The ISME Journal (2020) 14:1731-1742
https://doi.org/10.1038/541396-020-0641-3

= |SME

q

Check for
updates

ARTICLE

High cell densities favor lysogeny: induction of an H20 prophage
is repressed by quorum sensing and enhances biofilm formation
in Vibrio anguillarum

Demeng Tan'?3 - Mads Frederik Hansen®* - Luis Nunes de Carvalho® - Henriette Lyng Reder® - Mette Burmglle (° -

Mathias Middelboe (»* - Sine Lo Svenningsen 3

Received: 19 September 2019 / Revised: 17 March 2020 / Accepted: 18 March 2020 / Published online: 9 April 2020
© The Author(s), under exclusive licence to International Society for Microbial Ecology 2020

Abstract

Temperate $H20-like phages are repeatedly identified at geographically distinct areas as free phage particles or as prophages
of the fish pathogen Vibrio anguillarum. We studied mutants of a lysogenic isolate of V. anguillarum locked in the quorum-
sensing regulatory modes of low (AvanT) and high (AvanO) cell densities by in-frame deletion of key regulators of the
quorum-sensing pathway. Remarkably, we find that induction of the H20-like prophage is controlled by the quorum-sensing
state of the host, with an eightfold increase in phage particles per cell in high-cell-density cultures of the quorum-sensing-
deficient AvanT mutant. Comparative studies with prophage-free strains show that biofilm formation is promoted at low cell
density and that the H20-like prophage stimulates this behavior. In contrast, the high-cell-density state is associated with
reduced prophage induction, increased proteolytic activity, and repression of biofilm. The proteolytic activity may dually
function to disperse the biofilm and as a quorum-sensing-mediated antiphage strategy. We demonstrate an intertwined
regulation of phage-host interactions and biofilm formation, which is orchestrated by host quorum-sensing signaling,
suggesting that increased lysogeny at high cell density is not solely a strategy for phages to piggy-back the successful
bacterial hosts but is also a host strategy evolved to take control of the lysis-lysogeny switch to promote host fitness.

Introduction
Viruses of bacteria, bacteriophages (phages), are key com-

ponents in marine environments as drivers of microbial
evolution, mortality, diversity, and nutrient cycling [1].
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Accordingly, most sequenced bacterial isolates contain
prophage genomes, but general knowledge of prophage
induction frequencies and induction signals is still lacking.
Known prophage induction signals are generally related to
host DNA damage, activation of the SOS response, and a
poor metabolic state of the host cell [2-4]. In addition,
prophage induction can occur in a stochastic process known
as spontaneous prophage induction (SPI). For most pro-
phages it is, however, unknown whether SPI is truly sto-
chastic, or if additional environmental signals, such as cell-
density-dependent signal molecules, could modulate the
probability of prophage induction [4, 5].

Many bacterial species can regulate gene expression
according to the cell density of the population. They do so
in a process known as quorum sensing (QS) by producing,
releasing, and subsequently detecting, extracellular signal-
ing molecules called autoinducers [6, 7]. QS is widely used
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by bacteria to co-ordinate complex behaviors such as
virulence [8—11] and biofilm formation [12-15]. In addi-
tion, several recent examples have implied a role for QS
that goes beyond coordinating the bacterial population,
namely QS-regulation of phage-host interactions [16-21].
For example, a number of proteins that serve as phage
receptors are known to be QS regulated, meaning that the
susceptibility of bacteria to attack by the affected phages is
subject to QS control [16-18, 21]. Notably, Vibrio phage
VP882 was recently shown to encode a QS receptor, which
can control prophage induction in response to an auto-
inducer produced by the host [22]. Although conditions
that activate expression of the QS receptor have not yet
been identified, this study demonstrated the ability of
bacterial QS to affect prophage induction [22]. In line with
this, E. coli ATCC 15144 was recently found to harbor a
pseudolysogenic prophage, in which a regulatory protein
was derepressed by the presence of the interspecies auto-
inducer AI-2. As a result hereof, AI-2 activated the
expression of lytic genes, facilitating bacterial lysis [23].
Also, the phage-encoded QS-like arbitrium system, ori-
ginally discovered in SpBeta Bacillus phages [24] has been
shown to regulate the lysis-lysogeny switch of some pha-
ges [24-26]. In light of the importance that host cell
availability must have for phage fitness, and conversely the
detrimental effects that the spread of a phage infection can
have on a dense bacterial population, it is perhaps not
surprising that both host antiphage mechanisms and phage
developmental switches have evolved to factor in cell
density. However, the extent to which QS regulates phage-
host interactions is still largely unknown, and its potential
implications for phage-host dynamics in different envir-
onments has not been explored. For example, a recent
cross-system analysis showed that the virus-to-microbe
ratio, VMR, ranged from 3 to 160, suggesting large dif-
ferences in the role of viral infections across the studied
environments [27]. Overall, the relationship between phage
and microbial abundances across large temporal and spatial
scales has demonstrated nonlinearity, with decreasing
VMR at increasing cell densities [27, 28]. In the so-called
Piggyback-the-Winner model, Knowles et al. [28] pro-
posed increasing importance of lysogeny at increasing
microbial densities as the key driver of this nonlinear
relationship. This hypothesis has since been subject to
debate [29-33], and there is currently no consensus on the
role of the lysis-lysogeny switch of temperate phages
explaining the observed decrease in VMR with increased
bacterial cell density. If the examples highlighted above are
representative of many phage-host interactions, then the
study of QS-controlled changes in the lysis-lysogeny shifts
is likely to provide new insight into the underlying
mechanisms for the decrease in VMR with increasing cell
density.
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We have used the marine pathogenic Gram-negative
bacterium Vibrio anguillarum as a model for studying the
role of QS in phage-host interactions in marine bacteria.
V. anguillarum represents a major challenge for the aqua-
culture industry worldwide, leading to high mortality in
numerous shellfish and fish species, and significant eco-
nomic losses [34, 35]. Genome sequencing of numerous
V. anguillarum isolates has uncovered the genetic diversity
and spatiotemporal dynamics of the pathogen, and has
shown the presence of inducible or cryptic prophages in all
sequenced isolates [36—40]. V. anguillarum employs three
autoinducer synthase-receptor pairs [41], and another two
are predicted based on the presence of genes homologous to
known synthase-receptor pairs in other Vibrios [41-43] (See
Supplementary Fig. 1). The best studied QS-regulator of
V. anguillarum is the transcription factor VanT, which is
activated at high-cell density in response to extracellular
autoinducer molecules [7]. At low autoinducer concentra-
tions (i.e., low-cell density), the response regulator VanO is
activated by phosphorylation via a phosphorelay originating
from the autoinducer-free receptors. Phosphorylated VanO
represses the expression of VanT by activating a set of
quorum regulatory RNAs (Qrr) that pair with the vanT
mRNA. At high-cell densities, autoinducer concentrations
rise and the autoinducers bind their cognate membrane-
bound receptors. As a result, VanO is dephosphorylated,
Qrr transcription ceases, and VanT expression is dere-
pressed, allowing regulation of genes that are under QS
control.

