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Bacteria use surface appendages called type IV pili to perform
diverse activities including DNA uptake, twitching motility, and
attachment to surfaces. The dynamic extension and retraction of
pili are often required for these activities, but the stimuli that reg-
ulate these dynamics remain poorly characterized. To address this
question, we study the bacterial pathogen Vibrio cholerae, which
uses mannose-sensitive hemagglutinin (MSHA) pili to attach to
surfaces in aquatic environments as the first step in biofilm forma-
tion. Here, we use a combination of genetic and cell biological
approaches to describe a regulatory pathway that allows V. chol-
erae to rapidly abort biofilm formation. Specifically, we show that
V. cholerae cells retract MSHA pili and detach from a surface in a
diffusion-limited, enclosed environment. This response is depen-
dent on the phosphodiesterase CdpA, which decreases intracellu-
lar levels of cyclic-di-GMP to induce MSHA pilus retraction. CdpA
contains a putative nitric oxide (NO)-sensing NosP domain, and
we demonstrate that NO is necessary and sufficient to stimulate
CdpA-dependent detachment. Thus, we hypothesize that the
endogenous production of NO (or an NO-like molecule) in V. chol-
erae stimulates the retraction of MSHA pili. These results extend
our understanding of how environmental cues can be integrated
into the complex regulatory pathways that control pilus dynamic
activity and attachment in bacterial species.
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ype IV pili (T4P) are nearly ubiquitous nanomachines in

bacteria (1). These structures promote a wide variety of func-
tions, including the uptake of DNA for horizontal gene transfer
(2), motility on surfaces (3), and attachment to surfaces (4-6).
Pili are filaments composed of a single repeating protein called
the major pilin (7). Major pilin subunits are dynamically assem-
bled into a helical filament on an inner membrane platform pro-
tein through the action of a specific motor ATPase protein. This
dynamic process of assembly promotes the extension of the pilus
filament from the cell surface. Conversely, through the action of
an antagonistic ATPase, pilus filaments are depolymerized and
major pilin subunits are recycled into the membrane. The
dynamic process of pilus disassembly results in the retraction of
these structures (8-10). The dynamic extension and retraction of
pili are crucial for their diverse functions. In particular, this
dynamic activity represents one important mechanism that bacte-
ria use to interact with and respond to their environments. How-
ever, the mechanisms by which bacteria regulate pilus dynamic
activity in response to environmental cues remain poorly charac-
terized. To address this, we examined the pilus dynamic activity
of the Vibrio cholerae type IV mannose-sensitive hemagglutinin
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(MSHA) pilus system. MSHA pili are expressed when V/ cholerae
inhabits its aquatic reservoir and are critical for its attachment to
abiotic surfaces (11-13). Here, we uncover an environmental con-
dition that stimulates pilus retraction, and we characterize the
molecular mechanism underlying this response.

Results

MSHA Pilus Retraction Is Required for Cell Detachment from Well
Slides. MSHA pili are critical for attachment to abiotic surfaces
(12, 13) (SI Appendix, Fig. S14), and labeling of MSHA pili (5)
(SI Appendix, Fig. S1B) reveals that pilus retraction can pro-
mote cell detachment (14) (Fig. 14 and Movie S1). The physio-
logical cues that regulate pilus dynamic activity in most T4P to
influence their downstream functions, however, remain unclear.
One condition we identified that induces cell detachment in
V. cholerae is the incubation of cells in the well of a glass slide.
We found that cells progressively detach in a wave that propa-
gates from the center of the well to the edge, leaving only cells
on the periphery of the well attached to the surface (Fig. 1B).

Significance

All organisms sense and respond to their environments. One
way bacteria interact with their surroundings is by dynami-
cally extending and retracting filamentous appendages from
their surface called pili. While pili are critical for many func-
tions, such as attachment, motility, and DNA uptake, the fac-
tors that regulate their dynamic activity are poorly
understood. Here, we describe how an environmental signal
induces a signaling pathway to promote the retraction of
mannose-sensitive hemagglutinin pili in Vibrio cholerae. The
retraction of these pili promotes the detachment of V. chol-
erae from a surface and may provide a means by which
V. cholerae can respond to changes in its environment.
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Fig. 1. Cells rapidly detach from the surface of a glass well slide in a manner that is dependent on MSHA pilus retraction. (A) Representative montage

