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Abstract

Bacteria sense population density via the cell-cell communication system called quorum
sensing (QS). The evolution of QS and its maintenance or loss in mixed bacterial communi-
ties is highly relevant to understanding how cell—cell signaling impacts bacterial fitness and
competition, particularly under varying environmental conditions such as nutrient availabil-
ity. We uncovered a phenomenon in which Vibrio cells grown in minimal medium optimize
expression of the methionine and tetrahydrofolate (THF) synthesis genes via QS. Strains
that are genetically “locked” at high cell density grow slowly in minimal glucose media and
suppressor mutants accumulate via inactivating mutations in metF (methylenetetrahydrofo-
late reductase) and luxR (the master QS transcriptional regulator). In mixed cultures, QS
mutant strains initially coexist with wild-type, but as glucose is depleted, wild-type outcom-
petes the QS mutants. Thus, QS regulation of methionine/THF synthesis is a fithess benefit
that links nutrient availability and cell density, preventing accumulation of QS-defective
mutants.

Introduction

Bacteria monitor their surroundings and respond to changes in cell density through quorum
sensing (QS), allowing them to adapt to environmental cues that affect bacterial cell growth
and survival [1,2]. Using molecules called autoinducers, cells sense density increases and
respond with broad changes in gene expression that alter their behaviors and optimize growth,
colonization, infection, and many other processes. QS signaling mechanisms have been stud-
ied in several Vibrio species [3-6], which are a group of ecologically and economically relevant
pathogens of fish, shellfish, and mammals, including humans. Early foundational QS studies
were performed with V. campbellii strain ATCC BAA-1116 (also called BB120), a V. campbellii
isolate that was previously classified as Vibrio harveyi [7]. We recently published a comparative
study examining the QS signaling and gene regulation in a wild isolate of V. campbellii
DS40M4 to its close relative V. campbellii BB120 [8]. The DS40M4 strain is an environmental
isolate from the deep sea and is naturally competent. Thus, it has become a model organism
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for us to study QS in a relevant strain with high-throughput genetic methods [9]. Although
much of the QS circuit functions similarly in these 2 strains, there were differences in signaling
and regulation of downstream genes, and the current model for DS40M4 QS signaling is
depicted in S1 Fig [8]. Cells detect and respond to autoinducer signals via multiple histidine
kinases that converge to phosphorylate the response regulator LuxO (Figs 1A and S1). Atlow
cell density (LCD) when LuxO is phosphorylated (LuxO~P), LuxO~P activates transcription
of the quorum regulatory small RNAs (Qrrs) that posttranscriptionally activate translation of
AphA, the LCD master regulator, and repress translation of LuxR, the high cell density (HCD)
master regulator (Fig 1A) [10]. At HCD, LuxO is not phosphorylated and is unable to activate
the Qrrs, allowing for high expression of LuxR. LuxR activates and represses genes encoding
proteins for various behaviors, including type III and type VI secretion systems, proteases, and
biofilms (Fig 1A) [8].

V. campbellii DS40M4 is completely prototrophic and grows robustly in minimal M9
medium with only the addition of carbon (e.g., glucose). However, we observed that HCD-
locked mutant strains of DS40M4 grew poorly in minimal media conditions compared to the
wild-type parent strain, and this effect was relieved by addition of amino acids to the medium.
Here, we determined the molecular mechanisms that enable QS to regulate methionine and
tetrahydrofolate biosynthesis genes as cells transition between LCD and HCD states. Our
results underscore the relevance of nutrient acquisition—and how it is influenced by QS regu-
lation—in connection to the evolutionary stability of QS.

Results
Carbon source determines QS mutant growth trends

Because QS enables cells to respond to external signals, we sought to examine the impact of
nutrients on the growth and signaling of DS40M4 strains. As previously performed in other
Vibrio strains, we engineered mutants that are genetically locked at LCD or HCD via alleles of
luxO: the luxO D61E strain is a phosphomimic allele that constitutively activates transcription
of the Qrrs and thus is a LCD-locked mutant; the AluxO strain is locked at HCD and does not
transcribe the Qrrs (Fig 1A) [8,11]. The luxO phosphomimic allele had been previously misan-
notated in Vibrio cholerae as luxO D47E with an incorrect start codon [11] and other Vibrio
species share the same earlier start codon. Thus, herein we refer to the phosphomimic allele as
luxO D61E. We assayed growth of QS mutant strains in the following conditions that are stan-
dards for Vibrio growth: (1) rich, undefined Lysogeny Broth Marine medium (LM; LB with
2% NaCl); (2) M9 minimal medium with 20 mM glucose (M9G); and (3) M9G with casamino
acids (0.2%; M9GC). In this assay, the cells were washed out of LM rich medium from the
overnight culture and diluted 1:100,000 into fresh medium (LM, M9G, or M9GC). Growth
trends for all strains were similar in LM (Fig 1B), and as previously observed, DS40M4 had a
faster growth rate than BB120 in LM (Figs 1B and S2A) [8]. The 2 HCD-locked DS40M4
strains, AluxO and Aqrr1-5, did not grow well in M9G, with long lag phases that were markedly
recovered by the addition of casamino acids (Fig 1C and 1D). Of note, the growth trends were
different for BB120: The Agrr1-5 strain exhibited a slower growth rate compared to wild-type,
but the AluxO did not and had a slightly higher growth yield (S2A-S2C Fig). We observed var-
iability in the length of the lag phases for DS40M4 in the AluxO and Agrr1-5 strains from
experiment to experiment (S2D Fig), suggesting that the length of the lag phase was dictated
by the presence and abundance of suppressor mutants in the initial inoculum. However, in
every case, the Agrr1-5 strain grew the slowest in M9G (Figs 1C, S2B, and S2D), possibly
because this strain completely lacks the grr genes, whereas the AluxO strain encodes these
genes but does not activate their expression. Conversely, in both the DS40M4 and BB120
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Fig 1. Growth trends of V. campbellii quorum sensing mutants differ in the absence of amino acids. (A) V. campbellii QS system and mutant alleles. At
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underlying this figure can be found in S1 Data. HCD, high cell density; LCD, low cell density; LM, lysogeny broth marine; QS, quorum sensing; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002891.g001

isolates, the phosphomimic luxO D61E strain grew robustly in M9G (Figs 1C and S2B). We
noted a consistent drop in optical density (OD) in late stationary phase in both M9G and
MOGC for the luxO D61E strains that did not correlate to a decrease in cell viability (Figs 1C,
1D, S2E, and S2F). To determine if the growth defect was linked to glucose only, we assayed
other sugars and observed similar growth phenotypes when DS40M4 strains were grown in
either M9G or M9 with added maltose (S2G Fig). We also noted that even in the presence of
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casamino acids, the 2 HCD-locked strains (Agrr1-5 and AluxO) had a longer lag phase and
slightly decreased growth rate compared to wild-type and luxODG61E (Fig 1D), suggesting that
there is a further growth defect linked to the HCD-state beyond the carbon source.

V. cholerae HCD-locked AluxO has been previously shown to exhibit growth defects in mini-
mal media that are restored in LB medium [12]. In order to determine the general conservation
of the growth defects we observed in V. campbellii, we assayed both V. cholerae and V. coralliily-
ticus AluxO strains grown in M9G medium. The V. coralliilyticus strain showed a growth defect
similar to DS40M4 with a longer lag phase and slower growth rate (S2H Fig). Although V. cho-
lerae did exhibit a growth lag in every assay, it was less pronounced than V. coralliilyticus or V.
campbellii DS40M4 (S2I Fig). Similarly to DS40M4, addition of casamino acids increased
growth rates and decreased lag phases for both the V. cholerae and V. coralliilyticus AluxO
strains and were similar in growth to wild-type (S2] and S2K Fig). From these data, we conclude
that, in the absence of amino acids, the growth rate of multiple Vibrio species is dependent on
the QS state, and this is mostly alleviated when amino acids are present in the medium.

Deletion of metF improves growth trends of HCD strains

To identify a possible genetic link to the limited growth phenotype of the HCD-locked strains,
we collected DS40M4 suppressor mutants that grew better in M9G medium than the HCD-
locked parent strains Agrri-5 or AluxO. Cultures were passaged starting from single isolated
colonies grown in liquid M9G medium repeatedly until cultures were turbid (12 passages for
the Agrr1-5 strain and 17 passages for the AluxO strain). Whole genome sequencing of the 2
fastest growing suppressor mutant strains identified mutations in the same 2 loci for both sup-
pressor strains: (1) a 305-bp deletion between genes annotated as metL and metF and a point
mutation resulting in a LuxR missense allele, G37V (the AgrrI-5 suppressor strain; Fig 2A);
and (2) a 25-bp deletion in metF and a frameshift in LuxR (the AluxO suppressor strain; S3A
Fig). To determine the individual effects of these mutations in an isogenic background strain,
we introduced the following mutations in the DS40M4 Agrr1-5 strain: AmetF, AmetL, luxR
G37V, and/or AluxR. The Aqrr1-5 AmetL strain did not grow in M9G medium and cfu counts
remained the same until a decrease was observed at 24 h (Figs 2B and S3F), whereas the Agrr1-
5 AmetF strain had an increased growth rate compared to Agrr1-5 (Fig 2B and 2C). The same
phenotypes occurred with the AluxO AmetL and AluxO AmetF strains, respectively (S3B Fig).
The luxR G37V allele also increased growth rates compared to the Agrr1-5 parent strain (Fig
2B and 2C) and the AluxO parent strain (S3B Fig). The combination of both luxR and metF
deletions resulted in growth rates equal to that of the AgrrI-5 suppressor strain (Fig 2C). We
also observed similar growth rates with either the AluxR or [uxR G37V allele in the AgrrI-5
parent (Fig 2C). Complementation of luxR or metF in their respective deletion backgrounds
resulted in poorer growth, indicating that deletion of JuxR or metF are indeed sufficient to
increase growth in the Agrri-5 background (S3D Fig). Further, deletion of metF also increased
growth in the wild-type background (S3E Fig). Addition of casamino acids resulted in much
faster growth rates and shorter lag phases for all strains (Figs 2D and S3C), and there were no
significantly different growth rates between any strains in casamino acids-containing medium
(Fig 2E). We note that 3 strains (Agrr1-5, Aqrr1-5 AmetF, and Aqrr1-5 AmetL) had a longer lag
phase than all the other strains even in the presence of casamino acids (Fig 2D), similar to
what was observed in Fig 1D. These results suggest that HCD-locked strains expressing wild-
type [uxR may have additional growth defects under these conditions. From these data, we
conclude that deletion of metF and luxR in the AgrrI-5 strain increases growth in minimal
medium, and growth defects of the HCD-locked strains are rescued by addition of casamino
acids.
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representative of at least 3 independent biological experiments for each strain under every condition and the y-axis
represents cell density ODggo, For panels C and E, error bars show the mean and standard deviation of at least 3
biological replicates. The slope of the line was derived from the data in exponential phase with at least 5 data points per
growth curve. Statistical analyses were performed using the Kruskal-Wallis test (nonparametric) followed by Dunn’s
multiple comparisons test (n = at least 3). Different letters above the bars indicate that the pair-wise comparison is
significantly different; the same letters above 2 bars indicate no significant differences (p < 0.05). There were no
significant differences in panel D. The data underlying this figure can be found in S2 Data. HCD, high cell density;
WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002891.g002