Here, we investigate the effect of QS on the interations
between V. anguillarum strain 90-11-287 and its H20-like
prophage p41 [44]. $H20-like phage particles have been
isolated across Europe and Chile from aquaculture and
environmental sites, and have shown their potential for
lysogenic conversion and interactions with V. anguillarum
across large spatial scales [39]. We show that QS represses
the induction of the H20-like prophage, resulting in 27-fold
more free ¢$pVa-90-11-287_p41 phage particles in dense
lysogenic cultures of a V. anguillarum mutant locked in the
low-cell-density QS state than in the lysogenic mutant
locked in the high-cell-density state. To the best of our
knowledge, this report is the first example of QS-mediated
repression of prophage induction in any bacterium. Our
finding provides indirect experimental support for the
Piggyback-the-Winner  hypothesis,  suggesting  that
V. anguillarum has evolved to actively maintain lysogeny at
high-cell densities. Furthermore, we show that the low-cell-
density QS state is associated with enhanced biofilm for-
mation and that the H20-like prophage promotes aggrega-
tion in this state. In contrast, the expression of proteolytic
enzymes is induced in the high-cell-density QS state, per-
haps indicating a QS-activated dispersal mechanism as well
as antiphage proteolytic defense. The formation of biofilm



High cell densities favor lysogeny: induction of an H20 prophage is repressed by quorum sensing and... 1733

is important for V. anguillarum colonization and infection
of fish [45] and the relationship between QS and biofilm
formation has been suggested to be essential for orches-
trating infectivity, colonization, and pathogenesis of other
Vibrio species [46], highlighting the potential relevance of
this study for understanding the underlying mechanisms of
vibriosis outbreaks caused by V. anguillarum.

Materials and methods
Strain, medium and growth conditions

Bacterial strains and plasmids utilized in this study are listed
in Supplementary Table 1. V. anguillarum was routinely
grown in Lysogeny broth Miller (LM) (1% tryptone, 0.5%
yeast extract, and 1% NaCl) with aeration or on LM
plates at 30 °C. Antibiotics were added when appropriate
at the following concentrations: 100 ug-ml~' ampicillin,
25 ug-ml~" chloramphenicol (for E. coli), and 5 pug-ml~!
chloramphenicol (for V. anguillarum).

DNA manipulation

To construct chromosomal deletions in V. anguillarum
90-11-287, the flanking regions of the target gene were
cloned into pDM4 [47]. The plasmid was transferred into
V. anguillarum 90-11-287 via conjugation with E. coli
S17-1 A-pir harboring the resulting plasmid. Transconju-
gants were selected on Thiosulfate Citrate bile salts sucrose
(TCBS, Becton Dickinson, NJ, USA) or TCI (0.5% sodium
thiosulphate, 3.9% Columbia blood agar base, 4.6%
potassium iodide, and 0.5% sodium chloride) plates con-
taining 5 ug-ml~' chloramphenicol, followed by selection
for plasmid loss on LB plates containing 5% sucrose. The
use of TCI agar instead of TCBS consistently resulted in a
higher fraction of transconjugants carrying the desired
mutation, presumably because the selection for sucrose-
tolerant mutants yields false positives when transconju-
gants are grown on TCBS and therefore preselected for
some degree of sucrose tolerance. For AvanT and AvanO
mutant construction, the pDM4vanT and pDM4vanO
plasmids were constructed as described previously [17, 47],
using the same primers as in Tan et al. [17]. The AH20
deletion plasmid, pDM4H20, was constructed using the
primers listed in Supplementary Table 2. Due to ambi-
guities in the genome sequence, we could not construct a
precise deletion of the prophage. Subsequent genome
sequencing revealed that the mutant, AH20, contains the
first 62 bp and the last 7250 bp of the prophage genome,
meaning that 45929 bp of the p41 genome were deleted.
Further analysis confirmed that the AH20 mutant does not
produce infective p41 phage particles.