illustrating that MSHA pilus retraction precedes cell detachment (Movie S1). Phase images (Top) show cell boundaries, and FITC channel (Bottom) images
show AF488-mal labeled MSHA pili. White arrows indicate examples where pili retract prior to cell detachment. There are 10-s intervals between frames.
Scale bar, 1 um. (B) Diagram of experimental setup to observe cell detachment in a glass well slide (Top). Representative phase contrast images (Bottom)
of cell detachment over time. There is a 1-min interval between frames. Scale bar, 10 pm. (C and D) MixD assays of the indicated strains. Cells expressed
GFP (green) or mCherry (fuchsia) as indicated by the color-coded genotypes. Representative montages show time-lapse imaging (Left) with 1-min intervals
between frames (Movies S2 and S3). Scale bar, 10 um. The quantification of three biological replicates is shown in the line graph (Right) and is displayed
as the mean + SD. Statistical comparisons were made by one-way ANOVA and post hoc Holm-$idak test. *P < 0.05, ***P < 0.001, ****P < 0.0001. (E) Rep-
resentative montage shows the labeled fluorescent MSHA pili in a mixture of a pilT-mCherry strain and a CyPet-expressing parent strain (Movie S4). Phase
contrast images with overlaid CyPet fluorescence in cyan (Top) distinguish the two strains, and FITC fluorescence images in green (Bottom) show AF488-
mal labeled pili. Parent cells are outlined in cyan and pilT-mCherry cells are outlined in white. There are 20-s intervals between frames. Scale bar, Tpm.
The PilT-mCherry construct does not exhibit detectable mCherry fluorescence in D and E.

To further characterize this response, we developed an assay that
allowed us to simultaneously evaluate the detachment of multiple
strains in a consistent environment. This assay, henceforth called
a mixed detachment (MixD) assay, involves mixing equal propor-
tions of two strains that express distinct fluorescent markers and
subsequently tracking the detachment of each strain via simple
epifluorescence time-lapse microscopy. To validate this approach,
we performed a MixD assay of two parent strains expressing
either green fluorescent protein (GFP) or mCherry (Fig. 1C and
Movie S2). As expected, the two parent strains detached at simi-
lar rates over the course of ~4 min. Importantly, this assay facili-
tates the direct comparison of the detachment kinetics of mutants
with the parent strain under identical environmental conditions.
Therefore, we employed MixD assays to identify factors that reg-
ulate this detachment response.

Because MSHA pilus retraction can promote cell detach-
ment (14) (Fig. 14), we first wanted to determine if retraction
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was required for this detachment response. Deletion of the
retraction motor gene pilT is a commonly employed approach
for preventing pilus retraction, which results in hyperpiliation
of other T4P (15, 16). For MSHA pili, however, deletion of
pilT results in a dramatic reduction in the number of pili pre-
sent on the surface (14, 17) (SI Appendix, Fig. S2 A and B), for
reasons that remain unclear. As an alternative, we took advan-
tage of a natively expressed PilT-mCherry fusion, which we
have serendipitously found reduces PilT activity without affect-
ing MSHA piliation (SI Appendix, Fig. S2 A-D). We performed
a MixD assay of the parent and PilT-mCherry strains and found
that while the parent strain detached, the PilT-mCherry strain
remained attached throughout the time-lapse (Fig. 1D and
Movie S3). We further verified that when the parent strain
detaches, it is preceded by the retraction of the MSHA pilus,
and the PilT-mCherry cells that remain attached retain
extended MSHA pili (Fig. 1E and Movie S4), consistent with
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a lack of retraction in the latter strain background. This obser-  If so, we would predict that elevating intracellular c-di-GMP
vation indicates that MSHA pilus retraction is required for  should prevent or delay detachment. To test this, we generated
detachment under these conditions. strains where we could ectopically express a DGC, dcpA (21),

