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Cell-lysis sensing drives biofilm formation in
Vibrio cholerae

Jojo A. Prentice 1, Robert van de Weerd 1 & Andrew A. Bridges 1

Matrix-encapsulated communities of bacteria, called biofilms, are ubiquitous
in the environment and are notoriously difficult to eliminate in clinical and
industrial settings. Biofilm formation likely evolved as a mechanism to protect
resident cells from environmental challenges, yet how bacteria undergo threat
assessment to inform biofilm development remains unclear. Here we find that
population-level cell lysis events induce the formation of biofilms by surviving
Vibrio cholerae cells. Survivors detect threats by sensing a cellular component
released through cell lysis, which we identify as norspermidine. Lysis sensing
occurs via the MbaA receptor with genus-level specificity, and responsive
biofilm cells are shielded fromphage infection and attacks fromother bacteria.
Thus, our work uncovers a connection between bacterial lysis and biofilm
formation that may be broadly conserved among microorganisms.

Surface-associated microbial communities, such as polymeric matrix-
encapsulated biofilms, were among the earliest forms of life on
Earth1–6. It has long been hypothesized that hostile environmental
conditions selected for the evolution of biofilms2,5,7. Indeed, abundant
experimental evidence has shown that the microbes found in biofilm
communities are protected against a variety of threats, including dif-
fusible antimicrobial compounds, phage, and attacks from other
organisms, suggesting that biofilm formation is an ancient form of
immunity8–13. The self-produced matrix that defines the biofilm struc-
ture protects resident microbes by limiting diffusion and physical
contact between biofilm cells and threatening agents9,10,13. This prop-
erty makes biofilms notoriously difficult to eradicate in clinical set-
tings, where many pathogens form biofilms, and in industries, where
biofilms are responsible for biofouling14.

Given the benefits conferred to microbial cells that form encap-
sulated communities, it is no surprise that the biofilm lifestyle arose
early and has persisted for billions of years. However, commitment to
the biofilm lifestyle also presents challenges. Chief among them is that
prolongedmaturationof abiofilmcommunity can lead to crowding and
starvation2. As a consequence,many bacteria have evolved the ability to
transition between the biofilm and free-swimming lifestyles and encode
elaborate signalingmechanisms to regulate their collective states15. Yet,
whether and how bacteria gauge the presence of lethal threats in their
environments to drive biofilm formation remains unclear.

In this work, we set out to determine if bacteria harbor mechan-
isms by which they link threat detection to the collective formation of

biofilms for protection.Wefind thatuponexposure to lytic phages, the
global pathogen Vibrio cholerae rapidly lyses, but then recovers, with
surviving cells exhibiting robust biofilm formation. We find that the
mechanismunderlying this observation is a processwe refer to as “lysis
sensing,” whereby surviving cells sense a signal released by the death
of their kin.We identify the cell lysis signal as an abundant cytoplasmic
polyamine, norspermidine, which is detected by an inner-membrane
receptor, MbaA, that in turn drives biofilm formation. We determine
that additional pathogenic organisms also exhibit multicellular com-
munity formation in response to lysis. Given the pervasiveness of lysis
in the environment, we propose that lysis sensing is a threat-agnostic
mechanism by which bacteria can gauge endangerment and respond
by forming protective biofilms.

Results
Phage infection drives biofilm formation in V. cholerae
Bacteria face unrelenting attacks in their environments, reflected in
estimates that phage lyse ~20% of the oceanic microbial biomass
daily16. To assess whether bacteria alter their biofilm lifecycle in
response to such threats, we began by studying the interaction
betweenV. cholerae and the lytic phage S517. In the absenceofphage,V.
cholerae cells exhibited sustained growth for ~20 h and remained
planktonic over the course of the experiment (Fig. 1A and Supple-
mentary Fig. 1a). By contrast, in the presence of phage (MOI = 10−6),
cells were initially planktonic, but after ~3–5 h of cell death due to lysis,
surviving cells formed verticalized, multicellular structures, which
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grew for ~12 h and were sustained thereafter (Fig. 1B, C and Supple-
mentary Movie 1). Both biofilm formation and growth recovery were
observed at a range of MOIs (up toMOI ~0.1) in response to infection
(Supplementary Fig. 1b). We tested whether these multicellular
structures were canonical biofilms by assessing the expression of an
exopolysaccharide biosynthesis gene (vpsL) via an established luci-
ferase promoter fusion18,19. PvpsL-lux output increased ~11-fold in the
presence of phage (Fig. 1D), confirming that growth in the presence
of lytic phage drives biofilm gene expression in V. cholerae. Of note,
when we treated V. choleraewith the lytic phage N4, which exhibits a
larger burst size (~50 particles/cell compared to ~10 particles/cell for
S5; Supplementary Fig. 1c), we observed a similar increase in biofilm
formation and elevated PvpsL-lux output relative to untreated cul-
tures, showing that the biofilm response to lytic phage is not unique
to a particular phage (Supplementary Fig. 1c)17. Finally, by analyzing
low-magnification images of dozens of biofilms that formed in
response to phage S5, we observed that dead cells were more pre-
valent toward the edges of the biofilms compared to the biofilm
cores (Fig. 1E). This suggests that the biofilm structure serves as a
shield against phage infection, as has been demonstrated in previous
studies10,20. Together, these results show that during their interac-
tions with a lytic phage, V. cholerae cells protect themselves from
infection by committing to the formation of a matrix-embedded
multicellular community.

V. cholerae drives biofilm formation in response to a cellular
component released through lysis
We sought to identify the mechanism through which V. cholerae con-
trols biofilm formation in response to lytic phages. We considered
three possibilities: (1) phage killing selects for cells that exhibit ele-
vated vps expression, (2) V. cholerae cells sense phage components
during infection and form biofilms in response, or (3) lysis releases a
cytoplasmic signal, and living cells respond to this cue by committing
to the biofilm state. We reasoned that one could distinguish between
these possibilities by exposing cells to mechanically produced cell
lysate lacking any phage component. To this end, we assessed the
biofilm dynamics of V. cholerae grown in the presence or absence of its
own lysate. In minimal medium, untreated cells in static culture grew
into biofilms for ten hours, at which point they initiated biofilm dis-
persal, resulting in a planktonic culture by fifteen hours (Fig. 2A,
SupplementaryMovie 2, and Supplementary Fig. 2). By contrast, in the
presence of lysate generated by mechanical disruption of overnight
cultures, biofilm biomass increased approximately threefold, and we
observed attenuated biofilm dispersal (Fig. 2A and Supplementary
Movie 2), indicating thatV. cholerae cells commit to the biofilm state in
the presence of V. cholerae lysate. Reconstitution of the biofilm
response to phagewithmechanically produced lysate suggests that no
phage component is required for the response observed in Fig. 1, and
that cells commit to the biofilm state in response to a cellular factor