The LuxR G37V allele has decreased regulatory function due to decreased
DNA binding activity

To determine the mechanism of LuxR in regulation of methionine biosynthesis genes, we
examined the G37V missense allele that was isolated in the M9G Agrr1-5 suppressor mutant.
The G37 residue is located in the LuxR DNA binding domain and is highly conserved in Vibrio
LuxR proteins (which are TetR-type proteins) but not in Escherichia coli TetR [13] (Fig 3A).
This substitution lies in the connecting loop of the helix-turn-helix in V. alginolyticus LuxR
(LuxRy,; Fig 3B) [14] and may influence the position of the helix in each monomer and its
contact with the DNA. However, we hypothesized that the substitution of a valine for a glycine
at this position is subtle and would not drastically alter DNA binding activity, nor does it
appear to lie anywhere near the previously identified RNA polymerase interaction domain
[13]. To assay the effect of the G37V substitution, we examined bioluminescence production, a
direct readout of LuxR’s DNA binding and RNA polymerase-interaction activities [13]. We
observed that the introduction of the LuxR G37V allele to either wild-type or AgrrI-5 strains
resulted in a ~10-fold decreased light production compared to the parent strain (Fig 3C). This
result suggests that the G37V substitution decreased LuxR activity, likely via decreased DNA
binding. In V. campbellii BB120, LuxR binds to the met] promoter and directly represses met]
expression in BB120 [15], thus we hypothesized that abrogation of LuxR DNA binding
increases growth in M9G by de-repressing met] expression. We purified both the wild-type
DS40M4 LuxR and LuxR G37V proteins and assayed DNA-binding activity by electrophoretic
mobility shift assays (EMSAs). First, we assayed a well-characterized LuxR DNA-binding site
in the V. campbellii BB120 luxCDABE promoter [10,16,17]. We observed that LuxR G37V had
a decreased affinity for this DNA substrate compared to wild-type LuxR (S4A Fig). Next, we
assayed binding of these 2 proteins to the met] promoter region. We again observed that the
LuxR G37V protein bound the P, region with decreased affinity compared to the wild-type
protein (Fig 3D and 3E). No specific binding shifts were observed with either WT or G37V
LuxR proteins with a control substrate corresponding to the open-reading frame of mutS (S4B
Fig), indicating that LuxR had specific DNA binding to met]. We note that both proteins dis-
play higher-order shifts at the 500-nM concentration in all gels with all substrates, and we
hypothesize that these are due to protein aggregation rather than specific binding, which has
been observed with LuxR interactions with larger DNA substrates in other studies [16]. From
these collective data, we conclude that LuxR G37V has decreased DNA binding activity both
in vivo and in vitro that leads to loss of function at the met] promoter. This aligns with pub-
lished studies in which substitutions in the analogous residue of the LuxR homolog, HapR, in
V. cholerae led to decreased function [18].

Quorum sensing regulates transcription of multiple methionine
biosynthesis enzyme genes and regulators

Biochemical and genetic work in E. coli and other bacteria has generated a model of conserved
key enzymes, substrates, and products in the methionine biosynthesis pathway, including
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https://doi.org/10.1371/journal.pbio.3002891.9003

the activated methyl cycle (AMC) and folate cycle. The KEGG [20] database uses this informa-
tion to predict the presence/absence of biosynthetic pathways present in V. campbellii BB120
based on gene conservation and ontology. We used this information to diagram the predicted
pathways for V. campbellii DS40M4 (Fig 4). MetF (5,10-methylenetetrahydrofolate reductase)
catalyzes the reduction of 5,10-methylenetetrahydrofolate (CH, = THF) to 5-methyltetrahy-
drofolate (CH3-THF), a step in the folate cycle that is the precursor to tetrahydrofolate (THF)
synthesis (Fig 4). MetH and MetE are both able to use the CH;-THF product and L-homocys-
teine to produce L-methionine and THF. Methionine is then used as a substrate to produce S-
adenosyl-L-methionine (SAM), S-adenosyl-L-homocysteine (SAH), and S-(5-deoxy-D-ribos-
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5-yl)-L-homocysteine (SRH) [21]. SRH is used by the enzyme LuxS [22] to regenerate L-
homocysteine and the byproduct 4,5-dihydroxy-2,3-pentanedione (DPD), the precursor of
autoinducer AI-2 [23].

In E. coli and other bacteria, methionine biosynthesis genes are tightly regulated: MetR,
activated by homocysteine [24], activates expression of methionine synthesis genes, and Met],
which itself is activated by SAM [25], opposes MetR regulation [26] (Fig 5A). We hypothesized
that locked strains grow poorly in minimal media because these strains are either over- or
under-expressing the AMC and/or folate cycle genes at levels different than wild-type in a
growth curve. To test this hypothesis, we first determined if Met] acts as a repressor of metF as
predicted by E. coli data. We isolated RNA from cells grown to HCD (ODggg = 1.0) in M9GC
because not all strains grew in M9G, thus we could not compare each genotype. We observed
that metF expression was strongly repressed by Met], as predicted based on the E. coli literature
[27] (Fig 5B). Further, metF expression was significantly activated in the AgrrI-5 strain com-
pared to wild-type, which was dependent on the presence of luxR (Fig 5B). Deletion of met]
was epistatic to all QS genotypes. Expression of metR mirrored that of metF in all strain back-
grounds (Fig 5C). We noted that the expression level of metF in the wild-type background was
significantly lower than that of the Agrr1-5 strain, even though the cells were collected at
HCD. From these data, we conclude that Met] acts as a repressor of metF and metR in V.
campbellii.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002891 November 11, 2024 8/27


http://biorender.com/
https://doi.org/10.1371/journal.pbio.3002891.g004
https://doi.org/10.1371/journal.pbio.3002891

PLOS BIOLOGY Quorum sensing regulation of metabolism

M9GC medium
® metF
7 ° 1000y a b a e bc c (e} a a
MetF > B 1004
MetE G ~—
: -
MetH J— (MetJ c 104 1
ere) MetJ] 5 B
MetN P 0]
>
Metl = 7}
MetQ S 6.
m . T T T T T T T T T
WT  Aqrr1-5 JuxO  Ametd Ametd AmetJ Ametd Aqrr1-5 AluxR
D61E luxO  Aqrr1-5 AluxR  AluxR
D61E
C Mm9GC medium metR D M9GC medium
) - metJ
1003 bc ac d d d d -
g @ a @ g 1003 ab a ab ab b
8 s o
B ] - 5
5 '3 5 13 i
c ] c !\-
S g o
e M s T HJL
2 2 -
5 ] K
& 01 1 T T 1 T T 1 ] ] & 01 T T T T T
WT  Agrr1-5 [uxO  Ametd Aqrr1-5 Ametd Ametd Aqrr1-5 AluxR WT  Aqrr1-5 JuxO Aqrr1-5 AluxR
D61E Ametd  luxO  AluxR  AluxR D61E  AluxR

D61E

E M9G medium F M9G medium G M9G medium H
metJ luxR luxS

ns

1.5 0.015

-
w
1

*

1.0 -l-

0.5+

0.001+

N
o
1

—=—0—LA_

0.0001 - a

R

Relative DPD levels
[ | ]

Relative transcript levels
N
Relative transcript levels

Relative transcript levels

(=4
=}
T

0.00001

0.05 1.00 0.05  1.00 0.05 1.00 wild-  IuxO  luxO
type D61E DG61E

ODgqo ODggo ODggo AmetJ

Fig 5. LuxR regulation of methionine biosynthesis genes. (A) Predicted regulation hierarchy of the methionine biosynthesis genes. Created with BioRender.
com. (B-G) Relative transcript levels determined by RT-qPCR for cultures grown in M9GC medium (B-D) or M9G medium (E-G). Error bars show the mean
and standard deviation of 3 biological replicates. (B-D) Different letters above the bars indicate that the pair-wise comparison is significantly different; the
same letters above 2 bars indicate no significant differences (p < 0.05). One-way analysis of variance (ANOVA) was performed on log-normalized data
(normally distributed, Shapiro-Wilk test; # = 3 biological replicates, Tukey’s multiple comparisons test). (E-G) Student’s—test was performed data (normally
distributed, Shapiro-Wilk test; n = 3 biological replicates; p < 0.05, *; p < 0.001, ***). (H) Quantification of DPDQ (derivatization of DPD, the precursor to Al-
2) via mass spectrometry from supernatants from strains grown in M9G medium and collected at HCD. DPDQ levels were normalized to an internal control
(Verapamil) spiked in every sample. The mean of 3 independent biological replicates is shown. The data underlying this figure can be found in S3 Data. HCD,
high cell density; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002891.9005

We had shown previously (through in vivo ChIP-seq and in vitro biochemical assays) that
LuxR binds to the promoter of met] in V. campbellii BB120 to repress its expression [15]
instead suggested that cells locked at HCD (Agrr1-5) somehow activated met/.
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These results all seemed conflicting: Met] repressed metF, but LuxR activated met/. Thus,
we postulated that there is a circular regulatory pattern that balances expression of the met
genes: at HCD, LuxR activates the met] repressor, thus tempering expression of the met genes.
This tracks with the observation that a wild-type strain expresses approximately 10-fold lower
levels of metF than a locked HCD AgrrI-5 strain that does not experience shifts from LCD to
HCD. To examine levels in a wild-type strain at the actual low density (ODggo = 0.05) versus
high density (ODggo = 1.00), we collected cells grown in M9G and measured transcript levels.
We note that we were able to use the M9G medium with wild-type in this experiment, whereas
we could not in the previous experiment because not all strains grew in M9G. We observed
that met] levels did not change from LCD to HCD, whereas control measurements of luxR
confirmed that the cells shifted from LCD to HCD (Fig 5E and 5F).