to elevate intracellular c-di-GMP levels (Pgap-dcpA). Elevated
MSHA Pilus Retraction and Cell Detachment Are Dependent on  c-di-GMP can also induce the expression of the vps and rbm
Allosteric Regulation of MshE Activity by c-di-GMP. Transitions loci (22), which encode Vibrio polysaccharide and biofilm
between sessile and motile lifestyles are often mediated by the = matrix proteins that can confound attachment in these experi-
secondary messenger cyclic-di-GMP (c-di-GMP) (18). Indeed, ments. Therefore, we deleted both loci (AVC0917-VC0939;
c-di-GMP regulates 1 cholerae motility and biofilm formation  here called Avps) in the Pgap-dcpA background to ensure that
in part through the control of MSHA dynamic activity (14, 19).  attachment in these assays was due to MSHA pili (SI Appendix,
Specifically, when c-di-GMP levels are elevated through the  Fig. S1 C and D). When tested in a MixD assay, we found that
action of diguanylate cyclases (DGCs), c-di-GMP can bind to  upon induction of depA, Pgap-dcpA Avps showed significantly
the extension motor MshE and allosterically induce pilus exten-  delayed detachment compared to the parent (Fig. 24). As men-
sion (20). Correspondingly, decreased levels of c-di-GMP, tioned above, c-di-GMP is required to allosterically stimulate
which may occur via the action of EAL- or HD-GYP-domain-  MshE activity (20). Previous studies have identified an MshE
containing phosphodiesterases (PDEs) that cleave c-di-GMP, mutation that maintains activity even in the absence of c-di-
reduce MshE activity (14, 20) and prevent cell attachment. ~GMP (MshE L10A/L54A/L58A, denoted MshE*) (20). If cell
Thus, we hypothesized that the detachment phenomenon on  detachment is induced by a reduction in the activity of MshE
slides may be caused by a reduction in intracellular c-di-GMP.  (due to lowered c-di-GMP levels), we hypothesized that an
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Fig. 2. Cell detachment is dependent on allosteric regulation of MshE activity by c-di-GMP. (A) MixD assay of Pgap-dcpA Avps expressing GFP (green) and
a parent strain expressing mCherry (fuchsia). Pgap-dcpA Avps cells were induced with 0.15% arabinose. Representative montage shows time-lapse imag-
ing (Left) with 1-min intervals between frames. Scale bar, 10 um. The quantification of three biological replicates is shown in the line graph (Right) and is
displayed as mean + SD. Statistical comparisons were made by one-way ANOVA and post hoc Holm-Sidék test. **P < 0.01, ***P < 0.001, ****P < 0.0001.
Scale bar, 10 pm. (B) MixD assay as in A of mshE* expressing GFP (green) and a parent strain expressing mCherry (fuchsia). (C) Representative montage
shows time-lapse imaging of cells with AF488-mal-labeled MSHA pili. Cells represent a mixture of Pgap-dcpA Avps cells and CyPet-expressing parent cells.
Pgap-dcpA Avps cells were induced with 0.15% arabinose as in A. Phase contrast images with overlaid CyPet fluorescence in cyan (Right) distinguish the
mixed strains, and FITC fluorescence images in green (Left) show labeled pili. Parent cells are outlined in cyan, and Pgap-dcpA Avps cells are outlined in
white. White arrows indicate clear examples where pilus retraction precedes cell detachment. There are 20-s intervals between frames. Scale bar, 1 pm.
(D) Representative montage shows time-lapse imaging of cells where pili are fluorescently labeled as in C. Cells represent a mixture of mshE* cells and
parent cells expressing cyan fluorescent protein (CFP). Parent cells are outlined in cyan and mshE* cells are outlined in white.

Hughes et al. PNAS | 30of10
Nitric oxide stimulates type IV MSHA pilus retraction in Vibrio cholerae https://doi.org/10.1073/pnas.2108349119
via activation of the phosphodiesterase CdpA

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2108349119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2108349119/-/DCSupplemental

MshE* mutation should delay or prevent cell detachment.
Indeed, in a MixD assay, the MshE* strain showed a significant
reduction in detachment compared to the parent (Fig. 2B).
Consistent with MshE* bypassing c-di-GMP-dependent regula-
tion, attachment of the MshE* strain is not altered even when
an EAL-domain containing PDE, CdgJ, is overexpressed in
this background (SI Appendix, Fig. S3). Also, direct labeling of
pili in the Pgap-dcpA Avps and MshE* strains demonstrated
that cells maintained extended MSHA pili, which is consistent
with a lack of pilus retraction in these backgrounds (Fig. 2 C
and D). Together, these results suggest that cell detachment on
slides is caused by MSHA pilus retraction in response to allo-
steric regulation of MshE by c-di-GMP.

Accumulation of a Volatile Signal Promotes Cell Detachment. Next,
we sought to define the environmental stimulus that drives this
detachment response. Because well slides were covered with an

air-impermeable glass coverslip, we hypothesized that cells
were responding to either the depletion or accumulation of a
signal at the center of the well. Alternatively, it was possible
that cells remained attached near the edge due to a physical
property associated with that location on the well slide (e.g.,
the positive curvature or hydrophobic coating present at the
edge of the well slide). To distinguish between these possibilities,
we drilled holes into slides such that the centers of the wells were
exposed to air. Under these conditions, cells detached as seen
previously, except in the center of the well, where cells stayed
bound around the hole (Fig. 34). This suggests that attachment
at the edge is not due to a physical property of the well slide and
is instead a result of the depletion or accumulation of a signal in
the center of the well.