Fig. 1 | V. cholerae forms biofilms in response to a lytic phage. A OD600 growth
curve and biofilm biomass curve as measured by brightfield microscopy for wild-
typeV. cholerae grown in the absence of phage. BAs in (A) for wild-typeV. cholerae
grownwith phage S5.CConfocal images for the indicated timepoints ofV. cholerae
grown with phage S5. Magenta represents live cells expressing a constitutive
reporter and green represents dead cells stained with SYTOX. Axes and scale bar
are as indicated in the top panel. D PvpsL-lux output over time from wild-type V.
cholerae grown in the indicated conditions. E Top: representative time projection

of 20x confocal images of wild-type V. cholerae grown with phage S5. Colors are as
in (C). Scale bar is 100μm.Bottom:quantification of SYTOXgreen (dead-cell) signal
as a function of distance to the biofilm core, based on 20× confocal images of wild-
typeV. cholerae grownwith phage S5. Pink line represents a best-fit line for the data
(R2 = 0.687). A, B Biofilm biomass data are normalized to the peak biofilm biomass
of the phage-treated condition. A, B, D Data represent averages of n = 3, 6, and 6
biological replicates, respectively, and shading represents standard deviations. A.U.
arbitrary units, RLU relative-light units.
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released by lysis, which we hereafter refer to as lysis sensing. Given the
pervasiveness of lysis in the environment and the diversity of lytic
threats, we reason that lysis sensing could serve as a threat-agnostic
mechanism that enables V. cholerae cells to detect a challenge and
respond by collectively protecting themselves.

Norspermidine is the lysis signal
We next set out to identify the V. cholerae lysis-sensing signal. We
considered the polyamine norspermidine as a candidate, because it is
abundant in the V. cholerae cytoplasm, is not secreted, and, to our
knowledge, is the only self-produced small molecule that has been
shown to drive the biofilm state in V. cholerae21–23. To test our
hypothesis, we treatedwild-type cells with lysate derived from aΔnspC
mutant, which does not encode the carboxynorspermidine dec-
arboxylase required for norspermidine biosynthesis (Supplementary
Fig. 3)24. In response to the norspermidine deficient lysate, wild-type
cells did not exhibit elevated biofilm biomass relative to untreated
cells (Fig. 2B and Supplementary Movie 2). However, when we admi-
nistered lysate from the ΔnspC strain spiked with exogenous nor-
spermidine, we observed robust biofilm formation and attenuated
dispersal, akin to the response to wild-type lysate (Fig. 2C). Thus,
norspermidine is necessary and sufficient for the biofilm response to
lysate in V. cholerae.

Previous studies have demonstrated that norspermidine regula-
tion of biofilm formation occurs through an inner-membrane receptor
called MbaA. Briefly, when extracellular norspermidine is abundant, it
is detected by the periplasmic protein NspS, which associates with
MbaA, driving MbaA to synthesize the conserved biofilm-promoting
second messenger c-di-GMP (Supplementary Fig. 3)21–25. Thus, we

predicted that functionalMbaAshouldbe required for lysis sensing. To
test this hypothesis, we assessed lysis sensing in a strain containing a
norspermidine-unresponsive mbaA allele that harbors a mutated
active site (hereafter mbaA*)22. In response to wild-type lysate, mbaA*
mutant cells did not alter their biofilm lifecycle compared to untreated
mbaA* cells (Fig. 2D, Supplementary Movie 2, and Supplementary
Fig. 2). Together, these results indicate that V. cholerae cells commit to
the biofilm state in response to lysate, and that the response is medi-
ated by norspermidine signaling through the MbaA receptor.

For a lysis-sensing system to confer population-level protection
from lytic threats, we reasoned that it would be important for bacteria
to respond to a minority of cells lysing in the population. By treating
wild-type V. cholerae cells with a range of lysate concentrations and
calibrating the lysate to known concentrations of norspermidine, we
found that lysis of a dense overnight culture (109 CFUs/mL) resulted in
the release of ~30–50 µM norspermidine, and that less than 1% of this
lysate was required to elevate PvpsL-lux output 25-fold. Thus, lysis of
106–107 cells/mL (corresponding to an OD60 ~0.01–0.1) was sufficient
to bias V cholerae cells toward the biofilm state (Supplementary
Fig. 4a–c), consistent with our original finding of phage-induced bio-
film formation in Fig. 1. These results suggest that in an exponentially
growing population, lysis of a subpopulation of V. cholerae cells
releases sufficient norspermidine to drive biofilm formation via the
MbaA receptor.

Lysis sensing mediates the phage-driven response and protects
cells from lytic threats
To evaluate whether norspermidine-mediated lysis sensing explains
the biofilm response to lytic phage observed in Fig. 1, we measured

Fig. 2 | Self-derived lysate drives biofilm formation via norspermidine signal-
ing. A Top panel: Schematic of cell-lysate donor and recipient strains, with nor-
spermidine denoted by black circles. Middle panel: Quantified biofilm lifecycles
from brightfield microscopy for the recipient strain grown with or without
mechanically produceddonor lysate, as indicated. Bottompanel: representative XZ
confocal projection of the recipient strain treated with donor lysate after 16 h. Cells
were stainedwithMM4-64, displayedwith thempl-magma look-up table.BAs in (A)
where the ΔnspC strain serves as the lysate donor and wild-type is the recipient.

C As in (A) where the ΔnspC donor lysate was supplemented with 100 µM of syn-
thetic norspermidine and wild-type is the recipient.D As in (A) where the wild-type
strain serves as the lysate donor and the mbaA* strain is the recipient. Data are
normalized to the peak biofilm biomass of the untreated wild-type. The wild-type
untreated control in (A) served as the control for (B, C), as experiments were
carried out simultaneously. Data represent averages of n = 3 biological replicates,
n = 3 technical replicates of the recipient, andn = 2biological replicatesof the lysate
donor. Shading represents standard deviations. A.U. arbitrary units.
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biofilm formation in the presence of phage for the lysis-sensing defi-
cient mutants, ΔnspC and mbaA*. In contrast to the wild-type strain,
neither mutant strain formed substantial biofilms in the presence of
phage, showing that norspermidine signaling through the MbaA
pathway is required for the biofilm response (Fig. 3A and Supple-
mentary Movie 3). To validate our findings, we evaluated biofilm gene
expression using PvpsL-lux. Consistent with our biofilm measure-
ments, PvpsL-lux output from the wild-type strain was approximately
sevenfold greater than that of the ΔnspC mutant and was ~24-fold
greater than that of the mbaA* mutant in the presence of phage
(Fig. 3B). These results demonstrate that lysis sensing, and not selec-
tion of cells exhibiting elevated vps gene expression, accounts for the
elevation in biofilm formation in the presence of phage.