Based on these results, we conclude the following: (1) Met] represses metF and metR, and
this is epistatic to QS regulation; (2) a HCD-locked Agrri-5 strain has increased expression of
met], metF, and metR; and (3) LuxR—either directly or indirectly—activates met], metF, and
metR expression in the absence of Qrrs.

DS40M4 growth is optimal with a balance of the activated methyl cycle and
folate cycle

Based on our observation that poor growth of HCD-locked strains was alleviated by deletion
of metF, we hypothesized that the HCD-locked strains produced higher levels of proteins
involved in the AMC and/or the folate cycle. Increased MetF enzyme concentrations predict-
ably would decrease the pool of CH, = THF and increase CH;-THF pools, possibly affecting
the AMC. Thus, we next tested the effect of altering AMC substrate pools via deletion of [uxS.
The AluxS strain had increased growth in M9G medium, with a short lag phase much like the
Aqrr1-5 suppressor mutant (Fig 6A). Conversely, deletion of luxS in the AgrrI-5 background
had only slightly decreased growth compared to the parent and eventually reached a similar
density to wild-type (Figs 6A and S3F). Overexpression of [uxS via an IPTG-inducible pro-
moter in the Agrri-5 background led to lower growth rates; higher IPTG levels correlated with
decreased growth trends (Fig 6A).

Our results underscored the observation that deletion of metF increased growth in M9G,
whereas deletion of metL resulted in no growth in medium without amino acids (Fig 2B). We
next assayed whether deletion of metEH would be viable in media without amino acids. Our
results showed that the AmetEH strain was unable to grow in M9G alone (Fig 6B), supporting
the importance of this pathway for growth in M9G medium without amino acids in V. camp-
bellii. Collectively, these data show that deletion of the [uxS or metF gene increased growth
rates, and alteration of these levels in QS-locked strains exacerbated the growth defect. How-
ever, deletion of other genes predicted to be important in the folate or AMC cycles resulted in
no growth in minimal medium.

Our data thus far suggested that QS regulates some genes in the AMC and/or THF path-
ways, but some genes are essential in minimal medium and some are not. There is a very clear
connection between these 2 pathways and autoinducer synthesis; all known autoinducers in V.
campbellii are synthesized from SAM (Fig 4). Although LuxS is an integral enzyme in the
methionine biosynthesis pathway, previous studies have not uncovered regulation of luxS by
Met] or LuxR. We next asked how QS and cell density impact autoinducer synthesis, and spe-
cifically AI-2. We measured luxS transcript levels in wild-type cells grown in M9G at low and
high densities, and we observed that [uxS levels significantly but modestly decrease from LCD
to HCD (Fig 5G). Next, we assayed DPD synthesis, the precursor to AI-2 [28], via mass spec-
trometry (Fig 4). Strains were grown in M9G to HCD (overnight cultures, ODggo >1.4) and
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supernatant extracts were chemically derivatized by adding OPD (ortho-phenylenediamine)
which reacts with DPD (4,5-Dihydroxy-2,3-pentanedione) to form DPDQ. We observed that
the LCD-locked strain, luxO D61E, produced approximately 10-fold more DPD than wild-
type, and the luxO D61E Amet] strain produced similar levels to wild-type, although no levels
were significantly different (Fig 5H). These results qualitatively correlate with our observation
that luxS transcript levels are higher at LCD compared to HCD (Fig 5G); however, no defini-
tive conclusion can be made. From these results, we suggest that (1) JuxS is repressed at HCD;
(2) overexpression of luxS at HCD caused growth delays; and (3) DPD production decreases at
HCD, and this is alleviated by deletion of met].
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The Qrrs regulate growth of V. campbellii in minimal medium

We next assayed the effect of deleting the Met] master regulator on growth in minimal media.
In the AgrrI-5 background, deletion of met] led to even more severe growth defects when
grown in M9G (Fig 7A). We also noted that deletion of met] does not affect growth in strains
expressing the Qrrs at LCD (e.g., the wild-type background) (Fig 7A). Thus, we postulated that
the Qrrs might also control methionine biosynthesis genes at LCD independently of LuxR
through posttranscriptional regulation. To test our hypothesis, we performed growth assays
with strains expressing Qrr4 under control of an inducible P,,. promoter in strain back-
grounds with or without luxR. We chose to study Qrr4 because multiple studies have shown
that Vibrio Qrrs have nearly identical functions when expressed from an ectopic promoter
[29]. In M9G medium, increased Qrr4 expression improved growth in both the Agrr1-5 strain
and in the Agrr1-5 AluxR strain (Fig 7B). These results indicate that Qrr4 (and possibly all the
Qrrs) positively influences growth in glucose minimal media independently of LuxR.

Wild-type DS40M4 strains outcompete LCD- and HCD-locked mutant
strains in limited nutrients

Collectively, our observations demonstrated that V. campbellii DS40M4 strains that are inca-
pable of sensing population density (i.e., LCD-locked or HCD-locked strains) do not regulate
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methionine biosynthesis or the folate cycle optimally, leading to altered growth trends in M9G
(limited nutrient conditions). We hypothesized that QS regulatory control of 2 key pathways
—AMC and folate cycle—evolved to optimize growth in poor nutrient conditions. Thus, we
assayed the fitness of wild-type DS40M4 compared to our genetically engineered luxO D61E
(LCD-locked) and the Agrri-5 (HCD-locked) strains. First, we competed wild-type and the
luxO D61E strain in M9G batch cultures from a range of initial population frequencies. The
wild-type outcompeted the luxO D61E strain at every ratio tested (Fig 8A).

Growth on glucose in M9G requires enzymes that are inherently not shared resources.
Conversely, growth on substrates such as casein requires production of extracellular proteases
to digest the casein into peptides and amino acids that are also utilizable by neighboring cells.
In Vibrio species including V. campbellii, production of proteases is often positively controlled
by QS [30-32], leading to group production of amino acids that, depending on flow environ-
ment, can be shared as “public goods.” Thus, LCD-locked mutants that do not produce prote-
ases cannot grow on their own (S5A Fig), but they can potentially exploit the products of
protease-producing cells. In stark contrast to our results competing wild-type and the luxO
DG6IE strain in M9G medium, when grown in M9 with casein, the luxO D61E strain was able
to outcompete wild-type at most ratios (S5B Fig), indicating that wild-type production of pro-
teases was exploited by the LCD-locked mutant, allowing it to thrive in the population. How-
ever, when there is a source of readily available amino acids (casamino acids) in the media, the
wild-type and LCD-locked mutant population frequencies were maintained, suggesting a simi-
lar fitness (S5C Fig). This short-term competition result aligns with several published evolution
studies of the factors influencing success or failure of V. campbellii QS-mutants in mixed cul-
tures [33-35].

We were curious why the LCD-locked luxO D61E strain could not outcompete wild-type
when co-cultured in M9G, given that the JuxO D61E strain grew robustly in M9G monocul-
tures. We also hypothesized that because the [uxO D61E strain grew the fastest that it should
consume glucose the fastest. Indeed, quantification of specific glucose consumption rates in
M9G monocultures of the QS mutants, using high-pressure liquid chromatography (HPLC)
measurements of glucose, showed that the luxO D61E strain consumed glucose the fastest per
cell, though not significantly faster than the wild-type strain (S6A Fig). All strains consumed
all of the 20 mM glucose provided (S6B Fig) (all readings were below detection limits at the
end of the time course for all replicates and all strains). Thus, the wild-type advantage cannot
be attributed to differences in net glucose utilization.

The above specific consumption rates use values that encompass glucose consumption over
entire growth curves. Because the luxO D61E strain is LCD-locked, we hypothesized that it
might have an advantage at low cell densities in M9G cocultures, whereas the wild-type advan-
tage might come into play towards the end of culture growth. To test this hypothesis, we
tracked the wild-type population frequency when cocultured with the luxO D61E strain in
MOG through serial transfers into fresh M9G at a target initial cell density of ODsggo = 0.05.
Cocultures were transferred in late-exponential phase to keep cocultures in exponential phase.
At each dilution, for all 3 initial frequencies tested, the wild-type proportion decreased (Fig
8B). As the cells neared stationary phase again (around the 16-h and 46-h time points), the
wild-type proportion increased for all 3 ratio cultures. This pattern was observed in each inde-
pendent biological experiment (S6C Fig). Although we cannot currently attribute these trends
to a specific metabolic advantage (e.g., changes in specific glucose uptake rates at different cell
densities), these observations suggest that (1) at LCD when there was abundant fresh carbon
(glucose) present, the LCD-locked strain was able to outcompete the wild-type strain; and (2)
as the cell density neared stationary phase, wild-type was able to make up for its log-phase
losses and dominate the population, which we hypothesize occurred because carbon was
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maintain growth in log-phase. Colony-forming units (cfu/mL) were measured at each time point using selective
antibiotics for each strain. The total population number was calculated, and the data are represented as the percent of
WT cells in the total population of WT and luxO D61E or WT and AqrrI-5. The data are representative of 3 biological
experiments. The data underlying this figure can be found in S5 Data. cfu, colony-forming unit; LCD, low cell density;
WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002891.9008

nearing depletion. Conversely, when we performed the same experiment with co-cultures of
wild-type and Agrri-5 strains in M9 Casein, the AgrrI-5 strain was nearly completely lost by
the first time point of dilution (Fig 8C). Collectively, these results indicate that the type and

availability of nutrients drives the frequency of QS-defective strains in co-culture conditions.