As cells actively respire under these culture conditions, we
hypothesized that they may rapidly deplete oxygen in the center
of the well. To test this, we used oxygen-sensitive nanoparticles,
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Fig. 3. Accumulation of a volatile signal promotes cell detachment. (A) Cell attachment was monitored in well slides by fluorescence microscopy with an
mCherry-expressing parent strain. Wells either lacked (Top and Middle) or contained (Bottom) a hole in the center of the well, allowing for the open dif-
fusion of volatiles. Five fields of view are omitted between the edge (Left) and center (Right) of the well. Scale bar, 50 um. (B) Large-scale binding assays
(Right) of cultures incubated in open tubes (“open”; white bars), an enclosed argon-flushed glass tube with low headspace (“sealed”; gray bars), or an
enclosed argon-filled tube with abundant headspace (“sealed + headspace”; striped bars) (see diagram, Left). Data are from three independent biological
replicates and shown as the mean =+ SD. Statistical comparisons were made by one-way ANOVA and post hoc Holm-Sidak test. ***P < 0.001; ns, not signif-
icant. (C) Oxygen levels were measured under the same conditions used for B, using a noninvasive fiber optic oxygen meter. The initial % O, (“cells -”) is
indicated in the first two bars, and the % O, after incubation with cells (“cells +") is indicated in the remaining bars. Data are from four independent bio-
logical replicates and shown as the mean + SD.
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which exhibit strong phosphorescence specifically under low
oxygen conditions (23-25). First, we confirmed that V. cholerae
was able to deplete oxygen in the range detected by nanopar-
ticles by using a plate reader (SI Appendix, Fig. S44). We then
added nanoparticles to a well slide and assessed the phospho-
rescence of nanoparticles at either the edge or center of the
well. This revealed that live cells were indeed depleting oxygen
in the center of the well (SI Appendix, Fig. S4B). While oxygen
depletion in the center of the well correlates with cell detach-
ment, these data do not demonstrate a causative relationship,
and it remains possible that the accumulation of a volatile sig-
nal in the center of the well induces cell detachment.

To address the potential effects of oxygen in a controlled
manner, we mimicked conditions that might be present at the
edge of a well slide versus at the center by incubating cells in
rolling glass rubes that were either open to the atmosphere
(“open”) or sealed under minimal argon headspace (“sealed”),
respectively. We then measured the extent to which cells bound
to the sides of the tubes under each condition. We confirmed
that these culture conditions recapitulated the binding pheno-
types seen in the MixD assays, where the parent strain bound
well in open conditions (which mimics the edge of the well)
and poorly under sealed conditions (which mimics the center of
a well slide) (Fig. 3B). Conversely, the MshE* mutant bound
equally well under both open and sealed conditions (Fig. 3B).
The poor binding of the parent in the sealed tubes could be
due to either (1) an absence of oxygen, if oxygen depletion is
the inducing cue for cell detachment, or (2) the accumulation
of a volatile compound that induces cell detachment. To distin-
guish between these possibilities, we assessed the attachment of
cells in a sealed, rolling, argon-flushed tube with increased
headspace (“sealed + headspace”). We reasoned that if oxygen
depletion is the inducing signal, then the parent strain should
still bind poorly under these conditions, since they will still be
oxygen depleted. However, if a volatile compound induces cell
detachment, then the inclusion of ample headspace should
allow for the diffusion of that signal away from the culture, pre-
venting it from accumulating to the levels required to induce
cell detachment. When we performed this experiment, we
found that the attachment of the parent phenocopied the open
culture tube (Fig. 3B). Importantly, we demonstrate that cells
incubated under these culture conditions were, indeed,
depleted of oxygen (Fig. 3C). Together, this indicates that oxy-
gen depletion is not sufficient to induce cell detachment and
further suggests that the accumulation of a volatile signal is
likely responsible for inducing cell detachment. Importantly,
the MshE* mutant bound similarly under all conditions, indi-
cating that the different experimental conditions tested only
impacted cell attachment through modulation of MSHA pilus
dynamic activity.