We note that the ΔnspC and mbaA* mutants did appear to form
aggregate-like biofilms in the presence of phage that were not
observed in the wild-type strain and, due to their distinct optical
properties, were not segmented by our image analysis pipeline
developed for detecting canonical VPS-dependent biofilms (Supple-
mentary Fig. 5 and Supplementary Movie 3). Of note, these aggregate
biofilms were also observed in a ΔvpsL strain, which lacks a critical
polysaccharide matrix biosynthesis enzyme required for canonical
VPS-dependent biofilm formation (Supplementary Fig. 5). We spec-
ulate that the aggregate biofilms observed in the aforementioned
mutant strains could result from cellular polymers released by lysis
that induce aggregation by a depletion mechanism, as previously
observed for other bacterial species26.

To examine whether biofilm formation driven by lysis sensing is
advantageous during phage challenge, we monitored growth curves
for the wild-type, ΔnspC and mbaA* strains using a constitutive fluor-
escent reporter. We found that population-level recovery after lysis
was elevated in the wild-type strain (~threefold higher at 24 h) com-
pared to the lysis-sensing deficient strains (Fig. 3C), demonstrating
that norspermidine-mediated lysis sensing conveys a strong survival
advantage in the presence of phage. Moreover, the ΔvpsL mutant,
which is incapable of forming biofilms, exhibited an identical recovery
curve to the lysis-sensing deficient mutants (Fig. 3C), showing that
protection ismediated through biofilm formation. Cumulatively, these
results show that lysis sensing endows V. cholerae with the ability to
sense and respond to lytic threats by forming biofilms, which in turn
protects cells during recovery.

Although this study has primarily focused on the relationship
between norspermidine signaling and protection from phage-driven
lysis, lysis sensing could in principle serve a similar benefit in contexts in
which other lytic agents are present. We wondered whether pre-
exposure to norspermidinewould protectV. cholerae cells against Type-

VI secretion system attacks, a prevalent threat to surface-associated
bacterial cells in the environment27. To this end, we treated a population
of V. cholerae cells with norspermidine and examined the effects on
survival against Type-VI secretion system attacks from Acinetobacter
baylyi ADP113. We found that norspermidine-treated wild-type cultures
exhibited a >200-fold survival advantage compared to untreated cul-
tures after exposure to A. baylyi. In contrast, norspermidine-treatment
ofmbaA* cultures, which are unable to respond to the lysis signal, were
not protected relative to untreated mbaA* cultures (Supplementary
Fig. 6). Notably, pre-exposure to the lysis signal was required for a sur-
vival advantage as we observed no survival difference between the
untreated wild-type and mbaA* strains in this standard T6SS competi-
tion assay.We reason that due to the short timescale of incubation (2 h),
lysis sensing occurring concomitant with exposure to high number ofA.
baylyi cells does not provide enough time for biofilm-mediated pro-
tection to be enacted before V. cholerae is overwhelmed by attacks.
These results suggest that the lysis signalingmechanism that allows cells
to collectively respond to phage-mediated killing may allow them to
respond similarly to other lytic threats.

V. cholerae responds to cell lysis with genus-level specificity
Given the role of lysis sensing in V. cholerae-phage population
dynamics, we were motivated to probe the evolutionary origins of the
lysis-sensing pathway. Through bioinformatic analysis, we found that
the critical norspermidine-producing enzyme, a fusion of L-2,4-diami-
nobutyrate aminotransferase (DABA AT) and L-2,4-diaminobutyrate
decarboxylase (DABADC), is present almost exclusively inmembers of
the Vibrionaceae family, and predominantly within the Vibrio genus
(Supplementary Table 1)24. Based on this observation, we wondered
whether lysis sensing by V. cholerae occurs with kin lysate specificity.
Pervasive lytic threats (e.g., phage) often target prey with high speci-
ficity—down to the level of single strains or isolates, and thus, threat
assessment is likely most relevant if information about the threat is
encoded in a kin-specific lysis signal. To test the specificity of lysis
sensing, we prepared lysates froma set of related bacterial species that
are predicted to produce norspermidine (Vibrio anguillarum, Vibrio
campbellii, Vibrio natriegens, Vibrio parahaemolyticus, and Vibrio vul-
nificus; Fig. 4A, B), as well as select bacterial species that are more
distantly related and are not predicted to produce norspermidine
(Aliivibrio fischeri, Escherichia coli, and Pseudomonas aeruginosa;
Fig. 4A, B). Consistentwith our hypothesis, only lysates produced from
bacteria encoding DABA AT/DC drove V. cholerae cells to commit to
the biofilm state, whereas, intriguingly, lysates from bacteria that do
not produce norspermidine repressed V. cholerae biofilm formation
altogether (Fig. 4B and Supplementary Movie 4).

Fig. 3 | Norspermidine-mediated lysis sensing enhances V. cholerae recovery
fromphage infection by driving biofilm formation. A Biofilm biomass over time
for the indicated strains grown with phage S5. Data are normalized to the peak
biofilm biomass of wild-type with phage. B PvpsL-lux output over time from the
indicated strains grown with phage S5, expressed as relative-light units (RLU =

luminescence/OD600). C Bulk culture fluorescence emitted from the constitutively
expressed reporter Ptac-dL5 over time from the indicated strains grownwith phage
S5. Data represent averages of n = 6 biological replicates of each V. cholerae strain
and shading represents standard deviations. A.U. arbitrary units, RLU relative-
light units.
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We wondered whether V. cholerae cells aborted their biofilm
lifecycle in response to lysates from species that do not produce
norspermidine because they sensed spermidine. Spermidine is a
polyamine that is broadly produced outside of the Vibrio genus and is
known to drive V. cholerae cells to commit to the planktonic state by
switching MbaA activity from c-di-GMP production to c-di-GMP
degradation (Supplementary Fig. 3)22,23,28. To test this hypothesis, we
prepared lysate from an E. coli strain that lacks one of the essential
enzymes for spermidine biosynthesis (speE::kanR) and observed its
effect on V. cholerae biofilm formation. Contrary to our hypothesis, V.
cholerae cells repressed biofilm formation in response to lysate from
this strain (Supplementary Fig. 7), suggesting that upon lysis of species
outside of the Vibrio genus, V. cholerae cells sense an additional
unknown signal and repress biofilm formation in response.

Diverse Vibrios form multicellular communities in response
to lysate
We next considered the phylogenetic distribution of the norspermi-
dine sensing machinery. We found that only a subset of Vibrios,
belonging to the clade of V. cholerae and V. anguillarum, encode
putative homologs of MbaA (Fig. 4A and Supplementary Table 2). We
conclude that only members of this clade are likely to respond to
norspermidine. To validate this conclusion experimentally, we trea-
ted V. anguillarum, as well as V. parahaemolyticus and V. vulnificus,
which do not encode a clearMbaA homolog, with norspermidine and
examined the effects on multicellularity by brightfield and confocal
fluorescence microscopy. Consistent with the bioinformatic predic-
tion, only V. anguillarum cells drove multicellular community for-
mation in response to norspermidine (Fig. 5A–C and Supplementary
Movie 5). Moreover, as expected, V. anguillarum developed robust
surface-associated communities in response to its own lysate and to
wild-type V. cholerae lysate, and the response was substantially
attenuated when we used lysate from the V. cholerae ΔnspC strain
(Fig. 5A, SupplementaryMovie 5, and Supplementary Fig. 8). Notably,
however, V. anguillarum exhibited greater biofilm formation in the
presence of its own lysate than in the presence of synthetic nor-
spermidine (Fig. 5A), suggesting that other cellular components may
synergize with norspermidine to drive lysis sensing in this bacterium.