Quantification of vanT mRNA levels and AHL
production

Overnight cultures of V. anguillarum 90-11-287 were back-
diluted 1:1000 in LM broth and grown at 30 °C. Aliquots
were harvested every hour (starting at 2 h incubation) for
determination of acyl-homoserine-lactone autoinducers
(AHL) autoinducer levels and for extraction of RNA for
vanT mRNA quantification. AHL biosynthesis was assayed
using an E. coli MC4100 pAHL-gfp reporter strain with a
plasmid-borne fusion of the AHL-induced V. fischeri lux
operon to gfp [48] as in [17].

Aliquots for mRNA quantification by qRT-PCR were
immediately mixed with 0.2 volumes stop solution (5%
phenol in ethanol) on ice. RNA was extracted using Trizol
(Thermo Fisher Scientific, MA, USA) and chloroform,
reverse transcribed, and the levels of vanT mRNA relative
to recA mRNA (reference RNA) were determined by qRT-
PCR exactly as described previously for ompK mRNA [17]
using the primers listed in Supplementary Table 2.

Measurement of free $pH20-like phage particles in
lysogenic cultures

Ovemight cultures of V. anguillarum 90-11-287 wildtype,
AvanT, and AvanO strains were diluted 1:5000 in LM
medium supplemented with 10mM MgSO, and 5 mM
CaCl,, and grown at 30 °C with aeration. Culture aligouts
were harvested and pelleted by centrifugation for 2.5 min at
16,000 x g. The concentration of infective $H20-like phage
particles in the supernatants were quantified by plaque assay
on the ¢H20-sensitive V. anguillarum strain BA35 [49].
Bacterial culture densities were measured by monitoring
ODyg( and plating for colony forming units (CFU). A con-
version factor of 7.7%10%+3.3*10% CFU/mlI/ODgy was
determined as shown in Supplementary Fig. 2. For Fig. la,
time point # = 0 h only, we estimated the correct ODgyy—value
based on the exponential growth curve that best fit
the timespan r=1h to t=4h (Fig. 1b), because the
ODgp—measurements at = 0 h were too low to be accurately
measured in our spectrophotometer.

Effect of cell-free spent medium on $H20-like phage
accumulation

Overnight cultures of V. anguillarum BA35 were diluted
1:1000 in LM broth, and grown at 30 °C with aeration until
ODg reached 0.8. Cell-free spent medium was prepared by
centrifugation of an aligout of the BA35 culture at 12,000 x g
for 10 min at 4 °C followed by filtration of the supernatant
(0.45 um). Overnight cultures of V. anguillarum 90-11-287
wildtype, AvanT, and AvanO strains were diluted 1:1000 in
the cell-free spent medium, and grown at 30°C with
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aeration. Samples were collected every hour for 8 hours for
measurements of bacterial cell density (ODgyp) and phage
particle enumeration by plaque assay.

Phage H20 adsorption rate measurements

Overnight cultures of V. anguillarum 90-11-287 AH20,
AvanT AH20, and AvanO AH20 strains were diluted to
ODgpp ~0.005 in LM medium and grown at 30 °C with
aeration until ODgy, = 0.5-0.7. Phages were added at a ratio
of 0.0005 PFU/CFU. Aliquots were retrieved at 2, 8, 16, 32,
and 64 min after phage addition, centrifuged at 12,000 x g
for 1 min, and phage particles in the supernatant were
enumerated by plaque assay. Adsorption rates were calcu-
lated based on the average of three independent experi-
ments, as the slope of the function y = (In(Py)-In(P))/By,
where P, and B are the numbers of phages and bacteria
added at r =0, respectively.

Quantification of biofilm formation

A Calgary Biofilm Device was used to quantify biofilm for-
mation [50]. Overnight cultures of V. anguillarum 90-11-287
wildtype, AH20, AvanT, AvanT AH20, AvanO, and AvanO
AH20 strains were diluted 1:100 in marine broth (MB) (0.5%
tryptone, 0.1% yeast extract and 2% sea salts (Sigma-aldrich))
and grown at 30 °C with aeration for 2 h. The cultures were
adjusted to ODggy = 0.15 and transferred into 96-well plates
with a Nunc-TSP peg lid system and incubated under static
conditions for 48 h at 30 °C for biofilm formation and quan-
tification as described previously [51].

Quantification of aggregation by confocal laser
scanning microscopy

Exponential cultures of V. anguillarum 90-11-287 wildtype,
AH20, AvanT, AvanT AH20, AvanO, and AvanO
AH20 strains were adjusted to ODggy=0.15 in MB and
transferred to a black 96-well microtiter plate (with transpar-
ent bottom (ibidi, Germany)) and incubated for 48 h at 30 °C.
Subsequently, planktonic cells were removed by pipetting
before staining the biofilm using the FilmTracer™ LIVE/
DEAD’ Biofilm Viability Kit (Invitrogen, CA, USA). Living
cells stained with SYTO9 and compromised cells stained with
propidium iodide were excited with lasers at 488 nm and 561
nm, respectively. Z-stack images of an 159.73 x 159.73 um
area were acquired from three different positions in each well
with a CLSM instrument (Zeiss LSM800, Carl Zeiss Inc.,
Germany) equipped with a 40x air objective. The three
images acquired from each well were used for averaging and
the experiment was replicated four times. Preparation and
loading of images were performed as described previously
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[52] in RStudio [53] using the biovolume elasticity method
for automatic thresholding [54] and a previously described
function for detection and quantification of aggregates [55].