Cell Detachment Requires the PDE CdpA. Thus far, our data sug-
gest that the accumulation of a volatile signal induces MSHA
pilus retraction in a manner that depends on a decrease in cel-
lular c-di-GMP. We, therefore, hypothesized that ¥ cholerae
carries a PDE that, under sealed conditions, decreases c-di-
GMP levels, triggering MSHA pilus retraction and cell detach-
ment. We would expect a mutant lacking this putative PDE to
exhibit enhanced adherence under large-scale sealed conditions
(akin to the MshE* mutant). To test this hypothesis, we carried
out a genetic selection to isolate transposon mutants that exhib-
ited enhanced adherence under sealed conditions. Following
the genetic selection, we isolated 10 colonies and sequenced
the transposon-genomic junction in each. All mutants con-
tained transposon insertions (9 distinct mutations) in cdpA
(VCO0130) (SI Appendix, Fig. S54). CdpA is a functional PDE
that contains a NosP sensory domain (26, 27). Deleting cdpA in
a clean background recapitulated the improved binding under
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sealed conditions that was originally selected for (SI Appendix,
Fig. S5B), and in a MixD assay, the AcdpA mutant exhibited
significantly delayed detachment compared to the parent strain
(Fig. 44). Importantly, this phenotype could be complemented
in trans with a single copy of cdpA integrated at an ectopic loca-
tion under the control of its native promoter (AcdpA AlacZ::
cdpA™") (Fig. 4B). These results confirm that CdpA plays an
important role in cell detachment under sealed conditions.

Because CdpA is a PDE, we hypothesized that it reduced
c-di-GMP under sealed conditions to promote MSHA pilus
retraction and subsequent cell detachment. To test this, we first
mutated the EAL domain in cdpA (cdpA has ECL instead of
the canonical EAL sequence). In MixD assays, the AcdpA
AlacZ::cdpAE—** strain phenocopied the AcdpA mutant
(Fig. 4C), indicating that the PDE activity of CdpA plays a criti-
cal role in promoting cell detachment. Consistent with this
result, we found that intracellular levels of ¢c-di-GMP measured
by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) were reduced under sealed conditions in a CdpA-
dependent manner (Fig. 4D).

Based on the data described above, CdpA likely degrades
c-di-GMP specifically under sealed conditions. What remains
unclear is the mechanism by which CdpA activity is stimulated.
One possibility is that upon accumulation of the volatile signal,
CdpA protein levels are increased. To test this hypothesis, we
generated a functional cdpA-3xFLAG strain (SI Appendix, Fig.
S5C) and assessed protein levels by Western blot. This revealed
that total CdpA protein levels did not differ when cells were
incubated in open vs. sealed conditions (Fig. 4F). This suggests
that CdpA-dependent detachment is not due to the regulation
of CdpA expression but is instead likely due to posttransla-
tional regulation of CdpA activity.

Nitric Oxide (NO) Is Necessary and Sufficient to Promote MSHA
Pilus Retraction and Cell Detachment in a CdpA-Dependent Manner.
CdpA encodes a NosP domain, which has recently been shown
to bind heme in a manner that alters its PDE activity (27).
NosP domains have previously been implicated in sensing NO
(28), and bacterial NO production generally occurs under
microaerobic conditions (29, 30). Thus, we hypothesized that
MSHA retraction and CdpA activity may be occurring due to
NO production under sealed, microaerobic conditions. There-
fore, we tested whether NO was necessary and sufficient to
induce CdpA-dependent detachment. To determine if NO was
necessary for detachment, we incubated cells on slides with the
NO scavenger 2-phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl
3-oxide (PTIO). In the presence of PTIO, parent cells remained
attached to the surface in a manner that resembled the AcdpA
mutant (Fig. 54). To exclude the possibility that PTIO was non-
specifically scavenging reactive oxygen species (ROS) (31), we
also assessed the impact of the ROS-specific scavenger Tiron.
Tiron did not inhibit the detachment of the parent strain, suggest-
ing that PTIO inhibits cell detachment by specifically scavenging
NO or a related molecule (Fig. 54). To test if NO was sufficient
to induce detachment, we incubated cells with the NO donor
diethylamine-NONOate (DEA-NONOate) and assessed cell
attachment under aerobic conditions. We found that parent cells
attached poorly in the presence of DEA-NONOate, whereas
attachment of the AcdpA mutant was unaffected (Fig. 5SB). Fur-
thermore, incubation with DEA-NONOate resulted in MSHA
pilus retraction in a CdpA-dependent manner (Fig. 5C). This
condition, however, did not alter CdpA expression, further indi-
cating that CdpA activity is likely regulated posttranslationally (S
Appendix, Fig. S64). Together, these observations are consistent
with NO being necessary and sufficient to induce MSHA pilus
retraction through activation of CdpA.