We note that a previous study observed that V. anguillarum formed
biofilms in response to phage, but the mechanism underpinning
the response was not identified29. Our results show that the
norspermidine-dependent lysis-sensing mechanism is functionally
conserved in a subset of Vibrio species, and that lysis sensing could
explain theprevious observation of phage-inducedbiofilm formation
in V. anguillarum.

We wondered whether the norspermidine-unresponsive Vibrios
harbored a distinctmechanismbywhich they could sense and respond
to cell lysis. To test this possibility, we grew V. parahaemolyticus and V.
vulnificus in the presence or absence of their own lysates. In the
absence of lysate, V. parahaemolyticus cells grew as a planktonic cul-
ture and V. vulnificus exhibited modest multicellular community for-
mation (Fig. 5B, C, SupplementaryMovie 5, and Supplementary Fig. 8).
By contrast, the addition of cell lysate drove both organisms to form
millimeter-scale communities (Fig. 5B, C and Supplementary Movie 5).
We observed similar structures upon addition of wild-type or ΔnspC V.
cholerae lysates, confirming that the signal used by these organisms to
sense lysis is made by diverse Vibrios but is not norspermidine
(Fig. 5B, C and Supplementary Movie 5). Together, these results show
that lysis sensing via norspermidine is constrained to a clade of Vibrios
that includes V. cholerae and V. anguillarum, but not V. para-
haemolyticus and V. vulnificus. However, the latter two form multi-
cellular communities in response to lysis, suggesting that the
connection between lysis sensing andmulticellularity extends beyond
the norspermidine signaling pathway in the V. cholerae clade and may
have evolved multiple times.

Discussion
Bacteria have evolved elaborate signaling pathways that allow them to
link their behaviors to the demands of their environments; molecular
circuits that respond to metabolic cues, host signals, and quorum-
sensing autoinducers are widespread in the biosphere and are known
to regulate multicellularity in diverse microorganisms. Here, we have
demonstrated that V. cholerae detects threats by kin lysis sensing,
which drives multicellularity and protects cells from threats. Unlike
most of the known bacterial innate immune defenses, which cells
activate upon infection by phage, the form of lysis sensing we have

Fig. 4 | V. cholerae commits to the biofilm state in response to lysates from
members of theVibrio genus. AUnrootedmaximum-likelihood phylogenetic tree
of theorganisms studied in thiswork, asdeterminedby coregene alignments. Scale
bar represents substitutions per amino acid site. Colors denote predicted nor-
spermidine producers and non-producers, as indicated. Blue boxed species encode
MbaA.B Peak biofilm biomass of V. cholerae in response tomechanically produced
lysates from the indicated organisms. Data represent n = 3 biological replicates of

the recipient strain and are normalized to the mean peak biofilm biomass of the
control (no lysate). Points represent individual replicates and crossbars represent
means. Colors are as in (A). Statistical significance is indicated based on unpaired,
two-sided t tests relative to the untreated control. P = 3.13 × 10–5, 6.07 × 10−6,
1.32 × 10−4, 7.65 × 10−6, 1.49 × 10−4, 2.81 × 10−5, 1.15 × 10−-4, 7.96 × 10−5, 8.62 × 10−5 for
the indicated pairs. ****P ≤0.0001. ***0.0001 <P ≤0.001. A.U. arbitrary units.
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described here directly prevents encounters with generic lytic
threats30. We reason that by temporarily preventing confrontation,
bacterial cells gain a reprieve to enact adaptive protective mechan-
isms. Our results suggest that despite the idiosyncrasies of species-
specific responses, the concept of committing to a biofilm state in
response to kin-cell lysis may be widespread in microorganisms.
Future work will be required to determine whether lysis-sensing con-
trol of biofilm formation extends beyond the particular species and
strains employed in this study.

We found that norspermidine signaling through theMbaA receptor
is necessary and sufficient for V. cholerae cells to collectively commit to
the biofilm state in response to lysis, and that this commitment protects
cells fromphage infection andType-VI secretion systemkilling. Previous
studies of P. aeruginosa have demonstrated that exposure to polyamine
danger signals present in lysate, in conjunction with the presence of
linear DNA, limits phage replication31,32. It remains possible that a biofilm
response also contributes to the P. aeruginosa protection mechanism.
The polyamine signaling systems in P. aeruginosa and V. cholerae

Fig. 5 | Lysis sensing drives multicellularity in diverse Vibrios via
norspermidine-dependent and -independent pathways. A Left panel: peak seg-
mented biomass of V. anguillarum in response to the indicated growth conditions.
Data represent n = 3 biological replicates of the recipient strain and are normalized
to the mean peak segmented biomass of the untreated control. Points represent
individual replicates, and crossbars represent means. Statistical significance is
indicated based on unpaired, two-sided t tests relative to the untreated control.
P = 7.21 × 10−3, 3.49 × 10−6, 3.87 × 10−5, and 1.32 × 10−3 for the indicated pairs. Right
panels, top: representative brightfield images ofV. anguillarumwithout lysate (left)
and treated with mechanically produced V. anguillarum lysate (right) after 16 h of

growth. Right panels, bottom: Representative XZ projectionof a confocal z-stack of
V. anguillarum grown with its own lysate for 16 h. B As in (A) for V. para-
haemolyticus. P = 1.02 × 10−2, 3.39 × 10−4, 7.72 × 10−5, and 2.99 × 10−6 for the indicated
pairs. Images were acquired after 12 h of growth. C As in (A) for V. vulnificus.
P = 2.42 × 10−3, 2.43 × 10−4, 1.12 × 10−2, and 1.97 × 10−3 for the indicated pairs. In all
cases, cells were stained with the lipophilic dye MM4-64, displayed with the mpl-
magma look-up table in ImageJ. Scale bars are as indicated in the V. anguillarum
images. A.U. arbitrary units, Nspd norspermidine, V.c. Vibrio cholerae.
****P ≤0.0001. ***0.0001 <P ≤0.001. **0.001 <P ≤0.01. *0.01 <P ≤0.05.
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highlight a potential conservation of polyamine-mediated lysis sensing.
We reason that polyamines are prime candidates for identifying novel
lysis-sensing systems, given their abundances in the bacterial cytoplasm
and their ancient evolutionary origins33.