Quantification of proteolytic acticity

Sul of overnight cultures of V. anguillarum 90-11-287
wildtype, AH20, AvanT, AvanT AH20, AvanO, and AvanO
AH20 mutants were inoculated on solidified MB agar
(1.5%) supplemented with 2% skim milk (Sigma-Aldrich,
MO, USA) as an indicator for extracellular proteolytic
activity. The diameter of each clearing zone was measured
after 36 h of incubation at 30 °C.

Overnight cultures of V. anguillarum 90-11-287 AH20,
AvanT AH20, and AvanO AH20 mutants were diluted
1:100 in LM broth and incubated at 30 °C with shaking. At
ODgpp=0.1, 0.7, and following 24h of incubation
(ODgpp~2.1) aliquots of the cultures were used to quantify
proteolytic activity. Bacteria were removed by centrifuga-
tion at 6000 x g for 10 min at 4 °C and the supernatants
were filtered through 0.22 um-pore size filters before 10 pl
were spotted onto MB agar supplemented with 2% skim
milk. The diameter of each clearing zone was measured
after 36 h of incubation at 30 °C.

Effects of cell-free spent medium on phage particle
halflife

Overnight cultures of V. anguillarum 90-11-287 AH?20,
AvanT AH20, and AvanO AH20 strains were diluted
1:100 in LM broth and incubated at 30 °C with shaking
for 24 h. Subsequently, bacteria were removed by cen-
trifugation at 6000 x g for 10 min at 4 °C and filtration
through 0.22 ym-pore size filters. Phage stocks of free
$H20 and KVP40 were adjusted to ~10° PFU/ml and mixed
with cell-free spent medium in a 1:2 ratio. Samples were
incubated at 30 °C for 48 h with aeration before the con-
centration of infective phages was quantified by plaque
assay on susceptible strains (PF430-3 AvanT for KVP40
and BA35 for $H20). The reduction of infective phage
concentration in cell-free spent medium was determined by
comparing the phage titer with the respective titer after
incubation in LM broth.

Results

Accumulation of $H20 particles is highly dependent
on the status of the host QS system

V. anguillarum isolate 90-11-287 carries the H20-like proph-
age p41 [38], and produces ¢pH20-like $pVa-90-11-287_p41
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Fig. 1 Free ®H20 particles accumulate in cultures of lysogens in a
QS-dependent manner. (a) The concentration of plaque forming
units (PFU ml™") in cell-free spent supernatants from cultures of
V. anguillarum isolate 90-11-287 wildtype (WT), and QS mutant
strains (AvanT and AvanO) is shown relative to the concentration of
bacterial colony forming units (CFU ml~") in the cultures at the time
of phage harvest. Solid bars represent the average of all the low-cell-
density data points from Fig. 1C (LCD: ODgy<0.05) and hatched
bars represent the average of all the high-cell-density data points from
Fig. 1C (ODggp> 1.0). An asterisk indicates a significant difference

phage particles at a low rate that is ascribed to SPI events. As
shown in Fig. 1a (WT, gray bars), low-cell-density cultures of
strain 90-11-287 contain on the order of 20-30 ¢$H20-like
extracellular phage particles per million lysogens, while the
phage-to-cell ratio is reduced by 100-fold when the cultures
have grown to high cell density.

To investigate whether cell-density-dependent signals
affected prophage induction, we first confirmed key fea-
tures of the QS system in V. anguillarum 90-11-287.
Previous research [41, 59] suggested that the VanT-
dependent QS circuit of V. anguillarum might not function
in a manner fully equivalent to the canonical pathway,
which has been described in detail in V. cholerae and
V. harveyi [58]. In particular, vanT mRNA was only
moderately reduced at low cell density compared with high
cell density in V. anguillarum strain NB10 [59], while
vanT expression would be repressed at low cell densities in
the canonical circuit (see Supplementary Fig. 1 for details).
In order to determine whether vanT mRNA levels
increased in a cell-density-dependent manner in V. angu-
illarum 90-11-287, we measured vanT mRNA levels and
extracellular levels of AHL during growth in batch culture.
As shown in Supplementary Fig. 3, AHL levels rose with
increasing optical density of the culture, and the vanT
mRNA levels per cell increased more than 30-fold during
growth from low to high cell density. Thus, with respect to
regulation of the vanT mRNA levels, the QS circuit of
V. anguillarum strain 90-11-287 appears to function ana-
logously to the canonical circuit, and different from
V. anguillarum strain NB10.

Time (h)

Time (h)

between LCD and HCD conditions (Welch’s ¢ test, « = 0.05) and error
bars represent the standard error of the mean (N =6-8 for LCD and
N=10-11 for HCD) (b) Optical densities (ODgy) of cultures of
wildtype (WT) and QS mutant strains (AvanT and AvanO) were
measured at 1 h intervals during growth from low to high cell density.
(c) The corresponding concentrations of phage particles in the cultures
(PFU ml’l) were measured by plaque assay. For (b) and (c¢), symbols
represent the averages of triplicate independent experiments. Time =
0 h indicates the time of the first measurement.