Discussion

The QS field has broadly studied the evolution of QS and its maintenance or loss in bacterial
communities and whether cells have evolved to use different nutrient sources that might be
present under differing flow conditions [36]. A key focus is the appearance and prevalence of
QS null mutants—cells that do not participate in signaling, sensing, and/or responding but
still benefit from QS-regulated behaviors occurring at the population level [20]. Here, we show
that the growth rate of V. campbellii DS40M4 in minimal media lacking amino acids is depen-
dent on the QS state. HCD-locked mutants exhibited poor growth in minimal media with only
glucose as the carbon source, which was alleviated in suppressor mutants. Our data suggest
that HCD-locked mutants grow poorly under these conditions because they express genes
involved in the folate cycle at high levels, even at LCD and lag-phase.

The 2 suppressor mutants isolated were instrumental in revealing the regulatory network
connected by LuxR, the Qrrs, and the AMC and folate pathways. We propose a model in
which wild-type cells that can switch between cell density states have the ability to balance—
through feedback regulation—expression of the AMC and folate pathways. Conversely, strains
locked at LCD are skewed toward the AMC pathway, and strains locked at HCD are skewed
toward the folate pathway (Fig 9). Our data show that LuxR activates met/], and Met] represses
several met genes. Although we have not uncovered every regulatory mechanism nor feedback
loop, we propose that QS regulates the flux between the AMC and folate pathways to optimize
growth in medium without amino acids added. Such regulatory connections between QS and
various metabolic processes are beginning to unfold in other systems [37,38]. In V. cholerae,
the Qrrs alter the flux of pyruvate metabolism by repressing the translation of AlsS, which is
needed to convert fermentable carbon sources into neutral products avoiding acidosis [39]. In
Burkholderia species, methionine biosynthesis genes (e.g., metE, metF, and ahcY) are activated
by QS signals [40]. Thus, our study provides a new basis for studying QS regulation of glucose
catabolism.

Broadly, we postulate that this V. campbellii DS40M4 strain acquired a LuxR binding site in
the met] promoter that benefitted the mutant, perhaps under limited nutrient conditions,
which has been maintained over time. Metabolism regulation via QS could benefit V. campbel-
lii in its multiple native environments. As a planktonic free-living organism, V. campbellii
likely has limited nutrient sources aside from complex carbohydrates (e.g., chitin) available in
marine ecosystems. However, during host infection (e.g., shrimp, fish), V. campbellii likely has
access to a plethora of nutrients, certainly including digestible proteins. In limited nutrient
environments, we hypothesize that QS enables V. campbellii to optimize flux of essential bio-
synthesis pathways, outcompete possible competitors (QS mutants), and sustain growth. How-
ever, in nutrient-rich environments, such as the host, perhaps competition with QS mutants or
other microbes may impact virulence, thus requiring cells to couple metabolism with
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production of public goods. Indeed, in a mouse infection model of Vibrio cholerae, mutant
strains with deletions in either met], metR, or glyA had severe colonization defects [41], under-
scoring the importance of nutrient utilization and flux regulation in different environments.
In long-term evolution studies, V. campbellii BB120 optimizes growth under conditions
where public goods (proteases) are required for nutrient acquisition (casein); mutants that
either do not cooperate or constitutively produce public goods are less fit than wild-type in
long-term serially bottle-necked experiments [33]. In addition, populations that disperse
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through motility, escape QS mutants and maintain cooperation [35]. In V. campbellii
DS40M4, LCD-locked cells maintained the advantage and outcompeted wild-type when
grown in minimal media supplemented with a source of fresh glucose. However, as the nutri-
ents in the environment were depleted, wild-type cells outcompeted these LCD-locked cells.
As a note, these strains were back-diluted 1:100,000 when mixed at the desired ratios. Upon
back-dilution, we hypothesize that the wild-type strain does not automatically revert to the
LCD state. The switch from HCD to LCD requires multiple changes, minimally the following
switches in the QS system: (1) loss of binding of autoinducers to receptors; (2) phosphorylation
of LuxU/LuxO; (3) synthesis of the Qrr sSRNAs, synthesis of AphA; and (4) turnover of LuxR
protein, either by regulated degradation [42] or by dilution through cell doubling. This process
has been shown to take multiple cell divisions in which QS-regulated behaviors are turned off
(e.g., bioluminescence) over time [29]. Thus, upon initial mixing, the wild-type strains con-
tinue the HCD “programming” for some time. We hypothesize that this is possibly why LCD-
locked cells are able to outcompete the wild-type cells immediately after back-dilution. We
propose that because LCD-locked cells are incapable of QS and thus unable to alter flux of the
AMC/folate pathways, they are ultimately unable to outcompete wild-type cells. Conversely, in
media with casein—requiring extracellular digestions with secreted proteases—LCD-locked
cells were able to outcompete wild-type unless the frequency of wild-type in the population
was very low. In this ratio, wild-type likely produced a limiting amount of digested casein that
barely, if at all, supported growth of itself and the LCD-locked strain.

Cooperative behaviors are coordinated by QS, yet they are inherently subject to QS mutants
that exploit public goods production. In several bacterial model systems, QS null mutants are
isolated in wild environments; for example, in Pseudomonas aeruginosa, mutants lacking LasR
are often isolated from infected patients [43]. While hapR-null V. cholerae mutants have also
been isolated from water samples and patients in China [44], it is yet unclear if wild popula-
tions of V. campbellii or other more closely related Vibrio species consist of QS mutants. Vibrio
QS signals are produced by AMC enzymes and substrates, including LuxS/SRH, LuxM/SAM,
and CqsA/SAM [45-47]; methionine is converted to SAM, which is ultimately converted into
autoinducers. In V. campbellii BB120, autoinducer concentrations increase as cell density
increases [48]. However, increased production of AMC and folate cycle enzymes may also be a
direct benefit as cell density increases and nutrients are depleted. Thus, we propose that V.
campbellii is an example of a QS system that regulates private goods (methionine and THF) as
both a direct benefit and because the key metabolite involved is itself inherently connected to
QS signal production.

We also observed that the relative advantage or disadvantage of the luxO D61E mutation is
highly dependent on prevailing nutrient conditions. Though QS null mutants can exploit wild-
type in certain niches, QS is maintained overall in this instance because the ability to adjust to
different environmental stimuli outweighs the cost of being occasionally exploited. Future stud-
ies of the genetic composition of planktonic and host-colonized Vibrio strains will provide
important context for the evolution and maintenance of QS in Vibrios and other bacteria.

Experimental procedures
Bacterial strains and media

V. campbellii and V. coralliilyticus strains (S1 Table) were grown at 30°C on lysogeny broth
marine (LM) medium (lysogeny broth (LB) supplemented with an additional 10 g NaCl L") or
in M9 minimal media (1x M9 salts, 2 mM MgSO,, 0.1 mM CaCl,, 3% NaCl) supplemented
with 20 mM glucose, 0.5% casein, and 0.2% casamino acids. E. coli and V. cholerae strains (S1
Table) were grown in LB or in M9 minimal media (1x M9 salts, 2 mM MgSOy,, 0.1 mM CaCl,,
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1% NacCl) supplemented with 20 mM glucose or 0.2% casamino acids at 37°C. Where appro-
priate, Vibrio and E. coli strains were supplemented with kanamycin (100 ug ml™), spectino-
mycin (200 pg ml™), gentamicin (100 pg ml™), or trimethoprim (10 ug ml™?). Plasmids were
transferred from E. coli S17-1Apir to Vibrio strains by conjugation on LB plates. Exconjugants
were selected on LM plates with polymyxin B at 50 U ml ™" and the appropriate selective
antibiotic.

Strain construction

Chitin-independent transformations were performed in DS40M4 according to Simpson and
colleagues [9]. Strain construction details are available upon request. All genome or plasmid
genotypes were confirmed by Sanger sequencing.

Growth curves

Overnight cultures were grown in LM in culture tubes, 500 ul of cells were spun down, resus-
pended in 500 pl M9 medium, spun down again, and resuspended in 500 ul M9 then diluted
1:100,000 in 200 pl media. ODg4py was measured every 30 min for 30 h using the BioTek Cyta-
tion 3 Plate Reader or BioTek Synergy H1 Plate Reader (temperature: 30°C for V. campbellii
and V. coralliilyticus; 37°C for V. cholerae).

Bioluminescence assays

For the bioluminescence growth assays, overnight cultures were grown in LM, washed with
M9G medium, and back-diluted 1:100,000 in 200 pl media with selective antibiotics as needed
in a black-welled clear-bottom 96-well plate (all adjacent wells left empty to avoid light carry-
over). ODgqo and/or bioluminescence were measured every 30 min for 22 to 30 h using the
BioTek Cytation 3 Plate Reader or BioTek Synergy H1 Plate Reader (temperature set to 30°C,
gain set to 160 for DS40M4 strains).

Suppressor strain isolation and sequencing

The Vibrio parent strain was streaked for isolation on LM plates. In the first round, 4 individ-
ual colonies were inoculated separately in M9G shaking at 30°C at 275RPM until turbid. The
cultures were then passaged by diluting 1:1,000 into fresh M9G until visible robust growth was
seen, which was 12 passages for Aqrr1-5 and 17 passages for AluxO. We sequenced 1 strain for
the Aqrr1-5 parent strain that grew the most robustly, and we sequenced 3 for the AluxO par-
ent strain; we report the sequence of one strain in this manuscript.