The biophysical characteristics of threats and the properties of
lysis-sensing circuits (e.g., sensitivity) are likely critical for the effec-
tiveness of lysis sensing in protecting bacterial populations. Regarding
the properties of threats, we reason that the amount of the threatening
agent, its diffusivity, and its propagation rate are crucial parameters. A
population of bacteria presumably cannot protect themselves against
a threat that diffuses rapidly and affects all members of a population
simultaneously (e.g., antibiotics, or a very high concentration of
phage) using lysis sensing, which depends on the comparatively longer
timescales of lysate accumulation and the response to a lysis signaling
molecule. On the other hand, threats that propagate through a
population over time and diffuse slower than lysis signals, such as
dilute phage and bacterial or protozoan predators, are likely candi-
dates that could drive the evolution of lysis sensing.

Bacteria often encounter multiple environmental inputs simulta-
neously that can either synergize or interfere with one another via signal
integration networks. Investigating how cells integrate lysis sensing with
other signaling inputs could reveal the ecological settings in which lysis
sensing is most relevant. Previous results indicated a relationship
between the lysis-sensing receptor, MbaA, and quorum sensing.
Quorum sensing is the process by which bacteria secrete and detect
small molecule signals, allowing them to measure the cell density and
relatedness of their community34. Bacteria including V. cholerae have
been shown to upregulate other phage protection mechanisms at high
cell densities via quorum sensing, presumably to protect themselves
when the population ismost vulnerable to phagepropagation, i.e., when
cell numbers are large35. We previously showed that quorum sensing,
which under normal conditions represses biofilm formation in V. cho-
lerae, amplifies biofilm formation in the presence of the norspermidine
signal via upregulation of the MbaA receptor36. Thus, V. cholerae cells
are more sensitive to lysis signals when the potential for phage propa-
gation is highest. Based on these findings, and their functional logic, we
speculate that a regulatory link between lysis sensing and quorum
sensing may be common in bacteria.

To date, studies have largely conceptualized the biofilm lifecycle
as the execution of a plan, akin to embryogenesis37,38. How bacterial
populations alter their developmental trajectories according to the
information they garner from interspecies and interkingdom interac-
tions, which are prevalent in the environment, remains a ripe area for
investigation. The current work presents a molecular and population-
scale perspective on one class of such interactions, namely that of
bacteria and lytic phage (host-parasite). Continued mechanistic stu-
dies of other classes of interactions (e.g., competitive or symbiotic)will
help bridge the molecular and ecological scales of bacterial biofilm
dynamics. We propose that the molecular architectures underlying
these interactions may be key drivers of bacterial lifestyle decisions in
natural contexts.

Methods
Bacterial growth, antibiotics, and cloning
All strains used in this work are reported in Supplementary Table 3. V.
cholerae strains, A. baylyi ADP1, P. aeruginosa, and E. coli were propa-
gated on lysogeny broth (LB) plates supplemented with 1.5% agar or in
liquid LB with shaking at 30 °C. A. fischeri and all other Vibrio species
were propagated on lysogeny broth (LB) plates supplemented with
1.5% agar and 2% NaCl or in liquid LB+ 2% NaCl with shaking at 30 °C.
For biofilm experiments V. cholerae strains were grown inM9minimal
medium containing dextrose and casamino acids (1× M9 salts, 100 µM
CaCl2, 2mM MgSO4, 0.5% dextrose, 0.5% casamino acids), whereas
other Vibrio species were grown in the same medium with an addi-
tional 2% NaCl. For all assays in which V. cholerae was grown with

phage, bacteria and phage were propagated together in LB containing
0.5% dextrose and 10mM CaCl2 (referred to as phage medium) to
permit infection. When necessary, antimicrobials were supplied at the
following concentrations: polymyxin B, 25μg/mL; kanamycin, 50μg/
mL; spectinomycin, 200μg/mL. Unless otherwise indicated, nor-
spermidine (Millipore Sigma, I1006-100G-A) was added at 100μM at
the start of each assay. Modifications to the V. cholerae genome were
generated by replacing genomic DNA with linear DNA introduced by
natural transformation, as described previously39–41. PCR and Sanger
sequencing (Azenta) were used to verify genetic alterations. Oligonu-
cleotides and synthetic linear DNA g-blocks were ordered from IDT
and are reported in Supplementary Table 4.

Microscopy
General biofilmgrowthprocedures, which pertain to Figs. 2, 4B, and 5,
were carried out similarly to previous reports19,41. Briefly, samples were
statically grown in 96-well polystyrene microtiter dishes (Corning).
Brightfield timelapse microscopy images were acquired at 30-min
intervals at 30 °C on an Agilent Biotek Cytation 1 imaging plate reader
using either a 10× air objective (Olympus Plan Fluorite, NA 0.3)
(Figs. 2 and 4) or a 4× air objective (Olympus Plan Fluorite, NA 0.13)
(Fig. 5) driven by Biotek Gen5 (Version 3.12) software.

Spinning disc confocal images were acquired using a motorized
Nikon Ti-2E stand outfitted with a CREST X-Light V3 spinning disk unit,
a back-thinned sCMOS camera (Hamamatsu Orca Fusion BT) and a
100x silicone immersion objective (Nikon Plan Apochromat, NA 1.35)
or a 20x air objective (Nikon PlanApochromat, NA0.75) (Fig. 1E) driven
byNikonElements software (Version 5.42.02). Sampleswere incubated
at 25oC using a stage-top incubator (Oko Labs) and the source of illu-
mination was an LDI-7 Laser Diode Illuminator (89-North). For the
timelapse in Fig. 1C, E, live cells were labeledwith 1 µMof the fluorogen
malachite-green coupled to diethylene glycol diamine (MG-2p), which
fluoresces upon stablebinding to thefluorogen-activating proteindL5,
which our strains produced42–44. To achieve robust dL5 expression,
strains harbored Ptac-ssMBP-dl5 chromosomally integrated at the
vc1807 neutral locus. The tac promoter drove strong constitutive
expression and the secretion signal of maltose binding protein
(ssMBP) was used to target dL5 to the periplasm. dL5-MG-2p fluores-
cence was excited at 640 nm. For single-timepoint confocal images
(Figs. 2A–D and 5), cells were stained with 10 µM of the lipophilic dye
MM4-64 (AAT Bioquest) and were imaged with an excitation wave-
length of 561 nm. Dead cells were labeled with 1 µM of the membrane-
impermeable DNA stain SYTOX Green (ThermoFisher) and imaged
with an excitation wavelength of 488 nm. Samples were grown in 96-
well glass-bottom microtiter dishes (Mattek).