Next, we wanted to determine how widespread this CdpA-
dependent activity may be. A phylogenetic analysis revealed that
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Fig. 4. CdpA is a PDE that promotes cell detachment under sealed conditions. (A-C) Show MixD assays of the indicated strains. Cells expressed GFP
(green) or mCherry (fuchsia) as indicated by the color-coded genotypes. Complemented strains are denoted by AlacZ::cdpA, indicating that a copy of
cdpA along with its native promoter were introduced at an ectopic site on the chromosome. Representative montages of time-lapse imaging (Left) dis-
play 1-min intervals between frames. Scale bar, 10 um. Quantification of three biological replicates is shown in each line graph (Right). (D) Quantification
of intracellular c-di-GMP concentrations in the indicated strains. Data are from four independent biological replicates. White bars represent samples from
open tubes, while gray bars indicate samples from sealed tubes. (E) Representative Western blot (Right) and quantification (Left) were used to assess
CdpA protein levels under open and sealed conditions. Band intensities are normalized to the RpoA loading control. Data are from three independent
experiments. (F) Conservation of CdpA across bacterial species. The estimated maximum likelihood phylogeny of the indicated microbes is based on a
concatenated alignment of 36 conserved proteins identified from whole-genome sequences. Genera with members that contain a CdpA homolog are
highlighted in yellow. Major taxa are labeled along their nodes. Pro, Proteobacteria (Greek letters indicate subdivisions); Bac, Bacilli; Mol, Mollicutes; Cya,
Cyanobacteria; Arc, Archaea. Scale bar indicates distance. All graphs display mean + SD. Statistical comparisons were made by one-way ANOVA and post
hoc Holm-Sidék test. **P < 0.01, ****P < 0.0001; ns, not significant.

CdpA is largely conserved among the Vibrionaceae and is also  distant species (e.g., Clostridium and Bacillus) (Fig. 4F;, SI
prevalent in Aliivibrio species (SI Appendix, Figs. S7 and S8). Based  Appendix, Fig. S9 and Dataset S1). Thus, it is tempting to speculate
on sequence similarity and presence within the Vibrio and Aliivibrio, ~ that CdpA may be a widely conserved NO-responsive PDE.

we conclude that these are homologs with a conserved functional Above, our data suggest that CdpA may be posttranslation-
role. Furthermore, we found cdpA homologs in phylogenetically  ally regulated. Because the heme-bound NosP domain of CdpA
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Fig. 5. Nitric oxide stimulates detachment in a CdpA-dependent manner. (A) Representative images of detachment of GFP-expressing parent or AcdpA
strains after incubation with Tiron (4 mM), PTIO (4 mM), or dimethyl sulfoxide (DMSO) as a vector control. Scale bar, 10 pm. (B) Quantification (Left) of
initial attachment for a 1:1 mixture of the mCherry-expressing parent strain (fuchsia) and GFP-expressing AcdpA mutant strain (green) when incubated in
the presence or absence of 200 uM DEA-NONOate, as indicated. The ratio was determined by dividing the number of attached parent cells (fuchsia) by
the number of attached mutant cells (green) as depicted in the representative image on the right. Data are from 5 independent experiments with at least
270 cells analyzed per replicate and are shown as the mean + SD. The statistical comparison was made by Student'’s t test. Scale bar, 10 pm. (C) Quantifica-
tion (Left) of parent (blue) or AcdpA (gray) piliation after incubation in the presence or absence of 200 M DEA-NONOate. Data are presented as the per-
cent of cells that exhibited surface piliation. Data are from 3 independent experiments with at least 50 cells analyzed per replicate and are shown as the
mean =+ SD. Representative images (Right) of cells with AF488-mal-labeled MSHA pili. Cells represent a mixture of AcdpA cells and CyPet-expressing par-
ent cells. Phase contrast images with overlaid CyPet fluorescence in cyan (Top) distinguish the mixed strains, and FITC fluorescence images in green (Bot-
tom) show labeled pili. Parent cells are outlined in cyan and AcdpA cells are outlined in white. Scale bar, 3 pm. The statistical comparison was made by

one-way ANOVA and post hoc Holm-Sidak test. ****P < 0.0001; ns, not significant.