Sequencing and analysis of suppressor strain genomes was performed by the Indiana Uni-
versity Center for Genomics and Bioinformatics. Two methods were used for Breseq analysis
of sequencing reads. Method 1: reads were trimmed using fastp (version 0.20.1) with parame-
ters “-1 17—detect_adapter_for_pe -g -p” [49]. Breseq pipeline 0.36.[50] with bowtie2-2.4. [51]
2 was run with default parameters for mutation calling and annotation by re-querying against
the Vibrio campbellii strain DS40M4 genome assembly (GenBank accession:
GCA_003312585.1). Method 2: reads were adapter trimmed and quality filtered using Trim-
momatic 0.38 [52] with the cutoff threshold for average base quality score set at 20 over a win-
dow of 3 bases and requiring a read length of at least 20 bp after trimming. Breseq pipeline
0.37.0 [50] with bowtie2-2.4.2 [51] was run with default parameters for mutation calling and
annotation by re-querying against the Vibrio campbellii strain DS40M4 genome assembly
(GenBank accession: GCA_003312585.1). The SRA accession number is SRP482837. The Bio-
Project accession number for these data is PRINA1063211.
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Competition assays

Monocultures were grown overnight in LM in culture tubes. The next day, 500 pl of cells were
pelleted by centrifugation, resuspended in 500 ul M9 medium, spun down again, and resus-
pended in 500 pl M9, and monocultures were diluted 1:50 in minimal M9 media supplemented
with either 20 mM glucose, 0.5% casein, or 0.2% casamino acids and grown at 30°C shaking
until ~0.5 ODgpp. Monocultures were adjusted to 0.5 ODggo with fresh media and were mixed at
the desired population ratios. Cocultures were diluted 1:10,000 and grown at 30°C shaking at
275 RPM. Colony-forming units (cfus/mL) were measured by plating serial dilutions on selec-
tive agar media. For competition experiments, where cocultures were maintained in exponential
phase, cocultures were diluted to 0.05 ODgg at the 16- and 40-h time points.

RNA extraction and reverse transcriptase quantitative PCR (RT-qPCR)

RNA was extracted and qRT-PCR was performed as previously described in Simpson and col-
leagues [8] with the exception that the monocultures were grown in M9GC and collected at an ~1
ODgg or grown in M9G and collected at an ~0.05 ODgp and ~1 ODgg Primers in S3 Table.

LuxR protein purification

Both WT and G37V LuxR from V. campbellii DS40M4 were overexpressed in E. coli BL21
(DE3) using plasmids pZC003 and pZC004 (S2 Table), respectively, derived from pET28b
(Twist Bioscience). Overexpression and purification were performed as described in Newman
and van Kessel [17]. The only exceptions being the use of 2.5 ml of 10x FastBreak Cell Lysis
Reagent (Promega) to lyse the 1 L cell pellets and the Gel Filtration Buffer (25 mM Tris-HCI
(pH 8), 500 mM NaCl, and MilliQ H,0) used to elute the proteins. Peak eluted fractions were
pooled and analyzed using SDS-PAGE. The pooled fractions were then used in all EMSAs.

EMSAs

Fluorescently labeled primers were ordered through Integrated DNA Technologies and one
labeled primer was utilized in each PCR amplified substrate. EMSAs were performed as
described in Newman and van Kessel [17]. The P,,,.; DNA substrate was created by PCR
amplifying the 239 bp segment from V. campbellii DS40M4 gDNA using primers 5' IR700 Dye
ZC011 and ZC012. P,,,,,s substrate was generated by PCR amplifying a 200 bp segment from
V. campbellii BB120 using primers 5’ IR800 Dye PP378 and PP376. Site H substrates were gen-
erated by annealing primers 5’ IR800 Dye JCV369 and JCV620. The gels were imaged on an
Odyssey M from LICORbDio using the IR700 and IR800 settings.

Measurements of glucose and DPD

For measurements of glucose, 5 ml cultures were grown overnight in LM at 30°C shaking at
275 RPM. Overnight cultures were washed with M9G and back-diluted 1:100,000 into flasks
containing fresh M9G. Cultures were grown shaking at 30°C at 270 RPM. At each sampling,
the ODggo was recorded and 1.5 ml of culture was spun down at 13,000 RPM. Supernatant (0.4
ml) was filtered (0.45 um) and glucose was quantified by HPLC equipped with a refractive
index detector (Shimadzu) as described in McKinlay and colleagues [53].

For measurements of DPD, supernatant extracts were collected from overnight cultures
(ODggo > 1.4) grown in 5 ml of M9G. For 250 pl of supernatant, 3 ul of 1 mM OPD was added
to derivatize the samples and induce a conformational change of DPD molecules into DPDQ.
The samples were analyzed by mass spectrometry as previously described in Lydick and col-
leagues [54].
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Supporting information

S1 Fig. DS40M4 signaling to LuxO. Multiple histidine kinase receptors detect external mole-
cules such as autoinducers that converge to phosphorylate the response regulator LuxO. The
lighter colored receptors indicate that they are predicted to be present in DS40M4 but have
not been formally tested. Created with BioRender.com.

(TIF)

S2 Fig. (A-C) Growth curves for V. campbellii BB120 strains in LM (A), M9G (B), or MIGC
(C) media. (D) Variability in lag phase of HCD-locked DS40M4 mutants grown in M9G
medium. Three additional biological replicates of experiments in Fig 1C are shown. (E, F) The
difference in cfus/ml between time points 1 and 2 (F) of wild-type and luxO D47E DS40M4
strains grown in M9G (F). Error bars show the mean and standard deviation of 5 biological
replicates. (G) Growth curves for V. campbellii DS40M4 strains in M9 medium supplemented
with maltose (10 mM). (H-K) Growth curves shown for V. coralliilyticus (H,]) or V. cholerae
(I, K) grown in M9G (H, I) or M9GC (J, K). (A-E, G-K) The y-axis represents cell density
ODgqo. For all panels, the data are from a single experiment that is representative of at least 3
independent biological experiments for each strain under every condition. The data underly-
ing this figure can be found in S6 Data.

(TIF)

S3 Fig. (A) Mutations in a AluxO suppressor mutant strain. (B-E) Growth curves for V. camp-
bellii DS40M4 strains. The y-axis represents cell density ODgq. (D) The (+) indicates chromo-
somal complementation of gene at non-native locus. The inset in panel D is a zoomed-in view
of the same data to enable visualization of strains at early time points. (F) Viable cell counts of
DS40M4 strains washed and diluted into M9G medium. For panels B-F, the data shown are
from a single experiment that is representative of at least 3 independent biological experiments
for each strain. The data underlying this figure can be found in S7 Data.

(TIF)

$4 Fig. (A) EMSAs with either purified WT LuxR (left) or G37V LuxR (right) with 5" IR800
(Integrated DNA Technologies) DNA substrate PluxC site H (JCV369 and JCV620). Protein
concentrations are 0.0005, 0.005, 0.05, 0.5, 5, 50, and 500 nM, compared to no protein control
(“-7). This gel is representative of 3 assays performed with 3 individual protein preps. (B)
EMSAs with either purified WT LuxR (left) or G37V LuxR (right) with 5" IR800 (Integrated
DNA Technologies) DNA substrate mutS (PP376 and PP378). Protein concentrations are
0.0005, 0.005, 0.05, 0.5, 5, 50, and 500 nM, compared to no protein control (“-”). The data
underlying this figure can be found in S1 Raw Images.

(TIF)

S5 Fig. (A) Growth assay in M9 medium + 0.5% casein (M9 Casein). The y-axis represents
cell density ODgqo. (B, C) Wild-type (marked with Tm) and JuxO D61E (marked with Spec)
strains of DS40M4 were inoculated at initial frequencies of 1%-99% wild-type (WT) in
M9Casein medium (B) or M9 Casamino acids medium (C). The data in A-C are from a single
experiment that is representative of at least 3 independent biological experiments. The data
underlying this figure can be found in S8 Data.

(TIF)

S6 Fig. (A) Specific glucose consumption rates were determined using rs = Yxs o k, where rg is
the specific glucose consumption rate, Yxg is glucose consumed per unit biomass, and k is the
exponential growth rate [55,56]. Yxs was determined from the difference between glucose
measurements between inoculation and late exponential/early stationary phase. Error
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bars = SD; n = 3. Different letters indicate statistically different values (p < 0.05) as determined
by ordinary one-way ANOV A with Tukey’s multiple comparison (B) Glucose consumed =
(Glucose to—Glucose t,) / (Glucose ty) x 100%, where t, = the time of inoculation and t, =
time after culture growth had ceased. All glucose measurements at t, were below the limit of
detection. (C) Replicates of competition experiments with wild-type and luxO D61E strains.
Wild-type (marked with Tm) and [uxO D61E (marked with Spec) strains of DS40M4 were
inoculated at initial frequencies of 80%, 50%, or 20% wild-type (WT) in M9G medium and
grown to near stationary phase at t = 16 h, and then diluted to maintain growth in log-phase.
Colony forming units (cfus/mL) were measured at each time point using selective antibiotics
for each strain. The total population number was calculated, and the data are represented as
the percent of WT cells in the total population of WT and luxO D61E. The data underlying
this figure can be found in S9 Data.

(TIF)

S1 Table. Strains used in this study.
(DOCX)

S2 Table. Plasmids used in this study.
(DOCX)

§3 Table. Oligonucleotides used in this study.
(DOCX)

S1 Data. Fig 1. Growth trends of V. campbellii quorum sensing mutants differ in the absence
of amino acids.(B-D) Growth curves for V. campbellii DS40M4 strains in LM (B), M9G (C),
or M9GC (D) media. The y-axis represents cell density ODgq, For all panels, the data are from
a single experiment that is representative of at least 3 independent biological experiments for
each strain under every condition.

(XLSX)

$2 Data. Fig 2. Mutation of metF or luxR restores growth to HCD-locked strains. (B) Culture
growth of V. campbellii DS40M4 strains in M9G medium. (C) Growth rates of strains from
panel B are plotted. (D) Growth curves of V. campbellii DS40M4 strains in M9GC medium.
The inset in panels B and D are zoomed-in views of the same data to enable visualization of
strains at early time points. (E) Growth rates of strains from panel D are plotted. For panels B
and D, the data are from a single experiment that is representative of at least 3 independent
biological experiments for each strain under every condition and the y-axis represents cell den-
sity ODggo. For panels C and E, error bars show the mean and standard deviation of at least 3
biological replicates. The slope of the line was derived from the data in exponential phase with
at least 5 data points per growth curve. Statistical analyses were performed using the Kruskal-
Wallis test (nonparametric) followed by Dunn’s multiple comparisons test (n = at least 3). Dif-
ferent letters above the bars indicate that the pair-wise comparison is significantly different;
the same letters above 2 bars indicate no significant differences (p < 0.05). There were no sig-
nificant differences in panel D. Fig 3. LuxR G37V has decreased DNA binding activity. (C)
Bioluminescence production (light divided by ODgq() throughout a growth curve for DS40M4
strains. The data shown are from a single experiment that is representative of at least 3 inde-
pendent biological experiments for each strain under every condition.