Image analysis
Biofilm biomass quantifications were performed similarly to previous
studies19,41. Specifically, multicellular structures, when imaged by
brightfield microscopy, attenuate light to a greater extent than
planktonic cells. Our approach, therefore, was to segment these mul-
ticellular structures based on pixel intensity thresholding and subse-
quently to measure the total amount of light attenuated by all
communities in the field of view. For segmentation of V. cholerae, V.
anguillarum, and V. parahaemolyticus multicellular structures (which
generate both in- and out-of-focus light attenuation), pixel intensities
were inverted, the local contrast was normalized, the image was
blurred with a Gaussian filter, and a constant threshold was applied to
generate a mask. A median filter was then applied to remove noise
from the mask. For V. vulnificus segmentation, a unique protocol was
required, as this organism produces large multicellular structures
whose intensities are suppressed by local contrast normalization, and
minimal out-of-focus light attenuation is generated. In this case, a
Variational Bayesian estimate of a Gaussian mixture was fitted to the
intensity data, the smallestmean from themixturewas subtracted, and
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a constant threshold was applied to generate a mask. Subsequently,
morphological operations were applied, and the mask was blurred
with a median filter. For all organisms, after segmentation, the mask
was applied to the inverted image, and the intensities from themasked
biofilmswere summed to yield the biofilm biomass for that image. The
peak biofilm biomass (Figs. 4B and 5) corresponds to the maximum
biofilm biomass value within a given timelapse for each replicate. All
image analyses were performed in Python 3.

For quantification of biofilm biomass in experiments with phage
(Figs. 1A, B and 3A), wedistinguished biofilms from the aggregate-type
structures that the ΔvpsL biofilm mutant formed by placing an addi-
tional size constraint on the connected components in the mask. Any
components that formed structures with an area greater than
0.026mm2 in the mask were filtered out, leaving only clonal biofilm
structures.

To quantify SYTOX signal as a function of distance from the bio-
film core (Fig. 1E), a rolling-ball background subtractionwas applied to
single transverse plane 20× spinning disc confocal images of both
channels (SYTOX and constitutive) for all timepoints. A median filter
was applied to remove salt-and-pepper noise, and biofilm masks were
generated by applying a constant intensity threshold to the con-
stitutive channel, followed by binary morphological operations and
median filter smoothing. Centers of biofilms were determined by
locating contours in the biofilm mask, applying a distance transform,
and finding maxima of the distance transform inside each contour.
SYTOX signal was then quantified as a function of distance from the
biofilm centers for all timepoints. Figures and original cartoons were
assembled in Inkscape software (v1.2.2).

Phage procedures
V. cholerae phages S5 and N4 were obtained from ATCC (51352-B2 and
51352-B1, respectively). High titer phage stocks were produced by
confluent plaquing of a wild-type V. cholerae lawn on top agar (LB 0.6%
agar), followed by resuspension in 5mL SM Buffer (100mM NaCl,
8mM MgSO4, 50mM Tris-Cl pH 7.5) and filtration through a 0.45-µM
syringe filter (Pall Corporation, aerodisc). Filtration of phage pre-
parations through 0.2 µm or 0.45 µm syringe filters resulted in similar
phage preparations. Plaque-forming units of stocks were measured by
tenfold serial dilutions of phage on wild-type V. cholerae lawns. One-
step growth curves were performed at 32 °C to discern the phage N4
burst size, as described previously45.

For phage infection experiments (Figs. 1 and 3), single colonies of
the relevant V. cholerae strains were grown at 30 °C in phage medium
to mid-log (OD600 = 0.3–0.5), followed by back-dilution in phage
medium to OD600 = 0.1 in the presence of phage S5 at MOI = ~10−6 (or
higher MOI’s; Supplementary Fig. 1b). Cultures were subsequently
grown statically at 25 °C in 96-well plates and either brightfield or
spinning disc confocalmicroscopywas performed as described above.
Under the same conditions, the promoter activity of the biofilm gene
vpsL was monitored using an established luciferase reporter (PvpsL-
lux) on an Agilent Biotek Cytation 1 Plate Reader via filtered lumines-
cence (Figs. 1D and 3B)18,19. To measure recovery from phage killing
(Fig. 3C), cultures were grown with phage as above. All strains har-
bored Ptac-ssMBP-dL5, as described above (Microscopymethods), and
bulk constitutive fluorescence signal from each culture was measured
at 30-min intervals in the presence of 1 µMMG-2p on an Agilent Biotek
Cytation 1 Plate Reader using a Cy5 filter set (ex: 620 nm, em: 680 nm).

Bacterial lysate production and norspermidine calibration
To produce bacterial lysates, cells fromovernight 5-mL cultures grown
in M9 media were collected by centrifugation at 8000×g for 5min.
Pelleted cells were resuspended in 1mL of M9 medium. Resuspended
cells were then subjected either to 10× freeze–thaw cycles in liquid
nitrogen or sonication, in either case resulting in near-total lysis. The
efficiency of lysis was quantified by measuring colony forming units

(CFUs) of the overnight culture before and after lysis by tenfold serial
dilutions on LB plates (Supplementary Fig. 4c). After lysis, cell debris
was removed by centrifugation at 8000×g for 5min, and the resulting
supernatant was filtered through a 0.45-µm filter.

To quantify the concentration of lysate necessary to achieve a
biofilm response in V. cholerae (Supplementary Fig. 4),V. cholerae cells
were grown in a range of lysate concentrations, from 0.625 to 20% of
the final growth medium composition, and biofilm biomass was
quantified from timelapse microscopy images as described above.
Under the same conditions PvpsL-lux output was monitored. To
determine the concentration of norspermidine in lysate, we calibrated
the PvpsL-lux response to wild-type lysate to known concentrations of
norspermidine spiked into ΔnspC lysate (which lacks endogenous
norspermidine), revealing that lysis of saturated wild-type V. cholerae
cultures yielded ~30–50 µM norspermidine.

Type-VI competition assay
V. cholerae was subjected to Type-VI killing by A. baylyi using a pre-
viously established protocol13. Briefly, overnight V. cholerae cultures
expressingmScarletunder the control of the constitutive tacpromoter
along with a spectinomycin resistance cassette were diluted 1:1000 in
LB and grown for 3 h at 37 °C to establish mid-log growth. Cultures
were centrifuged at 8000× g for 5min and subsequently resuspended
in LB to a final concentration of OD600 = 10. Concentrated V. cholerae
cultures were then mixed in a 1:1 ratio with A. baylyi and 5 µL of the
mixture was spotted on an LB agar plate. After a 2-h incubation at
37 °C, mixtures were resuspended in 1mL LB, serial dilutions were
spotted on selective (spectinomycin-containing) LB agar plates, and
after 18 h of growth at 30 °C, V. cholerae CFUs were measured using a
FluoroChem M (ProteinSimple) imaging system. When applied, nor-
spermidine was included at all stages of growth (overnight, during re-
growth, and during the competition). Three biological replicates were
performed.

