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Light is one of the most pervasive physical cues in aquatic environments, yet its impact 
on nonphototrophic pathogens remains largely unexplored. Here, we show that a strain 
of cholera bacterium Vibrio cholerae directly couples illumination to motility through 
cyclic AMP (cAMP) signaling. Exposure to visible light rapidly elevates intracellular 
cAMP and increases swimming speed, whereas deletion of the single adenylyl cyclase 
gene (cyaA) abolishes both responses; complementation or addition of exogenous cAMP 
restores the phenotype. Heterologous expression of V. cholerae CyaA in an Escherichia 
coli ΔcyaA ΔcpdA background reconstitutes light-activated cAMP synthesis, indicating 
that CyaA confers photoreactivity. Purified CyaA exhibits a reversible light-dependent 
spectral shift consistent with flavin-dependent photochemistry, identifying it as a 
light-responsive cyclase. Illumination triggers rapid membrane hyperpolarization and 
sodium efflux, strengthening the sodium motive force that powers the flagellar motor. 
This response persists under nutrient-limited conditions. Together, these findings define 
a light → cAMP → sodium-motive-force coupling axis in V. cholerae, suggesting that 
ambient light may influence motility and dispersal in sunlit environments.

photokinesis | Vibrio cholerae | bacterial motility | photoactivated adenylyl cyclase |  
sodium motive force

﻿Vibrio cholerae  is a facultative pathogen that alternates between sunlit aquatic reservoirs 
and the human intestine (1 , 2 ). In coastal and estuarine water, the bacterium encounters 
steep, rapidly fluctuating gradients of temperature, salinity, pH, and osmolarity (3   –5 ). To 
survive these transitions, V. cholerae  dynamically regulates biofilm formation, virulence 
gene expression, and motility, enabling cells to locate nutrient-rich niches and to penetrate 
the intestinal mucus layer during infection (6 , 7 ). 

 Environmental cues known to influence V. cholerae  motility are primarily chemical 
(bile, amino acids, quorum signals) or mechanical (viscosity, surface contact) (7       –11 ). 
Whereas light, arguably the most pervasive physical signal in shallow waters, has received 
little attention. Light has been recognized as an important environmental signal for many 
nonphototrophic bacteria, influencing biofilm formation, stress adaptation, and motility 
(12 ). In enteric species such as Escherichia coli  and Salmonella , illumination has been 
reported to act as a chemorepellent or to alter flagellar behavior (13 , 14 ). During a phe­
notypic screen of clinical and environmental isolates, however, we identified V . cholerae  
O1 strain AJ10, recovered from a riverine estuary in Okinawa, Japan (15 ), that swims 
markedly faster when exposed to visible light. Here, we demonstrate photokinesis mediated 
by a photoresponsive adenylyl cyclase in an enteric bacterium.

 In many bacteria, the second messenger cyclic AMP (cAMP) coordinates carbon metab­
olism, virulence, and motility through the cAMP receptor protein (CRP) regulatory 
network (16 , 17 ). Certain soil and freshwater species encode photo-activated adenylyl 
cyclases (PACs) that directly couple light to intracellular cAMP synthesis (18   –20 ). We 
therefore asked whether V. cholerae  can convert ambient light into a cAMP signal that 
modulates its sodium-driven flagellar motor (21 , 22 ).

 Here we show that illumination of strain AJ10 rapidly elevates intracellular cAMP, the 
deletion of the sole class I adenylyl  cyclase gene (cyaA ) abolishes this response and the 
associated motility boost, and that purified CyaA is a flavin-binding photoactivated cyclase 
whose spectral and kinetic properties satisfy the signs of a BLUF/LOV-type sensor  
(18 , 23 ). The resulting increase in cAMP activates sodium antiporters and strengthens 
the sodium motive force, thereby enhancing flagellar motor output. Notably, the 
light-responsive CyaA variant characterized here is not universally conserved across  
﻿V. cholerae , comparative sequence analyses indicate that AJ10-like N-terminal signatures 
occur in a subset of strains. Together, these findings reveal a previously unrecognized 
photon-to-motility signaling pathway in an enteric pathogen and suggest that daylight 
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may act as an ecological cue shaping V. cholerae  AJ10-type strains 
dispersal and transmission. 