(XLSX)

S3 Data. Fig 5. LuxR regulation of methionine biosynthesis genes. (B-G) Relative transcript
levels determined by RT-qPCR for cultures grown in M9GC medium (B-D) or M9G medium
(E-G). Error bars show the mean and standard deviation of 3 biological replicates. (B-D)
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Different letters above the bars indicate that the pair-wise comparison is significantly different;
the same letters above 2 bars indicate no significant differences (p < 0.05). One-way analysis
of variance (ANOVA) was performed on log-normalized data (normally distributed, Shapiro-
Wilk test; n = 3 biological replicates, Tukey’s multiple comparisons test). (E-G) Student’s—test
was performed data (normally distributed, Shapiro-Wilk test; # = 3 biological replicates;

p <0.05,%; p < 0.001, ***). (H) Quantification of DPDQ (derivatization of DPD, the precursor
to AI-2) via mass spectrometry from supernatants from strains grown in M9G medium and
collected at HCD. DPDQ levels were normalized to an internal control (Verapamil) spiked in
every sample. The mean of 3 independent biological replicates is shown.

(XLSX)

$4 Data. Fig 6. Altering flux between the activated methyl cycle and folate cycle affects culture
growth. (A-C) Growth curves for V. campbellii DS40M4 strains grown in M9G (A, B) or
MOIGC (C) medium. The y-axes represent cell density ODgqo. The data shown are from a single
experiment that is representative of at least 3 independent biological experiments for each
strain under every condition. Fig 7. The Qrrs regulate growth of V. campbellii in minimal
medium. (A, B) Growth curves for V. campbellii DS40M4 strains in M9G medium. The y-axis
represents cell density ODggo. The data shown are from a single experiment that is representa-
tive of at least 3 independent biological experiments for each strain under every condition.
(XLSX)

S5 Data. Fig 8. Wild-type cells outcompete locked-LCD cells in co-culture in minimal
medium. (A) Wild-type (marked with Tm) and luxO D61E (marked with Spec) strains of
DS40M4 were inoculated at initial frequencies from 1%-99% wild-type (WT) in M9G medium
and allowed to grow for 48 h. (B, C) Wild-type (marked with Tm) and luxO D61E (marked
with Spec, panel B) or Agrr1-5 (marked with Spec, panel C) strains of DS40M4 were inoculated
at initial frequencies of 80%, 50%, or 20% wild-type (WT) in (B) M9G medium or (C) M9
Casein medium and grown to near stationary phase at t = 16 h, and then diluted to maintain
growth in log-phase. Colony forming units (cfu/mL) were measured at each time point using
selective antibiotics for each strain. The total population number was calculated, and the data
are represented as the percent of WT cells in the total population of WT and luxO D61E or
WT and Aqrri-5. The data are representative of 3 biological experiments.

(XLSX)

$6 Data. S2 Fig. (A-C) Growth curves for V. campbellii BB120 strains in LM (A), M9G (B), or
MOIGC (C) media. (D) Variability in lag phase of HCD-locked DS40M4 mutants grown in
MO9G medium. Three additional biological replicates of experiments in Fig 1C are shown. (E,
F) The difference in cfus/ml between time points 1 and 2 (F) of wild-type and luxO D47E
DS40M4 strains grown in M9G (F). Error bars show the mean and standard deviation of 5 bio-
logical replicates. (G) Growth curves for V. campbellii DS40M4 strains in M9 medium supple-
mented with maltose (10 mM). (H-K) Growth curves shown for V. coralliilyticus (H, J) or V.
cholerae (1, K) grown in M9G (H, I) or MIGC (J, K). (A-E, G-K) The y-axis represents cell
density OD600. For all panels, the data are from a single experiment that is representative of at
least 3 independent biological experiments for each strain under every condition.

(XLSX)

S7 Data. S3 Fig. (B-E) Growth curves for V. campbellii DS40M4 strains. The y-axis represents
cell density OD600. (D) The (+) indicates chromosomal complementation of gene at non-
native locus. The inset in panel D is a zoomed-in view of the same data to enable visualization
of strains at early time points. (F) Viable cell counts of DS40M4 strains washed and diluted
into M9G medium. For panels B-F, the data shown are from a single experiment that is
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representative of at least 3 independent biological experiments for each strain.
(XLSX)

S8 Data. S5 Fig. (A) Growth assay in M9 medium + 0.5% casein (M9 Casein). The y-axis rep-
resents cell density OD600. (B, C) Wild-type (marked with Tm) and luxO D61E (marked with
Spec) strains of DS40M4 were inoculated at initial frequencies of 1%-99% wild-type (WT) in
M9Casein medium (B) or M9 Casamino acids medium (C). The data in A-C are from a single
experiment that is representative of at least 3 independent biological experiments.

(XLSX)

$9 Data. S6 Fig. (A) Specific glucose consumption rates were determined using rs = Yxs  k, where
rs is the specific glucose consumption rate, Yxs is glucose consumed per unit biomass, and k is the
exponential growth rate [55,56]. Yxs was determined from the difference between glucose measure-
ments between inoculation and late exponential/early stationary phase. Error bars = SD; n = 3. Differ-
ent letters indicate statistically different values (p < 0.05) as determined by ordinary one-way
ANOVA with Tukey’s multiple comparison. (B) Glucose consumed = (Glucose t0—Glucose tx) /
(Glucose t0) x 100%, where t0 = the time of inoculation and tx = time after culture growth had
ceased. All glucose measurements at tx were below the limit of detection. (C) Replicates of competi-
tion experiments with wild-type and luxO D61E strains. Wild-type (marked with Tm) and luxO
D61E (marked with Spec) strains of DS40M4 were inoculated at initial frequencies of 80%, 50%, or
20% wild-type (WT) in M9G medium and grown to near stationary phase at t = 16 h, and then
diluted to maintain growth in log-phase. Colony forming units (cfus/mL) were measured at each
time point using selective antibiotics for each strain. The total population number was calculated, and
the data are represented as the percent of WT cells in the total population of WT and luxO D6IE.
(XLSX)

S1 Raw Images. Fig 3. LuxR G37V has decreased DNA-binding activity. (D, E) EMSAs with either
purified WT LuxR (D) or G37V LuxR (E) with 5’ IR700 Dye (Integrated DNA Technologies) DNA
substrate Pmet] region (ZC011 and ZC012). Protein concentrations are 0.0005, 0.005, 0.05, 0.5, 5,
50, and 500 nM, compared to no protein control (“-”). $4 Fig. (A) EMSAs with either purified WT
LuxR (left) or G37V LuxR (right) with 5" IR800 (Integrated DNA Technologies) DNA substrate
PluxC site H (JCV369 and JCV620). Protein concentrations are 0.0005, 0.005, 0.05, 0.5, 5, 50, and
500 nM, compared to no protein control (“-”). This gel is representative of 3 assays performed with
3 individual protein preps. (B) EMSAs with either purified WT LuxR (left) or G37V LuxR (right)
with 5 IR800 (Integrated DNA Technologies) DNA substrate mutS (PP376 and PP378). Protein
concentrations are 0.0005, 0.005, 0.05, 0.5, 5, 50, and 500 nM, compared to no protein control (“-”).
(PDF)

Acknowledgments

The authors thank the van Kessel lab and McKinlay lab groups for comments on the manu-
script and helpful discussions. We also thank Robert Pepin and members of the Indiana Uni-
versity Mass Spectrometry Facility for assistance with DPD quantification experiments.

The content of this manuscript is solely the responsibility of the authors and does not neces-
sarily represent the official views of the National Institutes of Health, National Science Foun-
dation, Human Frontier Science Program, or Simons Foundation.

Author Contributions

Conceptualization: Chelsea A. Simpson, James B. McKinlay, Carey D. Nadell, Julia C. van
Kessel.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002891 November 11, 2024 23/27


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002891.s017
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002891.s018
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002891.s019
https://doi.org/10.1371/journal.pbio.3002891

PLOS BIOLOGY

Quorum sensing regulation of metabolism

Data curation: Chelsea A. Simpson, Julia C. van Kessel.

Formal analysis: Chelsea A. Simpson, Zach R. Celentano, Nicholas W. Haas, James B. McKin-
lay, Julia C. van Kessel.

Funding acquisition: James B. McKinlay, Carey D. Nadell, Julia C. van Kessel.
Investigation: Chelsea A. Simpson, Zach R. Celentano, Nicholas W. Haas.
Methodology: Chelsea A. Simpson, Zach R. Celentano, Nicholas W. Haas.
Project administration: Julia C. van Kessel.

Supervision: Chelsea A. Simpson, Carey D. Nadell, Julia C. van Kessel.
Validation: Chelsea A. Simpson.

Visualization: Chelsea A. Simpson, Nicholas W. Haas, James B. McKinlay, Carey D. Nadell,
Julia C. van Kessel.

Writing - original draft: Chelsea A. Simpson, Zach R. Celentano, Nicholas W. Haas, Julia C.
van Kessel.

Writing - review & editing: Chelsea A. Simpson, Nicholas W. Haas, James B. McKinlay,
Carey D. Nadell, Julia C. van Kessel.

References

1. Barrasso K, Watve S, Simpson CA, Geyman LJ, van Kessel JC, Ng WL. Dual-function quorum-sensing
systems in bacterial pathogens and symbionts. PLoS Pathog. 2020; 16. https://doi.org/10.1371/journal.
ppat.1008934 PMID: 33119710

2. Tripathi S, Purchase D, Govarthanan M, Chandra R, Yadav S. Regulatory and innovative mechanisms
of bacterial quorum sensing—mediated pathogenicity: a review. Environ Monit Assess. 2023;195.