Phylogenetic tree construction
Core gene phylogenetic tree construction (Fig. 4A) was performed by
downloading complete genomes for the relevant bacterial species
from NCBI. A subset of 30 of these genomes were then selected for
further analysis based on a sequence diversity maximization
algorithm46. Core proteins with an amino acid identity cutoff of 30%
were extracted with usearch47 and subsequently aligned using the
MUSCLE algorithm in the BGPA pipeline48. The alignment of core
proteins was used to construct a maximum-likelihood phylogenetic
tree with RAxML49 via a WAG substitution model and gamma rate
heterogeneity. Trees were visualized using iTOL, and species branches
were colored according to the presence of a homolog of DABA AT/DC
(the gene product of Vc_1625), which is the unique enzyme responsible
for norspermidine biosynthesis via an established pathway or the
presence of a homolog of MbaA (the gene product of Vc_0703) in any
of the species’ genomes. To identify homologs, a homology search for
each of two gene product sequences (Vc_0703 or Vc_1625) was per-
formed using BLAST with the non-redundant (nr) protein sequences
database. A percent identity of ≥60% over ≥90% of the length of the
gene product was used as the criterion for identifying homologs.
Scripts were written in Python 3 and Bash.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The source data used to generate all main and Supplementary Figs. in
this work are available on Figshare (https://doi.org/10.6084/m9.
figshare.24488332). Accession codes for the genomes used to gen-
erate the species tree (Fig. 4a) are reported in Supplementary Table 5.
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Code availability
All custom processing scripts are available on Github (https://github.
com/BridgesLabCMU/Lysis-sensing-scripts)50.

References
1. Edwards, K. J., Bond, P. L., Gihring, T. M. & Banfield, J. F. An archaeal

iron-oxidizing extreme acidophile important in acid mine drainage.
Science 287, 1796–1799 (2000).

2. Stoodley, P., Sauer, K., Davies, D. G. & Costerton, J. W. Biofilms as
complex differentiated communities. Annu. Rev. Microbiol. 56,
187–209 (2002).

3. van Gemerden, H. Microbial mats: a joint venture. Mar. Geol. 113,
3–25 (1993).

4. Reysenbach, A.-L. &Cady, S. L.Microbiologyof ancient andmodern
hydrothermal systems. Trends Microbiol. 9, 79–86 (2001).

5. Rasmussen, B. Filamentous microfossils in a 3,235-million-year-old
volcanogenic massive sulphide deposit. Nature 405,
676–679 (2000).

6. Grosberg, R. K. &Strathmann, R. R. The evolution ofmulticellularity:
a minor major transition? Annu. Rev. Ecol. Evol. Syst. 38,
621–654 (2007).

7. Flemming, H.-C. & Wuertz, S. Bacteria and archaea on Earth and
their abundance in biofilms.Nat. Rev. Microbiol. 17, 247–260 (2019).

8. Harrison, J. J., Ceri, H. & Turner, R. J. Multimetal resistance and
tolerance in microbial biofilms. Nat. Rev. Microbiol. 5,
928–938 (2007).

9. Mah, T.-F. C. & O’Toole, G. A. Mechanisms of biofilm resistance to
antimicrobial agents. Trends Microbiol. 9, 34–39 (2001).

10. Vidakovic, L., Singh, P. K., Hartmann, R., Nadell, C. D. & Drescher, K.
Dynamic biofilm architecture confers individual and collective
mechanisms of viral protection. Nat. Microbiol. 3, 26–31 (2018).

11. Winans, J. B., Wucher, B. R. & Nadell, C. D. Multispecies biofilm
architecture determines bacterial exposure to phages. PLOS Biol.
20, e3001913 (2022).

12. Wucher, B. R., Elsayed,M., Adelman, J. S., Kadouri, D. E. & Nadell, C.
D. Bacterial predation transforms the landscape and community
assembly of biofilms. Curr. Biol. 31, 2643–2651.e3 (2021).

13. Toska, J., Ho, B. T. & Mekalanos, J. J. Exopolysaccharide protects
Vibrio cholerae from exogenous attacks by the type 6 secretion
system. Proc. Natl. Acad. Sci. USA 115, 7997–8002 (2018).

14. Qian, P.-Y., Cheng, A., Wang, R. & Zhang, R. Marine biofilms:
diversity, interactions and biofouling. Nat. Rev. Microbiol. 20,
671–684 (2022).

15. Bridges, A. A., Prentice, J. A., Wingreen, N. S. & Bassler, B. L. Signal
transduction network principles underlying bacterial collective
behaviors. Annu. Rev. Microbiol. 76, 235–257 (2022).

16. Suttle, C. A. Marine viruses—major players in the global ecosystem.
Nat. Rev. Microbiol. 5, 801–812 (2007).

17. Mitra, K. & Ghosh, A. N. Characterization of Vibrio choleraeO1 ElTor
typing phage S5. Arch. Virol. 152, 1775–1786 (2007).

18. Hammer, B. K. & Bassler, B. L. Distinct sensory pathways in Vibrio
cholerae El Tor andClassical biotypesmodulate cyclic dimericGMP
levels to control biofilm formation. J. Bacteriol. 191, 169–177 (2009).

19. Bridges, A. A., Fei, C. & Bassler, B. L. Identification of signaling
pathways, matrix-digestion enzymes, and motility components
controlling Vibrio cholerae biofilm dispersal. Proc. Natl. Acad. Sci.
USA 117, 32639–32647 (2020).

20. Beyhan, S. & Yildiz, F. H. Smooth to rugose phase variation in Vibrio
cholerae can be mediated by a single nucleotide change that tar-
gets c-di-GMP signalling pathway. Mol. Microbiol. 63,
995–1007 (2007).

21. Karatan, E., Duncan, T. R. & Watnick, P. I. NspS, a predicted poly-
amine sensor, mediates activation of Vibrio cholerae biofilm for-
mation by norspermidine. J. Bacteriol. 187, 7434–7443 (2005).

22. Bridges, A. A. & Bassler, B. L. Inverse regulation of Vibrio cholerae
biofilm dispersal by polyamine signals. eLife 10, e65487 (2021).

23. Bridges, A. A., Prentice, J. A., Fei, C., Wingreen, N. S. & Bassler, B. L.
Quantitative input–output dynamics of a c-di-GMP signal trans-
duction cascade in Vibrio cholerae. PLoS Biol. 20, e3001585 (2022).

24. Lee, J. et al. An alternative polyamine biosynthetic pathway is
widespread in bacteria and essential for biofilm formation in Vibrio
cholerae*. J. Biol. Chem. 284, 9899–9907 (2009).

25. Bomchil, N., Watnick, P. & Kolter, R. Identification and character-
ization of a Vibrio cholerae gene, mbaA, involved inmaintenance of
biofilm architecture. J. Bacteriol. 185, 1384–1390 (2003).

26. Secor, P. R., Michaels, L. A., Ratjen, A., Jennings, L. K. & Singh, P. K.
Entropically driven aggregation of bacteria by host polymers pro-
motes antibiotic tolerance in Pseudomonas aeruginosa. Proc. Natl.
Acad. Sci. USA 115, 10780–10785 (2018).

27. Coulthurst, S. The type VI secretion system: a versatile bacterial
weapon. Microbiology 165, 503–515 (2019).

28. McGinnis, M. W. et al. Spermidine regulates Vibrio cholerae biofilm
formation via transport and signaling pathways. FEMS Microbiol.
Lett. 299, 166–174 (2009).