To directly examine the effects of QS on the interaction
between V. anguillarum 90-11-287 and the H20-like
prophage, two otherwise isogenic QS mutants were con-
structed. A AvanO mutant is expected to express high levels
of VanT independent of population density and is therefore
locked in a high-cell-density QS mode. By contrast, a
AvanT mutant has lost the ability to activate QS-associated
functions and is therefore locked in a low-cell-density
mode. By monitoring the concentrations of cells and
infective phage particles during the growth of lysogenic
batch cultures, we found that the bacterial growth rate
exceeded the rate at which phages accumulated in all three
strains, resulting in significantly lower phage-per-cell ratios
at high cell densities than at low cell densities (Fig. 1a).
However, deletion of the QS regulators had strong effects
on the dynamics of phage particle accumulation in the
cultures, and on the resulting phage-to-cell ratio at high cell
densities. Although the three strains grew at similar rates
(Fig. 1b), the wildtype cultures initially showed an increase
in the concentration of free ¢H20-like phages during
growth, which was followed by a drop in the phage con-
centration as the OD approached 1, and ended at ~400 PFU
ml~! at the highest cell densities (Fig. lc, gray circles). By
contrast, phage particles accumulated somewhat throughout
growth in the QS-deficient AvanT mutant, stabilizing at
~2900 PFU ml~! (Fig. 1c, blue squares). Finally, cultures of
the AvanO mutant showed a lower phage concentration
than the wildtype at all cell densities (Fig. lc, green trian-
gles). Thus, the VanT QS circuit has a strong effect on the
interactions of the H20-like prophage p41 with its host.

SPRINGER NATURE



1736

D. Tan et al.

>

- WT
-+~ AvanO

-& AvanT

o
p=N
1

0.01

Cell density (ODg,)

0.001+

T T T

Time (h)

Fig. 2 An extracellular molecule(s) controls accumulation of
®DH20-like phage particles. (a) Optical densities (ODg) of cultures
of V. anguillarum wildtype, AvanT, and AvanO strains were measured
at 2 h intervals over an 8 h period of incubation in the presence of cell-
free spent supernatant obtained from a culture of wildtype V. angu-
illarum BA35 grown to mid-log phase. The depicted variation in cell

An extracellular factor present in cell-free
supernanants regulates $H20-like phage
accumulation

To test if an extracellular factor, such as a QS autoinducer,
was involved in the regulation of ¢$H20-like phage accu-
mulation, we examined the effect of adding cell-free spent
culture supernatant from high-cell-density cultures of
V. anguillarum to freshly inoculated cultures of the lyso-
genic strain 90-11-287. We avoided introducing ¢$H20-like
particles with the supernatant by using supernatant from
V. anguillarum strain BA35, which does not carry H20-like
prophages. During exposure to BA35 supernatant, the 90-
11-287 wildtype cultures accumulated phage particles at the
same rate as cultures of the AvanO mutant (Fig. 2a, b),
suggesting that with regards to phage accumulation, the
addition of cell-free spent supernatant to the wildtype strain
is equivalent to locking the bacteria in the high-cell-density
state of the AvanO mutant. Furthermore, the addition of cell-
free spent supernatant did not similarly reduce phage accu-
mulation in the AvanT mutant cultures, which are incapable
of responding to autoinducers through the canonical VanT
pathway. These results support the hypothesis that an
extracellular factor(s), likely an autoinducer, controls free
phage accumulation via the VanT-dependent QS pathway.

Altered phage adsorption rates cannot explain the
QS-effect on phage particle accumulation

The concentration of free phage particles present in the culture
medium is not only a function of the rate at which phage
particles are released by prophage induction, but also a
function of the rate of phage loss, which depends on the rate
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density measured at the initial timepoint is largely due to the technical
limitations of the spectrophotometer, as the values are at or below the
detection limit of the instrument. (b) The corresponding abundances of
phage particles per milliliter (PFU ml~') were quantified by plaque
assay. Lines represent the averages of duplicate measurements repre-
sented as symbols.

at which the released phage particles adsorb to and superinfect
the lysogenic cells in the culture, and the half-life of the phage
particles in the extracellular medium. If any of these factors
differ between the QS mutants, it would be predicted to lead
to a difference in the number of free phage particles observed
in the cultures of lysogens. For example, prophage induction
of coliphage Ai*3* was initially reported to be induced by QS
because phage particles produced by a culture of Escherichia
coli lysogens accumulated extracellularly to a greater extent in
the presence of AHL than in its absence [5]. However, further
studies revealed that prophage induction was not affected by
AHL. Rather, the presence of AHL lead to down-regulation
of the A receptor protein, resulting in a reduced rate of
superinfection by released phages, and thus causing increased
extracellular accumulation of phage particles in the presence
of AHL [16].