is implicated in reacting with NO, we also assessed the impact
of NO on the PDE activity of purified heme-bound CdpA. The
status of the heme-bound CdpA was confirmed through ultravi-
olet/visible (UV/Vis) spectroscopy and an analysis of Soret
bands (SI Appendix, Fig. S6B). Specifically, the Soret band
around 420 nm confirmed the presence of CdpA bound to fer-
rous (Fen) heme, and a broader Soret band, shifted to around
395 nm, indicated the presence of the Fe'-NO complex as pre-
viously described (27). In vitro PDE assays of these samples,
however, showed that there was only a slight and inconsistent
increase in PDE activity for Fe''-NO CdpA compared to Fe'l-
CdpA (SI Appendix, Fig. S6C). This discrepancy between the
lack of NO-stimulated CdpA activity in vitro and the strong
NO-stimulated CdpA activity in vivo may be due to limitations
of the in vitro setup. While the heme moiety used for this
experiment (heme b) matches what was observed natively
bound to other NosP-containing proteins purified from Escheri-
chia coli (28), CdpA may bind a different heme moiety in vivo.
Alternatively, there may be an unidentified cofactor required
for CdpA activity which is present in vivo but lacking in our
in vitro assays. In support of this hypothesis, we show that
CdpA PDE activity is very poor in vitro (requires overnight
incubations) (SI Appendix, Fig. S6C), despite the fact that it
exerts its effect in vivo within just a few minutes (Fig. 4).

A major tenet of our model is that V cholerae endogenously
generates NO under sealed conditions to stimulate CdpA activ-
ity. An important caveat preventing this conclusion, however, is
that I cholerae lacks the canonical denitrification pathway that
allows many bacterial species to generate NO. Furthermore, it
lacks the dissimilatory nitrate reduction to ammonium (DNRA)
pathway, which can produce NO as a minor byproduct. Although
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V. cholerae does encode a nitrate reductase (in the nap operon)
that converts nitrate to nitrite, it lacks homologs of other denitrifi-
cation or DNRA enzymes (32, 33). While I/ cholerae encounters
NO during infection (34-36), it is not thought to generate NO
endogenously. A MixD analysis of a Anap mutant (37) (SI
Appendix, Fig. S104) was indistinguishable from the parent (S/
Appendix, Fig. S10B), suggesting that nitrate reductase activity is
not required to generate a molecular cue for cell detachment.
Thus, if NO is being generated, it must be through a pathway pre-
viously uncharacterized in V cholerae.

To test whether 1 cholerae was actually generating NO, we
incubated cells with diaminorhodamine-4M acetoxymethyl ester
(DAR-4M AM), an NO-specific fluorescent probe. Using
DAR-4M AM, we readily measured NO produced by DEA-
NONOate (SI Appendix, Fig. S10C) and E. coli, which has an
intact DNRA pathway, but were unable to detect NO produc-
tion from ¥V cholerae, even when cells were incubated under the
sealed conditions that induce cell detachment (SI Appendix,
Fig. S10D). Importantly, NO was still detected by DAR-4M
AM when E. coli cells (grown under conditions where they do
not generate NO) were mixed with DEA-NONOate, albeit to a
reduced level. These data suggest that cells may slightly
decrease the threshold for NO detection by DAR-4M AM by
acting as an NO sponge. Thus, it remains feasible that concen-
trations of NO lower than our limit of detection in the presence
of cells (i.e., 40 pM DEA-NONOate) are generated in ¥ chol-
erae. Furthermore, there is evidence that extracellular NO may
not equilibrate with cytoplasmic levels (38), allowing for the
possibility that NO generated endogenously by V. cholerae may
be at levels too low to be measured by this technique. Alterna-
tively, ¥ cholerae may be generating a distinct, NO-like
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Fig. 6.

Proposed model for CdpA-dependent induction of MSHA pilus retraction. Under open conditions (Top), volatiles (including the NO-like signal

molecule) diffuse across the cell membrane and away from cells. CdpA remains inactive, and intracellular c-di-GMP levels stay elevated. This stimulates
MshE activity, which causes the extension of MSHA pili and attachment of cells to a surface. Under sealed conditions (Middle), the NO-like signal accumu-
lates. This signal, along with a potential cofactor (depicted in lavender), stimulate the PDE activity of CdpA. This decreases the intracellular concentration
of ¢-di-GMP, prompting the retraction of MSHA pili and detachment of cells from the surface. Exogenously added NO (Bottom) can also diffuse into the
cell and stimulate CdpA activity, resulting in decreased c-di-GMP, retraction of MSHA pili, and cell detachment. IM, inner membrane; OM, outer

membrane.

molecule that promotes cell detachment under sealed condi-
tions. This could explain why NO was not able to strongly stim-
ulate CdpA PDE activity in vitro (SI Appendix, Fig. S6C) and
why NO was not detected by DAR-4M AM in cells incubated
under sealed conditions (SI Appendix, Fig. S10D). Defining the
precise environmental signals and cofactors required to stimu-
late CdpA PDE activity will be a focus of future work. While
our data indicate that NO is sufficient to stimulate cell detach-
ment in ¥ cholerae (Fig. 5B), the means by which NO (or an
NO-like molecule) is endogenously generated remains unclear.

