmid DNA into V. anguillarum PF430-3 by conjugation (30, 39). An-
tibiotics were used at the following concentrations: 100 ug - ml~! ampi-
cillin, 25 pug - ml~! chloramphenicol (for E. coli), and 5 pg - ml~! chlor-
amphenicol (for V. anguillarum) (30, 39).

DNA manipulation and mutant construction. For mutant construc-
tions, in-frame deletions were made in the vanT, vanO, and ompK genes
by allelic exchange as first described by Croxatto et al. (30) and Milton et
al. (39). The upstream DNA sequence of the vanT gene was amplified
from wild-type V. anguillarum PF430-3 by PCR using primers vI1 and
vT2, which introduced a BglII site. The downstream DNA sequence of
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vanT was amplified using primers vI'3 and vT4, which introduced a Sacl
site. These two fragments, which contain a 15-nucleotide (nt) overlap of
identical sequence, were used as the template for a second PCR using
primers vT1 and vT4. The PCR product was digested with BglII and SacI
and cloned into the BglII and Sacl sites of pDM4, creating pDM4vanT.
In-frame deletion of vanT in PF430-3 was confirmed by PCR using prim-
ers vI'l and vT4 and subsequent gel electrophoresis. To construct plasmid
pDM4vanO and pDM4ompK, and vanO and ompK mutants, we used the
same method described for vanT above. The primers are listed in Ta-
ble S2 in the supplemental material.

Examination of fitness loss in the ompK mutant. In an attempt to
search for potential functions of phage receptor OmpK and, hence, im-
plications of its downregulation or loss, Biolog GN2 microplates (Biolog)
containing 95 different carbon sources were used to test the ability of the
wild-type strain and the AompK mutant to use different substrates accord-
ing to the manufacturer’s instructions. Further, the potential reduction in
competitive abilities of the AompK mutant was examined in competition
assays. Briefly, wild-type and AompK bacterial cells were mixed in a ratio
of 1:1 in sterilized seawater and then quantified over time. Subsamples
were collected every 1 to 2 h for 8 h and diluted and plated on LB plates.
Subsequently, 20 colonies were picked from each time point and identi-
fied as either wild type or AompK mutant by PCR with primers 1340F and
1340R listed in Table S2 in the supplemental material.

Effects of cell-free supernatant enrichment on KVP40 phage infec-
tion. Cell-free supernatant from wild-type V. anguillarum PF430-3 cul-
tures was prepared from a mid-log-phase culture of V. anguillarum
PF430-3 in marine broth (MB), which was centrifuged (10,000 X g for
10 min), sterile filtered (0.2 wm; Millipore), and subsequently added to
freshly inoculated cultures of wild-type, AvanT, and AvanO strains, with
and without phage KVP40, for examination of the potential effects of
V. anguillarum PF430-3-produced autoinducer molecules on the lytic ef-
fects of the phage KVP40. Images were obtained after 24 h of incubation.

Effects of synthetic AHLs on phage production in V. anguillarum
PF430-3 wild type. Synthetic AHLs (obtained from Sigma and Notting-
ham University), N-hexanoylhomoserine lactone (C4-HSL), N-(3-
hydroxyhexanoyl)homoserine lactone (3-hydroxy-C4-HSL), and N-(3-
oxodecanoyl)-L-homoserine lactone (3-oxo-C,,-HSL) were added to
V. anguillarum PF430-3 to examine their effects on phage susceptibility.
Briefly, the AHLs were dissolved in acidified ethyl acetate (0.1% [vol/vol]
acetic acid), mixed, and added to a glass test tube to a 10 uM final con-
centration and placed at room temperature (RT) for complete evapora-
tion of the solvent, as described previously (13, 40). For the control cul-
tures without AHLs, test tubes containing only ethyl acetate were
prepared in parallel. Overnight cultures of wild-type cells were pelleted
and resuspended, and aliquots of 100 ul of cell suspension were trans-
ferred to 5 ml of 3% NaCl buffer in tubes containing AHLs or the solvent
control and incubated at 30°C for 1 h. The phage susceptibility assay was
then initiated by addition of phage KVP40 at an average phage input (API)
of 1. Parallel control cultures without phages were also established. Sam-
ples were collected every hour for 7 h for quantification of possible effects
of AHL on cell growth in the absence of phage (CFU) and on phage
production (PFU).