The means by which ¢H20-like phages infect V. angu-
illarum has not yet been identified, so we could not test
directly whether the phage receptor was QS regulated.
Instead, we quantified the rate of adsorption of the $H20-
like phage to cells of wildtype, AvanO and AvanT cultures
to investigate whether the increase in phage particles seen in
the AvanT mutant cultures could be explained by a relative
decrease in the rate of phage adsorption to AvanT cells. To
avoid interference by phage particles released from the
lysogenic cells, we first deleted the prophage genome from
the strains using homologous recombination (denoted as
AH20, see “Materials and Methods”). ¢$H20-like phages
did not adsorb slower to the AvanT AH20 strain than to the
two other strains (Fig. 3), demonstrating that the increased
accumulation of free phage particles in the AvanT mutant
(Fig. 1c) was not due to a reduced rate of phage read-
sorption in this strain. We consistently observed a trend that
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Reduction of unadsorbed phage (In(P/P))

Fig. 3 Similar adsorption rates of ¢pH20-like phages to AH20,
AvanT AH20, and AvanO AH20 mutant cells. Exponentially growing
cultures of the indicated strains at ODgyy = 0.6-0.9 were mixed with a
lysate of ¢pH20-like phage p41. At the indicated time points, unadsorbed
phage enumerated by plaque assay. Shown is the average of three
independent experiments. Error bars indicate the standard error of the
mean (N=3). Adsorption rate constants (4.0 x 107"1+08x 107!
PFU x ml per minute per bacterium for the AH20 mutant that is wildtype
with regards to the QS system, 4.2x 1071+ 1.7 x 107" for the AvanT
AH20 mutant, and 2.9x 1071 £0.5x 107! for the AvanO AH20
mutant) are not significantly different (linear regression analysis with
Tukey adjustment, P=0.16, a =0.05).

¢H20-like phages adsorbed more slowly to the AvanO
AH20 mutant cells than to the AH20 and AvanT AH20
mutants, which could indicate QS-regulation of the uni-
dentified phage receptor, but the difference was not statis-
tically significant.

QS regulates V. anguillarum proteolytic activity and
affects phage particle stability

An alternative explanation for the relatively high abundance
of free phage particles in cultures of the AvanT mutant is
that the free pH20-like phage particles may be more stable
in the medium of AvanT mutant cultures than in the med-
ium of wildtype and AvanO mutant cultures. Quantification
of the proteolysis of skim milk proteins revealed that pro-
teolytic activity was indeed reduced in the AvanT mutant
compared with the wildtype, while the AvanO mutant
showed slightly higher proteolytic activity (Supplementary
Fig. 4A). No differences were observed when comparing
otherwise isogenic strains with and without the prophage,
indicating that the presence of the H20-like prophage did
not affect proteolytic activity in any of the strains (Sup-
plementary Fig. 4A). Spotting cell-free spent supernatants
collected from the prophage-free strains at low, intermediate
and high bacterial densities on skim-milk plates demon-
strated that the diameter of the clearing zone increased
proportionally with the bacterial density for the AvanO
AH20 mutant, as would be expected if the cells are con-
stitutively producing extracellular proteases (Supplementary

0.0

1 AH20
0.5 ® AvanO AH20
u AvanT AH20

-1.51

-2.0

Reduction of phage particles (log (N/N,))

o ®
& &

Fig. 4 Extracellular proteolytic activity reduces the number of
infective phage particles. Concentration of KVP40 (Myoviridae) and
GH20 (Siphoviridae) was reduced post 48 h of incubation in cell-free
spent supernatant (N,) compared with incubation in growth medium
(control, N;). An asterisk indicates a significant reduction of infective
phages compared with cell-free spent supernatants from the AH20
cultures (ANOVA and Sidak’s multiple comparison test, a=0.05).
Error bars represent standard error of the mean (N = 3).

Fig. 4B, green triangles). In contrast, no clearing zones were
observed when spotting the cell-free supernatants collected
from the AvanT AH20 mutant (Supplementary Fig. 4B,
blue squares). Finally, the AH20 mutant which has a
wildtype QS-circuit showed limited protease activity at the
low and intermediate cell densities, but at high-cell den-
sities, proteolytic activity was similar to that of the AvanO
AH20 mutant (Supplementary Fig. 4B, gray circles). Thus,
proteolytic activity of strain 90-11-287 is under strong
positive regulation by the VanT QS system.

To test whether these differences influenced the sta-
bility of phage particles, we incubated phage ¢$H20
(Siphoviridae) and phage KVP40 (Myoviridae) particles
in cell-free spent medium from the AH20 strain set and
enumerated remaining phage particles relative to the
phage titer of control samples incubated in growth med-
ium (Fig. 4).

In all cases, phage titers were lower after incubation in
cell-free spent medium relative to the control. Furthermore,
the QS-state of the cultures from which the cell-free spent
medium originated affected the lifetime of both KVP40 and
$H20 particles. Specifically, the stability of KVP40 parti-
cles was significantly higher in cell-free spent supernatant
from the AvanT mutant relative to the wildtype and the
AvanO mutant, and the stability of ¢$H20 particles was
significantly higher in cell-free spent medium from the
AvanT mutant and the wildtype relative to the AvanO
mutant (Fig. 4). These data support that QS-controlled
protease expression could function as an antiphage strategy
in V. anguillarum strain 90-11-287. However, the
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magnitude of the difference in number of remaining $H20
infective particles after 48 h incubation with medium from
the two locked QS mutants (AvanO and AvanT) was only
3.8-fold. It is therefore unlikely that the observed 27-fold
difference in phage particles accumulating in lysogenic
cultures (Fig. 1a) is due to the difference in phage particle
lifetime in the growth medium of the AvanO and AvanT
mutant cultures. In support of this argument, the difference
in phage particle accumulation reported in Fig. 1 is notable
also in the beginning of the experiment where the cultures
are still at low cell density (Fig. 1c) and have not yet
accumulated appreciable concentrations of extracellular
proteases (Supplementary Fig. 4B).