Discussion

While the frequency and timing of pilus extension and retrac-
tion are crucial to their function, many questions remain about
how pilus dynamics are regulated. Some progress has been
made on this front, including the characterization of regulators
that impact dynamic activity (39-42) and the impact of spatial
organization of the extension and retraction motors (43-45).
Our study highlights another mode of regulation for pilus
dynamic activity, wherein environmental regulatory cues rapidly
induce pilus retraction through the modulation of a secondary
messenger (c-di-GMP) that is required for pilus biogenesis.
Specifically, our findings describe a pathway by which NO (or
an NO-like signal) stimulates the PDE activity of CdpA to
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reduce cellular concentrations of c-di-GMP, which ultimately
induces the retraction of MSHA pili and detachment of V chol-
erae from a surface (Fig. 6).

CdpA is only one of at least 62 enzymes that contribute to
c-di-GMP production and/or degradation in V¥ cholerae (46).
These diverse DGCs and PDEs are believed to respond to dis-
tinct signals/cues, thus allowing cells to modulate c-di-GMP
under different environmental conditions (18). While inducing
signals have been determined for some of these enzymes
(47-49), the complex regulatory interplay between them is
largely uncharacterized, and many of the environmental cues
required to stimulate their activities remain unclear. Here, we
uncover that CdpA responds to externally supplied NO and an
endogenously generated NO-like signal to reduce intracellular
c-di-GMP. Production of this signal takes place under sealed
conditions where a volatile signal can accumulate. It is unclear
whether oxygen depletion is a prerequisite for the production
of the signal, but the accumulation of the signal in an enclosed
environment (under which cells also deplete oxygen) is
required for CdpA activation and c-di-GMP depletion. One
outcome for this response is the retraction of MSHA pili, which
results in cell detachment.

The specific identity of the endogenously generated signal is
still unknown, as well as the genetic factors that are needed to
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generate this signal. This is due, in part, to limitations of our
genetic selection. Although our mutant population may have
contained strains that were unable to generate the NO-like sig-
nal, performing the selection on pooled mutants meant that
many other cells (with mutations in other genes) were still able
to make the signal. Thus, mutant cells deficient for generating
the signal were still exposed to the signal generated by their
neighbors in trans, which could induce their detachment and
prevent them from being identified in our selection. It is also
possible that the pathway that generates this NO-like signal is
essential for viability, which could complicate uncovering the
genes responsible through classical genetic approaches.

MSHA pili are principally required by ¥ cholerae to form
biofilms in the aquatic environment. Retraction of MSHA pili
in the presence of NO, however, may also be biologically rele-
vant when this facultative pathogen infects its human host. The
expression of MSHA pili during infection is known to attenuate
V. cholerae due to the propensity of these appendages to bind
secretory IgA in the gut, which promotes their clearance from
the small intestine (50). As a result, MSHA pili are highly regu-
lated during infection. Expression of the MSHA locus is down-
regulated (50, 51), turning off the future production of MSHA
pili. Additionally, MshA pilin pools in the inner membrane are
degraded upon the production of toxin coregulated pili, which
are specifically expressed during infection (51). NO-induced
MSHA pilus retraction could provide a third layer of regulation,
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ensuring the rapid elimination of any surface-accessible MSHA
pili. As the small intestine is a high-NO environment (52, 53), we
speculate that this cue could represent an important trigger to
induce rapid MSHA pilus retraction, contributing to the ability of
V. cholerae to evade the host innate immune response during
infection.

Materials and Methods

A detailed description of materials and methods can be found in the S/
Appendix, Materials and Methods, including the following: bacterial strains
and culture conditions, construction of mutant strains, transposon mutagene-
sis and selection, microscopy and image analysis, MixD analysis, assessment of
cell attachment, visualization of labeled pili, oxygen quantification, c-di-GMP
quantification, Western blotting, phylogenetic analysis, detection of NO in lig-
uid culture, CdpA purification and in vitro PDE activity assays, Anap growth
assay, and statistics.

Data Availability. All study data are included in the article and/or supporting
information.
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