29. Tan, D., Dahl, A. & Middelboe, M. Vibriophages differentially influ-
ence biofilm formation by Vibrio anguillarum strains. Appl. Environ.
Microbiol. 81, 4489–4497 (2015).

30. Bernheim, A. & Sorek, R. The pan-immune system of bacteria:
antiviral defence as a community resource. Nat. Rev. Microbiol. 18,
113–119 (2020).

31. LeRoux, M. et al. Kin cell lysis is a danger signal that activates
antibacterial pathways of Pseudomonas aeruginosa. eLife 4,
e05701 (2015).

32. de Mattos, C. D. et al. Polyamines and linear DNAmediate bacterial
threat assessment of bacteriophage infection. Proc. Natl. Acad. Sci.
USA 120, e2216430120 (2023).

33. Li, B., Liang, J., Baniasadi, H. R., Phillips, M. A. & Michael, A. J.
Functional polyamine metabolic enzymes and pathways encoded
by the virosphere. Proc. Natl. Acad. Sci. USA 120,
e2214165120 (2023).

34. Mukherjee, S. & Bassler, B. L. Bacterial quorum sensing in complex
and dynamically changing environments. Nat. Rev. Microbiol. 17,
371–382 (2019).

35. Hoque, M. M. et al. Quorum regulated resistance of Vibrio cholerae
against environmental bacteriophages. Sci. Rep. 6, 37956 (2016).

36. Prentice, J. A., Bridges, A. A. & Bassler, B. L. Synergy between c-di-
GMP and quorum-sensing signaling in Vibrio cholerae biofilm
morphogenesis. J. Bacteriol. 204, e00249–22 (2022).

37. Yan, J., Sharo, A. G., Stone, H. A., Wingreen, N. S. & Bassler, B. L.
Vibrio cholerae biofilm growth program and architecture revealed
by single-cell live imaging. Proc. Natl. Acad. Sci. USA 113,
E5337–E5343 (2016).

38. Qin, B. et al. Cell position fates and collective fountain flow in
bacterial biofilms revealedby light-sheetmicroscopy.Science369,
71–77 (2020).

39. Dalia, A. B. Natural cotransformation andmultiplex genome editing
by natural transformation (MuGENT) of Vibrio cholerae. In Vibrio
Cholerae: Methods and Protocols (ed. Sikora, A. E.) 53–64
(Springer, 2018).

40. Dalia, A. B., McDonough, E. & Camilli, A. Multiplex genome editing
by natural transformation. Proc. Natl. Acad. Sci. USA 111,
8937–8942 (2014).

41. Bridges, A. A. & Bassler, B. L. The intragenus and interspecies
quorum-sensing autoinducers exert distinct control over Vibrio
cholerae biofilm formation and dispersal. PLoS Biol. 17,
e3000429 (2019).

42. Saurabh, S., Perez, A.M., Comerci, C. J., Shapiro, L. &Moerner,W. E.
Super-resolution imaging of live bacteria cells using a genetically

Article https://doi.org/10.1038/s41467-024-46399-1

Nature Communications |         (2024) 15:2018 9

https://github.com/BridgesLabCMU/Lysis-sensing-scripts
https://github.com/BridgesLabCMU/Lysis-sensing-scripts


directed, highly photostable fluoromodule. J. Am. Chem. Soc. 138,
10398–10401 (2016).

43. Szent-Gyorgyi, C. et al. Malachite green mediates homodimeriza-
tion of antibody VL domains to form a fluorescent ternary complex
with singular. Symmetric Interfaces J. Mol. Biol. 425,
4595–4613 (2013).

44. Szent-Gyorgyi, C. et al. Bottom-up design: a modular golden gate
assembly platform of yeast plasmids for simultaneous secretion
and surface display of distinct FAP fusion proteins. ACS Synth. Biol.
11, 3681–3698 (2022).

45. Kropinski, A. M. Practical advice on the one-step growth curve. In
Bacteriophages:Methods and Protocols, Volume3 (edsClokie,M. R.
J. et al.) 41–47 (Springer, 2018).

46. Zhu, Q. et al. Phylogenomics of 10,575 genomes reveals evolu-
tionary proximity between domains bacteria and Archaea. Nat.
Commun. 10, 5477 (2019).

47. Edgar, R. C. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics 26, 2460–2461 (2010).

48. Chaudhari, N. M., Gupta, V. K. & Dutta, C. BPGA—an ultra-fast pan-
genome analysis pipeline. Sci. Rep. 6, 24373 (2016).

49. Stamatakis, A. RAxML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30,
1312–1313 (2014).

50. Prentice, J. A., van de Weerd, R. & Bridges, A. A. Code for: cell-lysis
sensing drives biofilm formation in Vibrio cholerae. https://doi.org/
10.5281/zenodo.10676734 (2024).

Acknowledgements
The authors thank members of the Bridges lab for insightful discussions
and for reading the manuscript. We thank Dr. Thomas J. Silhavy for
supplying E. coli BW25113 and the speE::kanR mutant, Dr. Courtney K.
Ellison for supplying A. baylyi ADP1, and Dr. N.L. Hiller for supplying P.
aeruginosa PA14. This work was supported byNIH grant R00AI158939, a
Damon Runyon Cancer Research Foundation Dale F. Frey Award for
Breakthrough Scientists, and startup funds from Carnegie Mellon Uni-
versity. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Author contributions
J.A.P. and A.A.B. were responsible for conceptualization, experimenta-
tion, data curation, investigation, methodology, validation, visualization,
and writing the manuscript. J.A.P. was responsible for formal analysis

and software. A.A.B. was responsible for funding acquisition, project
administration, and supervision. A.A.B. and R.W. were responsible for
resources. All authors reviewed and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46399-1.

Correspondence and requests for materials should be addressed to
Andrew A. Bridges.

Peer review information Nature Communications thanks Nozomu
Obana, Sine Svenningsen and the other, anonymous, reviewer for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-46399-1

Nature Communications |         (2024) 15:2018 10

https://doi.org/10.5281/zenodo.10676734
https://doi.org/10.5281/zenodo.10676734
https://doi.org/10.1038/s41467-024-46399-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cell-lysis sensing drives biofilm formation in Vibrio cholerae
	Results
	Phage infection drives biofilm formation in V. cholerae
	V. cholerae drives biofilm formation in response to a cellular component released through�lysis
	Norspermidine is the lysis�signal
	Lysis sensing mediates the phage-driven response and protects cells from lytic threats
	V. cholerae responds to cell lysis with genus-level specificity
	Diverse Vibrios form multicellular communities in response to�lysate

	Discussion
	Methods
	Bacterial growth, antibiotics, and cloning
	Microscopy
	Image analysis
	Phage procedures
	Bacterial lysate production and norspermidine calibration
	Type-VI competition�assay
	Phylogenetic tree construction
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