Since the accumulation of phage particles in lysogenic
cultures of the AvanT mutant cannot be explained by
reduced adsorption rates (Fig. 3) or increased phage particle
lifetime (Fig. 4), we conclude that VanT-dependent QS
represses the induction of the H20-like prophage.

Biofilm formation is repressed by QS and enhanced
by the H20-like prophage

To begin to identify any effects that the H20-like prophage
may have on the properties of its host, we first tested how
QS affected biofilm formation in strain 90-11-287 by
quantifying biofilm formation of the wildtype and QS
mutants using crystal violet staining. Strain 90-11-287 was
in general a poor biofilm former under the tested condi-
tions, but the AvanT mutant formed substantially more
biofilm than both the wildtype and the AvanO mutant
(Fig. Sa, solid bars). Therefore, we consider biofilm for-
mation a QS-repressed trait in strain 90-11-287. Next, we
used our AH20 strain set to investigate the potential role

Biofiim (ODsg,)

Fig. 5 Biofilm formation and aggregation of V. anguillarum 90-11-
287 is enhanced at low-cell density and affected by the H20-like
prophage. (a) Quantification of biofilm formation after 48 h of incu-
bation. (b) Aggregates with a biovolume larger than 28 um3 based on
CLSM z-stack images in an area of 159.73 x 159.73 ym. An asterisk
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of the H20-like prophage on biofilm formation. Interest-
ingly, deletion of the H20 prophage in the AvanT mutant
reduced biofilm formation (Fig. 5, AvanT AH20 double
mutant). Confocal laser scanning microscopy of mature
biofilms supported that the H20-like prophage affected V.
anguillarum aggregation at low cell density (Supplemen-
tary Fig. 5). In particular, the prophage was shown to be
important for the formation of relatively large aggregates
(>28 um®), the occurrence of which was significantly
reduced in the AvanT AH20 double mutant compared with
the AvanT mutant containing the prophage (Fig. 5b).

Discussion

Here, we show that QS represses prophage induction and
increases extracellular proteolytic digestion of phage
particles in V. anguillarum, emphasizing that central
aspects of phage-host interactions, such as the lysis-
lysogeny switch and antiphage defense mechanisms,
depend on the density of the host population. In a broader
context, these results provide new insight into the drivers
of the lysis-lysogeny switch in marine microbial commu-
nities, and point to an increasing prevalence of lysogeny at
increasing cell densities. Our work thus contributes
important input to the current discussion on the mechan-
isms underlying the recent observations of decreasing
VMR with increasing cell densities in the marine envir-
onment [27-30, 56]. By demonstrating that repression of
prophage induction rates occur in response to activation of
the host QS pathway in V. anguillarum, our findings
support the proposed Piggyback-the-Winner model, which
contends that lytic dynamics are suppressed at high cell

N W
e $

Number of aggregates >28 ym® @
>

o
I

indicates a significant difference between the prophage-harboring and
prophage-free mutants (ANOVA and Tukey’s multiple comparison test,
a =0.05) and error bars represent standard error of the mean (N =3
for crystal violet assays and N =4 for CLSM quantification).
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densities [28], and our results suggest that QS could play a
key role as a regulatory link between host cell density and
prophage induction rates.

QS control of prophage induction

Intuitively, increased prophage induction at high-cell-
density conditions would confer a selective advantage on
the phage if it increases the chance that phage progeny
rapidly meets new hosts [57, 60]. However, as pointed out
recently [61] eavesdropping on the host’s QS system will
not on its own provide the prophage with that information,
because QS does not reveal whether surrounding
autoinducer-producing bacteria are susceptible, immune or
resistant to the phage. At first glance, the observed stabili-
zation of the lysogenic state at high cell densities stands in
contrast to other studies, which have found that lysogeny
prevailed when ecosystem productivity [62], levels of glu-
cose [23] or bacterial production [60] was low, generally
representing low-cell-density conditions. Although vibrios
are highly abundant in aquatic environments, the cell den-
sities used in these experiments (ranging from ~10° to 10°
bacteria ml~!') are most likely to be found in bacterial
communities associated with eukaryotic marine organisms
[63], or in aquaculture facilities, where specific pathogenic
vibrios are often observed in densities of up to 103 ml~!
[64]. We emphasize that QS-regulation of H20-like proph-
age induction is not an all-or-none phenomenon. The
probability for a lysogen to produce phage particles was
estimated to be on the order of 10 °~10~7 per generation in
our experiments, based on the phage-to-cell ratio at low cell
densities (when superinfection would be minimal) and a
burst size of 50—100. Free phage accumulation differed 27-
fold between the two QS-locked mutants (Fig. la),
demonstrating that QS modulates the rate of prophage
induction while leaving plenty of room for additional cues,
such as host metabolic state, to also affect prophage
induction rates. Similarly, in the case of prophage VP882,
high prophage induction rates were only observed when the
phage-encoded QS receptor was artificially induced, and
therefore the magnitude of the QS effect on VP882 induc-
tion is not yet known [22]. Thus, while adding to our
understanding of the factors controlling the lysis-lysogeny
switch in an important group of marine bacteria, our study
also underlines the need for further studies to resolve the
regulation of lysogeny in different bacteria and across gra-
dients in cell density and productivity.