3. ZhuJ, Miller MB, Vance RE, Dziejman M, Bassler BL, Mekalanos JJ. Quorum-sensing regulators con-
trol virulence gene expression in Vibrio cholerae The production of virulence factors including cholera
toxin and the toxin-coregulated pilus in the [Internet]. 2001. Available from: www.pnas.orgcgidoi10.
1073pnas.052694299.

4. Chang SC, Lee CY. Quorum-Sensing Regulator OpaR Directly Represses Seven Protease Genes in
Vibrio parahaemolyticus. Front Microbiol. 2020: 11. https://doi.org/10.3389/fmicb.2020.534692 PMID:
33193123

5. WuS, LiuJ, LiuC, Yang A, Qiao J. Quorum sensing for population-level control of bacteria and potential
therapeutic applications. Cellular and Molecular Life Sciences. Springer; 2020. p. 1319-43.

6. Freeman JA, Bassler BL. Sequence and Function of LuxU: a Two-Component Phosphorelay Protein
That Regulates Quorum Sensing in Vibrio harveyi. J Bacteriol. 1999. https://doi.org/10.1128/JB.181.3.
899-906.1999 PMID: 9922254

7. LinB, Wang Z, Malanoski AP, O’Grady EA, Wimpee CF, Vuddhakul V, et al. Comparative genomic
analyses identify the Vibrio harveyi genome sequenced strains BAA-1116 and HY01 as Vibrio campbel-
lii. Environ Microbiol Rep. 2010; 2:81-89. https://doi.org/10.1111/j.1758-2229.2009.00100.x PMID:
20686623

8. Simpson CA, Petersen BD, Haas NW, Geyman LJ, Lee AH, Podicheti R, et al. The quorum-sensing
systems of Vibrio campbellii DS40M4 and BB120 are genetically and functionally distinct. Environ
Microbiol. 2021; 23:5412-5432.

9. Simpson CA, Podicheti R, Rusch DB, Dalia AB, Van Kessel JC. Diversity in Natural Transformation Fre-
quencies and Regulation across Vibrio Species. 2019. Available from: https://doi.org/10.1128/mBio.
02788-19 PMID: 31848285

10. VanKessel JC, Rutherford ST, Shao Y, Utria AF, Bassler BL. Individual and combined roles of the mas-
ter regulators apha and luxr in control of the Vibrio harveyi quorum-sensing regulon. J Bacteriol. 2013;
195:436—-443. https://doi.org/10.1128/JB.01998-12 PMID: 23204455

11.  WeiY, Ng WL, Cong J, Bassler BL. Ligand and antagonist driven regulation of the Vibrio cholerae quo-
rum-sensing receptor CgsS. Mol Microbiol. 2012; 83:1095—-1108. https://doi.org/10.1111/j.1365-2958.
2012.07992.x PMID: 22295878

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002891 November 11, 2024 24/27


https://doi.org/10.1371/journal.ppat.1008934
https://doi.org/10.1371/journal.ppat.1008934
http://www.ncbi.nlm.nih.gov/pubmed/33119710
http://www.pnas.orgcgidoi10.1073pnas.052694299
http://www.pnas.orgcgidoi10.1073pnas.052694299
https://doi.org/10.3389/fmicb.2020.534692
http://www.ncbi.nlm.nih.gov/pubmed/33193123
https://doi.org/10.1128/JB.181.3.899-906.1999
https://doi.org/10.1128/JB.181.3.899-906.1999
http://www.ncbi.nlm.nih.gov/pubmed/9922254
https://doi.org/10.1111/j.1758-2229.2009.00100.x
http://www.ncbi.nlm.nih.gov/pubmed/20686623
https://doi.org/10.1128/mBio.02788-19
https://doi.org/10.1128/mBio.02788-19
http://www.ncbi.nlm.nih.gov/pubmed/31848285
https://doi.org/10.1128/JB.01998-12
http://www.ncbi.nlm.nih.gov/pubmed/23204455
https://doi.org/10.1111/j.1365-2958.2012.07992.x
https://doi.org/10.1111/j.1365-2958.2012.07992.x
http://www.ncbi.nlm.nih.gov/pubmed/22295878
https://doi.org/10.1371/journal.pbio.3002891

PLOS BIOLOGY

Quorum sensing regulation of metabolism

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Walker LM, Haycocks JRJ, Van Kessel JC, Dalia TN, Dalia AB, Grainger DC. A simple mechanism for
integration of quorum sensing and cAMP signalling in Vibrio cholerae. Elife. 2023: 12. https://doi.org/10.
7554/eLife.86699 PMID: 37410076

Ball AS, van Kessel JC. The master quorum-sensing regulators LuxR/HapR directly interact with the
alpha subunit of RNA polymerase to drive transcription activation in Vibrio harveyi and Vibrio cholerae.
Mol Microbiol. 2019; 111:1317-1334. https://doi.org/10.1111/mmi.14223 PMID: 30742725

ZhangY, QiuY, Gao H, Sun J, Li X, Zhang M, et al. OpaR Controls the Metabolism of c-di-GMP in Vibrio
parahaemolyticus. Front Microbiol. 2021:12.

Chaparian RR, Ball AS, Van Kessel JC. Hierarchical Transcriptional Control of the LuxR Quorum-Sens-
ing Regulon of Vibrio harveyi [Internet]. 2020. https://doi.org/10.1128/JB.00047-20 PMID: 32366592

Chaparian RR, Olney SG, Hustmyer CM, Rowe-Magnus DA, van Kessel JC. Integration host factor and
LuxR synergistically bind DNA to coactivate quorum-sensing genes in Vibrio harveyi. Mol Microbiol.
2016; 101:823-840. https://doi.org/10.1111/mmi.13425 PMID: 27191515

Newman JD, van Kessel JC. Purification of the Vibrio Quorum-Sensing Transcription Factors LuxR,
HapR, and SmcR. Methods in Molecular Biology. Humana Press Inc.; 2021. p. 173-82.

Ekka M, Mondal A, Singh R, Sen H, Datta S, Raychaudhuri S. Arginine 37 of Glycine Linker Dictates
Regulatory Function of HapR. Front Microbiol. 2020: 11. https://doi.org/10.3389/fmicb.2020.01949
PMID: 32973706

Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, et al. The EMBL-EBI search and
sequence analysis tools APIs in 2019. Nucleic Acids Res. 2019; 47:W636-W641. https://doi.org/10.
1093/nar/gkz268 PMID: 30976793

Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes [Internet]. Nucleic Acids Res.
2000. Available from: http://www.genome.ad.jp/kegg/.

Parveen N, Cornell KA. Methylthioadenosine/S-adenosylhomocysteine nucleosidase, a critical enzyme
for bacterial metabolism. Mol Microbiol. 2011:7—-20. https://doi.org/10.1111/j.1365-2958.2010.07455.x
PMID: 21166890

Schauder S, Shokat K, Surette MG, Bassler BL. The LuxS family of bacterial autoinducers: Biosynthe-
sis of a novel quorum-sensing signal molecule. Mol Microbiol. 2001; 41:463—476. https://doi.org/10.
1046/j.1365-2958.2001.02532.x PMID: 11489131

Semmelhack MF, Campagna SR, Hwa C, Federle MJ, Bassler BL. Boron binding with the quorum sens-
ing signal Al-2 and analogues. Org Lett. 2004; 6:2635-2637.

Plamannt MD, Stauffer GV. Regulation of the Escherichia coli glyA Gene by the metR Gene Product
and Homocysteine. J Bacteriol. 1989.

Weissbach H, Brot N. Regulation of methionine synthesis in Escherichia coli. Mol Microbiol.
1991:1593-1597. https://doi.org/10.1111/j.1365-2958.1991.tb01905.x PMID: 1943695

Maxon ME, Redfield B, Cai X-Y, Shoemant R, Fuijita K, Fisher W, et al. Regulation of methionine syn-
thesis in Escherichia coli: Effect of the MetR protein on the expression of the metE and metR genes
(gene regulation/met regulon). Proc Natl Acad Sci U S A. 1989.

Shoeman R, Redfield B, Coleman T, Greenet RC, Smitht AA, Brot N, et al. Regulation of methionine
synthesis in Escherichia coli: Effect of metJ gene product and S-adenosylmethionine on the expression
of the metF gene (5,10-methylenetetrahydrofolate reductase/methionine repression). Proc Natl Acad
SciUS A. 1985.

Vendeville A, Winzer K, Heurlier K, Tang C, Hardie K. Making ‘sense’ of metabolism: autoinducer-2,
luxS, and pathogenic bacteria [Internet]. 2005. Available from: www.nature.com/reviews/micro.

Tu KC, Bassler BL. Multiple small RNAs act additively to integrate sensory information and control quo-
rum sensing in Vibrio harveyi. Genes Dev. 2007; 21:221-233. https://doi.org/10.1101/gad.1502407
PMID: 17234887

Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL, Mekalanos JJ. Quorum-sensing regulators con-
trol virulence gene expression in Vibrio cholerae. [Internet]. 2001. Available from: www.pnas.
orgcgidoi10.1073pnas.052694299.

Shao Y, Bassler BL. Quorum regulatory small RNAs repress type VI secretion in vibrio cholerae. Mol
Microbiol. 2014; 92:921-930. https://doi.org/10.1111/mmi.12599 PMID: 24698180

Liu X, Pan J, Gao H, Han Y, Zhang A, Huang Y, et al. CqsA/LuxS-HapR Quorum sensing circuit modu-
lates type VI secretion system VfIT6SS2 in Vibrio fluvialis. Emerg Microbes Infect. 2021; 10:589-601.