Phage-host interactions and effects on cell aggregation in wild type
and QS mutants. The susceptibility of each strain (wild-type, AvanT,
AvanO, AompK, AvanT AompK, and AvanO AompK strains) to phage
KVP40 was gauged by the efficiency of plating. Briefly, a fixed quantity of
phage obtained from the same phage stock (KVP40) was mixed with iden-
tically grown bacterial cells of each genotype, and the PFU were quantified
by plaque assay (41). The experiments were performed in duplicate.

The lytic potential of phage KVP40 against wild-type and QS mutant
strains (AvanT and AvanO) was tested at an API of 1 in duplicate 100-ml
liquid MB cultures and parallel control cultures without phage. The effect
of phage-mediated lysis on host cell density was monitored by regular
0Dy, measurement over the 10-h incubation. Phage concentration was
quantified by plaque assay periodically (41).
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For visual inspection of cell densities and aggregate formation, addi-
tional aliquots were collected at 24 h and visualized by phase-contrast
microscopy using an oil immersion objective (Olympus BX61). The im-
ages shown in Fig. 1 and in Fig. S1 in the supplemental material represent
random fields on the microscope slide from the 24-h samples.

Effects of phage addition on biofilm formation in wild-type and QS
mutant strains. Biofilm formation was monitored in wild-type, AvanT,
and AvanO cultures following addition of phage KVP40 using methods
described previously (42) with some modifications. Briefly, 13-ml poly-
propylene plastic tubes filled with 5 ml MB were inoculated with 100 ul of
overnight bacterial inoculum and 100 ul of phage stock (108 CFU ml—!
and 10° PFUml~'; API 0f0.01) and incubated without shaking along with
parallel control cultures without phages. For each experiment, duplicate
tubes were examined daily for quantification of phage abundance in the
liquid phase (41) and biofilm biomass was quantified by crystal violet
staining using a standard protocol (43). For biofilm quantification, the
liquid was removed, and tubes were rinsed twice with artificial seawater
(ASW; Sigma). The biofilm was stained with 0.4% crystal violet (Sigma)
for 15 min, and the tubes were washed with tap water to remove excess
stain. An aliquot (6 ml) of 33% acetic acid (Sigma) was added and left for
5 min to allow the stain to dissolve. The absorbance was measured as
ODsys.

Bacteriophage adsorption rate. The rates of adsorption of phage
KVP40 to wild-type, AvanT, and AvanO cells were determined by mixing
phage KVP40 and exponentially growing host cultures at an API of 0.01
and incubating them at room temperature for 32 min with agitation.
Aliquots were removed periodically and centrifuged at 18,000 X g at 4°C
for 2 min, and the supernatants were immediately diluted to prevent
additional adsorption. The unadsorbed phage particles were quantified by
plaque assay (41).

Outer membrane protein K (OmpK) preparation and SDS-PAGE
analysis. The outer membrane protein (OMP) preparation was made
essentially according to the method of Wang et al. (44) with some modi-
fications. Briefly, cells were pelleted from 25-ml overnight cultures of all
the strains (wild type and AvanT, AvanO, AompK, AvanT AompK, and
AvanO AompK mutants), resuspended in 4.5 ml of water, and sonicated
on ice (amplitude of 100, 3 min). To solubilize the cytoplasmic mem-
branes, Sarkosyl (N-lauroylsarcosine) was added to a final concentration
of 2% and incubated at room temperature for 30 min. To pellet the outer
membranes, the mixture was ultracentrifuged (400,000 rpm for 1 h at 4°C;
SW55 Ti rotor; Beckman). The pellet was washed with ice-cold water and
ultracentrifuged again (400,000 rpm for 30 min at 4°C; SW55 Ti rotor;
Beckman). The pellet was resuspended in 100 wl 100 mM Tris-HCI (pH 8)
and 2% SDS buffer, and the proteins were separated on a 10% SDS-
polyacrylamide gel and stained with Coomassie blue.