Prophage retention as a host strategy
A prophage element represents a hereditary biosynthetic

burden, but the continued presence of the phage genome in
the host also provides an opportunity for the evolution of

functions that benefit the host or provides mutual benefits
for the phage and the host [4, 65—68]. Vibrio prophages are
known to encode important virulence genes [40], which
may promote infection of animal hosts at high cell den-
sities. Active retention of prophages at high cell densities
may therefore play a key role in V. anguillarum patho-
genicity, and may indeed be a selective advantage from the
host perspective. Another phenotypic trait that can be
strongly affected by phages is the production of biofilm
[66]. Increased biofilm formation can be facilitated by
induction of prophages that strengthen the biofilm matrix
by releasing various components such as eDNA [69-71].
We observed that the H20-like prophage increased the host
population’s biofilm formation, and in particular the for-
mation of large aggregates in the low-cell-density state,
thus supporting the surface-associated growth that is
required for colonization of fish tissue [45]. We speculate
that increased induction of the H20-like prophage in the
low-cell-density QS state, where V. anguillarum 90-11-287
produces biofilm, could benefit a lysogenic bacterial
population during the early stages of animal infection,
while retention of the prophage in the high-cell-density QS
state could be advantageous during later stages of infection.
Thus, rather than explaining the increased lysogeny at high
cell density solely as a strategy for the phages to piggy-
back their hosts, we suggest it also as a host strategy
evolved to take control of the lysis-lysogeny switch to
promote its own fitness, likely during animal infection. Our
results thus support previous suggestions that the interac-
tion between V. anguillarum and $H20 provides a selective
advantage for both the phage and the host, and likely
contributes to the successful dispersal of $H20-like phages
in V. anguillarum, as indicated by the efficient spreading
and high occurrence (>60% of all sequenced genomes) of
¢H20-like phages among V. anguillarum isolates, covering
large geographical distances and more than 25 years of
isolation [39].

From the viewpoint of an individual bacterium, the risk
of a phage attack is generally higher when the surrounding
bacterial cell density is high. It is therefore plausible that
QS-induced antiphage mechanisms benefit bacteria by
specifically upregulating their defense mechanisms under
high-risk conditions [16]. We report a reduced lifetime of
both $H20 and KVP40 phage particles in the high-cell-
density state compared with the low-cell-density state, at
least partly due to QS control of bacterial proteolytic
activity (Fig. 4 and Supplementary Fig. 4). We speculate
therefore that QS-controlled repression of prophage induc-
tion and stimulation of extracellular proteases at high cell
densities are strategies evolved in V. anguillarum to prevent
superinfection by related phages and retain important
prophage-encoded properties, and to inactivate infective
phages, respectively.
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QS regulation in V. anguillarum

QS controls key phenotypic traits of Vibrio spp. such as
their virulence, biofilm formation, motility, and the pro-
duction of siderophores and extracellular enzymes [58].
Within Vibrios there are examples of both QS-activated and
QS-repressed biofilm formation [15, 17, 41, 72]. A V.
anguillarum AvanT mutant of strain NB10 was previously
shown to be deficient in biofilm formation [72], indicating
that high-cell density promotes biofilm formation. However,
the phenotypes of AvanT and AvanO mutants in V. angu-
illarum strain PF430-3 suggested the opposite, namely that
aggregation was induced in the AvanT mutant and absent in
the AvanO mutant [17]. Here, we show that QS represses
biofilm formation and promotes expression of proteolytic
enzymes in V. anguillarum strain 90-11-287, as also
observed in V. cholerae [13, 46]. In combination with the
finding that vanT mRNA levels were nearly constant in
NB10 at different cell densities [59], while we measured a
~31-fold increase over the growth curve (Supplementary
Fig. 3), it is clear that large variations in the VanT QS
pathway and regulon exist between different strains of
V. anguillarum.

Our work adds to an increasing body of evidence for an
additional important role for QS in Vibrios, namely in
regulating interactions between the bacteria and the bac-
teriophages that prey on them [17, 18, 21]. Application of
QS inhibitors has been suggested as a potential treatment
strategy for bacterial infection [73, 74]. The findings of this
study emphasize that in order to fulfill the potential of such
a strategy, a comprehensive understanding of phage-host
interactions and QS-mediated control of virulence and
biofilm formation is required. For ¢H20-lysogenic V.
anguillarum strains, QS inhibitors could in fact promote
biofilm formation and lead to low-level induction of phages
that would result in a strengtened biofilm.

Ecological implications

In addition to the adaptive benefits of submitting prophage
induction to QS control suggested for the specific bacterial
population, a reduced induction of prophages in marine
bacteria at high-cell densities potentially also has implica-
tions far beyond the effects at the population level. Viral lysis
of bacterial cells represents a major contribution of bioa-
vailable organic matter on a global scale, which catalyzes
biogeochemical cycling and stimulates bacterial and primary
production [75-77]. A reduction in the ratio of lytic to
lysogenic infections at increasing cell density would there-
fore also reduce the role of virus-driven organic matter
cycling at these conditions. Consequently, the observed
changes in regulation of the lysis-lysogeny switch in
response to cell density, and the derived effects on the release

SPRINGER NATURE

of cell lysates, could potentially have large effects on marine
elemental cycling, with increasing relative importance of
virus-driven biogeochemical cycling in low-cell-density
environments. Further studies on the prevalence of
quorum-sensing control of prophage induction are therefore
essential for a better understanding of the role of viruses in
elemental cycling at different environmental conditions.
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