Bruger EL, Waters CM. Bacterial quorum sensing stabilizes cooperation by optimizing growth strate-
gies. Appl Environ Microbiol. 2016; 82:6498—6506. https://doi.org/10.1128/AEM.01945-16 PMID:
27565619

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002891 November 11, 2024 25/27


https://doi.org/10.7554/eLife.86699
https://doi.org/10.7554/eLife.86699
http://www.ncbi.nlm.nih.gov/pubmed/37410076
https://doi.org/10.1111/mmi.14223
http://www.ncbi.nlm.nih.gov/pubmed/30742725
https://doi.org/10.1128/JB.00047-20
http://www.ncbi.nlm.nih.gov/pubmed/32366592
https://doi.org/10.1111/mmi.13425
http://www.ncbi.nlm.nih.gov/pubmed/27191515
https://doi.org/10.3389/fmicb.2020.01949
http://www.ncbi.nlm.nih.gov/pubmed/32973706
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gkz268
http://www.ncbi.nlm.nih.gov/pubmed/30976793
http://www.genome.ad.jp/kegg/
https://doi.org/10.1111/j.1365-2958.2010.07455.x
http://www.ncbi.nlm.nih.gov/pubmed/21166890
https://doi.org/10.1046/j.1365-2958.2001.02532.x
https://doi.org/10.1046/j.1365-2958.2001.02532.x
http://www.ncbi.nlm.nih.gov/pubmed/11489131
https://doi.org/10.1111/j.1365-2958.1991.tb01905.x
http://www.ncbi.nlm.nih.gov/pubmed/1943695
http://www.nature.com/reviews/micro
https://doi.org/10.1101/gad.1502407
http://www.ncbi.nlm.nih.gov/pubmed/17234887
http://www.pnas.orgcgidoi10.1073pnas.052694299
http://www.pnas.orgcgidoi10.1073pnas.052694299
https://doi.org/10.1111/mmi.12599
http://www.ncbi.nlm.nih.gov/pubmed/24698180
https://doi.org/10.1128/AEM.01945-16
http://www.ncbi.nlm.nih.gov/pubmed/27565619
https://doi.org/10.1371/journal.pbio.3002891

PLOS BIOLOGY

Quorum sensing regulation of metabolism

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Bruger EL, Synder DJ, Cooper VS, Waters CM. Quorum sensing provides a molecular mechanism for
evolution to tune and maintain investment in cooperation. ISME J. 2021; 15:1236—1247. https://doi.org/
10.1038/s41396-020-00847-0 PMID: 33342998

Bruger EL, Waters CM, Kelly RM. Maximizing Growth Yield and Dispersal via Quorum Sensing Pro-
motes Cooperation in Vibrio Bacteria. Appl Environ Microbiol [Internet]. 2018; 84:402—20. Available
from: https://doi.org/10.1128/AEM.00402-18 PMID: 29728393

Waters C, Bruger E. Sharing the sandbox: Evolutionary mechanisms that maintain bacterial coopera-
tion. F1000Res. Faculty of 1000 Ltd; 2015.

LiuL, Zeng X, Zheng J, Zou Y, Qiu S, Dai Y. AHL-mediated quorum sensing to regulate bacterial sub-
stance and energy metabolism: A review. Microbiol Res. Elsevier GmbH; 2022.

Dandekar AA, Chugani S, Greenberg EP. Bacterial quorum sensing and metabolic incentives to coop-
erate. Science. 1979; 2012(338):264—266.

Hawver LA, Giulietti JM, Baleja JD, Ng WL. Quorum sensing coordinates cooperative expression of
pyruvate metabolism genes to maintain a sustainable environment for population stability. MBio.
2016:7. https://doi.org/10.1128/mBio.01863-16 PMID: 27923919

Kang Y, Kim H, Goo E, Jeong H, An JH, Hwang I. Unraveling the role of quorum sensing-dependent
metabolic homeostasis of the activated methyl cycle in a cooperative population of Burkholderia glu-
mae. Sci Rep. 2019: 9.

Bogard RW, Davies BW, Mekalanos JJ. MetR-regulated vibrio cholerae metabolism is required for viru-
lence. MBio. 2012:3. https://doi.org/10.1128/mBio.00236-12 PMID: 23015737

Rasal TA, Mallery CP, Brockley MW, Brown LC, van Kessel JC, van Kessel J, et al. Ligand binding
determines proteolytic stability of Vibrio LuxR/HapR quorum sensing 1 transcription factors 2 3 Running
title: Quorum sensing inhibition in Vibrio vulnificus. https://doi.org/10.1101/2024.02.15.580527 PMID:
38405947

Kostylev M, Kim DY, Smalley NE, Salukhe I, Peter Greenberg E, Dandekar AA. Evolution of the Pseu-
domonas aeruginosa quorum-sensing hierarchy. Proc Natl Acad Sci U S A. 2019; 116:7027-7032.
https://doi.org/10.1073/pnas.1819796116 PMID: 30850547

Wang Y, Wang H, Cui Z, Chen H, Zhong Z, Kan B, et al. The prevalence of functional quorum-sensing
systems in recently emerged Vibrio cholerae toxigenic strains. Environ Microbiol Rep. 2011; 3:218—
222. https://doi.org/10.1111/j.1758-2229.2010.00212.x PMID: 21643457

Wei Y, Perez LJ, Ng WL, Semmelhack MF, Bassler BL. Mechanism of Vibrio cholerae autoinducer-1
biosynthesis. ACS Chem Biol. 2011; 6:356—365. https://doi.org/10.1021/cb1003652 PMID: 21197957

Churchill MEA, Chen L. Structural basis of acyl-homoserine lactone-dependent signaling. Chem Rev.
2011; 111:68-85. https://doi.org/10.1021/cr1000817 PMID: 21125993

Chen X, Schauder S, Potier N, Dorsselaer A Van, Pelczer |, Bassler BL, et al. Structural identification of
a bacterial quorum-sensing signal containing boron [Internet]. Nature. 2002. Available from: www.
nature.com.

Anetzberger C, Reiger M, Fekete A, Schell U, Stambrau N, Plener L, et al. Autoinducers Act as Biologi-
cal Timers in Vibrio harveyi. PLoS ONE. 2012; 7. https://doi.org/10.1371/journal.pone.0048310 PMID:
23110227

Chen S, Zhou Y, Chen Y, Gu J. Fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics.
Oxford University Press; 2018. p. i884—90. https://doi.org/10.1093/bioinformatics/bty560 PMID:
30423086

Deatherage DE, Barrick JE. Identification of mutations in laboratory-evolved microbes from next-gener-
ation sequencing data using breseq. Methods Mol Biol. 2014; 1151:165—188. https://doi.org/10.1007/
978-1-4939-0554-6_12 PMID: 24838886

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9:357-359.
https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Bolger AM, Lohse M, Usadel B. Trimmomatic: A flexible trimmer for lllumina sequence data. Bioinfor-
matics. 2014; 30:2114-2120. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

McKinlay JB, Zeikus JG, Vieille C. Insights into Actinobacillus succinogenes fermentative metabolism in
a chemically defined growth medium. Appl Environ Microbiol. 2005; 71:6651-6656. https://doi.org/10.
1128/AEM.71.11.6651-6656.2005 PMID: 16269693

Lydick VN, Mass S, Pepin R, Podicheti R, Klempic E, Ushijima B, et al. Quorum Sensing Regulates Vir-
ulence Factors in the Coral Pathogen Vibrio coralliilyticus. https://doi.org/10.1101/2024.06.10.598281

Sauer U, Lasko DR, et al. Metabolic Flux Ratio Analysis of Genetic and Environmental Modulations of
Escherichia coli Central Carbon Metabolism. J Bacteriol. 1999. https://doi.org/10.1128/JB.181.21.6679-
6688.1999 PMID: 10542169

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002891 November 11, 2024 26/27


https://doi.org/10.1038/s41396-020-00847-0
https://doi.org/10.1038/s41396-020-00847-0
http://www.ncbi.nlm.nih.gov/pubmed/33342998
https://doi.org/10.1128/AEM.00402-18
http://www.ncbi.nlm.nih.gov/pubmed/29728393
https://doi.org/10.1128/mBio.01863-16
http://www.ncbi.nlm.nih.gov/pubmed/27923919
https://doi.org/10.1128/mBio.00236-12
http://www.ncbi.nlm.nih.gov/pubmed/23015737
https://doi.org/10.1101/2024.02.15.580527
http://www.ncbi.nlm.nih.gov/pubmed/38405947
https://doi.org/10.1073/pnas.1819796116
http://www.ncbi.nlm.nih.gov/pubmed/30850547
https://doi.org/10.1111/j.1758-2229.2010.00212.x
http://www.ncbi.nlm.nih.gov/pubmed/21643457
https://doi.org/10.1021/cb1003652
http://www.ncbi.nlm.nih.gov/pubmed/21197957
https://doi.org/10.1021/cr1000817
http://www.ncbi.nlm.nih.gov/pubmed/21125993
http://www.nature.com
http://www.nature.com
https://doi.org/10.1371/journal.pone.0048310
http://www.ncbi.nlm.nih.gov/pubmed/23110227
https://doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/pubmed/30423086
https://doi.org/10.1007/978-1-4939-0554-6%5F12
https://doi.org/10.1007/978-1-4939-0554-6%5F12
http://www.ncbi.nlm.nih.gov/pubmed/24838886
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1128/AEM.71.11.6651-6656.2005
https://doi.org/10.1128/AEM.71.11.6651-6656.2005
http://www.ncbi.nlm.nih.gov/pubmed/16269693
https://doi.org/10.1101/2024.06.10.598281
https://doi.org/10.1128/JB.181.21.6679-6688.1999
https://doi.org/10.1128/JB.181.21.6679-6688.1999
http://www.ncbi.nlm.nih.gov/pubmed/10542169
https://doi.org/10.1371/journal.pbio.3002891

PLOS BIOLOGY Quorum sensing regulation of metabolism

56. McKinlay JB, Shachar-Hill Y, Zeikus JG, Vieille C. Determining Actinobacillus succinogenes metabolic
pathways and fluxes by NMR and GC-MS analyses of 13C-labeled metabolic product isotopomers.
Metab Eng. 2007; 9:177—192. https://doi.org/10.1016/j.ymben.2006.10.006 PMID: 17197218

57. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview Version 2—A multiple sequence
alignment editor and analysis workbench. Bioinform. 2009; 25(9):1189-1191. https://doi.org/10.1093/
bioinformatics/btp033 PMID: 19151095

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002891 November 11, 2024 27/27


https://doi.org/10.1016/j.ymben.2006.10.006
http://www.ncbi.nlm.nih.gov/pubmed/17197218
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
http://www.ncbi.nlm.nih.gov/pubmed/19151095
https://doi.org/10.1371/journal.pbio.3002891