Fractionation of V. anguillarum cultures in aggregate and free-
living cell fractions. In order to examine ompK gene expression patterns
in aggregates and free-living cells, respectively, cultures were fractionated
by centrifugation and ompK expression was determined in the aggregate
and nonaggregate fractions. Cultures of V. anguillarum wild type and QS
mutants were grown in MB in the presence of phage KVP40 at an API of 1
at room temperature (RT) for 12 h, and the aggregates were collected by
centrifugation (1,000 X g, 10 min). The supernatant was transferred to a
new tube, and centrifugation was repeated. After the second round of
centrifugation, the free-living cells in the supernatant were transferred to
anew tube and collected by centrifugation at 10,000 X gfor 10 min. Pellets
of cell aggregates and free-living cells were collected and stored at —80°C
for subsequent RNA extraction.

AHL signal levels in cultures of wild-type V. anguillarum PF430-3.
An overnight culture of the wild-type strain was diluted in MB to a final
0Dy, of 0.04 and grown at 30°C for 20 h with agitation. Samples were
taken every 2 h for determination of AHL production and for extraction of
RNA for ompK mRNA quantification. AHL biosynthesis was assayed us-
ing the E. coli SP436 reporter strain (45). E. coli SP436 harbors a plasmid-
borne fusion of the V. fischeri lux operon to gfp and responds to AHL by
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expressing green fluorescent protein (GFP) as described previously (45).
Briefly, 50 wl cell-free supernatant was mixed with 150 wl LB medium and
10 pl of an overnight culture of SP436 (100 wg - ml~! ampicillin) and
further incubated at 30°C for 5 h with agitation using a FLUOstar Omega
microtiter plate reader (BMG Labtech) with a gain setting of 1,150.

RNA extraction and cDNA synthesis. For quantification of ompK ex-
pression in the wild-type and QS mutant strains (AvanT and AvanO),
RNA was extracted from cells pelleted after a 9-h incubation in MB for the
experiments shown in Fig. 5 or as described above for the experiments
shown in Fig. 3 and 4. Total RNA was extracted using Trizol (Invitrogen)
and chloroform extraction as described previously (46). Genomic DNA
was removed by adding DNase [ according to the manufacturer’s protocol
(Fermentas). RNA was stored at —80°C until further use.

Reverse transcription was performed with the Thermo Scientific Re-
vert Aid first-strand cDNA synthesis kit as described by the manufacturer
(Thermo). The first cDNA strand was obtained using random hexamer
primers with 1,000 ng of DNase I-treated RNA. Control samples (without
reverse transcriptase) were treated identically except that the reverse tran-
scriptase enzyme was omitted.

RT-PCR gene expression quantification. The relative expression lev-
els of ompK and recA (as the endogenous control) were determined by
qPCR performed in a CFX96 real-time PCR (RT-PCR) detection system
(Bio-Rad), using SsoAdvanced SYBR green supermix (Bio-Rad) and the
gene-specific primers listed in Table S2 in the supplemental material (47).
Quantitative PCR mixtures were set up in 25 ul containing 0.2 uM prim-
ersand SYBR green qPCR mix with the following program: 30 s at 95°C for
denaturation followed by 40 cycles of 4 s at 95°C and 30 s at 55°C. Melting
curve analysis was performed from 65°C to 95°C with an increment of
0.5°C for 5 s. The comparative threshold cycle (C;) method was used for
relative quantification of RNA (48).
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