Results

Light Enhances Motility and cAMP Production in V. cholerae. 
To quantify light-dependent changes in motility, we recorded 
dark-field videos at 60 fps for 10 to 20 s and extracted single-
cell trajectories using ImageJ TrackMate (24). Trajectories shorter 
than 1 s were excluded; instantaneous speed was calculated from 
frame-to-frame displacement, and motile cells were defined using 
a speed-based threshold (SI Appendix, Methods).

 Illumination triggered a rapid enhancement of motility in 
﻿Vibrio  cells. Displacement analysis of individual trajectories 
revealed that cells accelerated immediately after the onset of light 
exposure (Fig. 1A﻿ and Movie S1 ). Swimming tracks over the same 
time window further demonstrated longer displacements in the 
illuminated state compared with dim conditions (Fig. 1B﻿ ). 
Quantification across multiple fields of view showed that the frac­
tion of motile cells increased significantly under bright illumi­
nation (Fig. 1C﻿ ), indicating that light not only enhanced the 
performance of already motile cells but also recruited previously 
quiescent cells into active swimming. We next examined whether 
this enhancement was wavelength dependent. Swimming speed 
increased significantly under broadband white light (400 to 
700 nm) and blue light (430 to 470 nm), whereas no significant 
change was observed under green (520 to 570 nm) or red (620 to 

680 nm) illumination (Fig. 1D﻿ and Movies S1 –S4 ). These results 
suggest that blue wavelengths are most effective in stimulating 
motility.        

 Given the rapid onset of motility following light exposure, we 
next sought to identify intracellular signaling molecules that 
might mediate this response. In many bacteria, second mes­
sengers such as cyclic AMP (cAMP) are known to modulate 
behaviors including chemotaxis, surface attachment, and fla­
gellar regulation (25   –27 ). Because previous studies implicated 
light-sensitive adenylyl cyclases in bacterial photobehavior 
(18 , 23 , 28 ), we asked whether light modulates intracellular 
cAMP levels in these cells. Indeed, cAMP concentrations 
increased in a light intensity–dependent manner, with saturation 
occurring above ~500 µmol m−﻿2  s−﻿1  photosynthetic photon flux 
density (PPFD) (Fig. 1E﻿ ). Unless otherwise noted, motility record­
ings were performed at PPFD values in the ~100 to 200 µmol m−﻿2  
s−﻿1  range (with dim controls <10 µmol m−﻿2  s−﻿1 ), matching the 
intensities used for the light-gradient assays, which are within 
reported ranges for shallow/turbid coastal waters (29 , 30 ). 
Together, these results indicate that V. cholerae  AJ10 strain exhibits 
a blue light-induced motility enhancement, and a light-sensitive 
adenylyl cyclase may be involved.  

Illumination Enhances Speed and Introduces a Weak Directional 
Component. Microbial behaviors controlled by light generally 
fall into two categories: phototaxis, directional movement 
toward or away from a light source, and photokinesis, a change 

Fig. 1.   Visible light increases V. cholerae AJ10 motility and elevates intracellular cAMP. (A) Time course of displacement for representative single-cell trajectories 
during a dark-to-light transition (dim: 0.01 μmol m−2 s−1 and bright: 100 μmol m−2 s−1). Illumination was switched on at t = 0 s (dashed line). Each colored trace 
represents one tracked cell; gray/yellow bars indicate light OFF/ON intervals. (B) Representative trajectories plotted over 2 s for the dim and bright conditions 
(same duration for both panels), shown at the same spatial scale. (C) Motile fraction in dim vs bright conditions quantified per field of view (FOV). Small black 
dots represent individual FOV values; gray lines connect paired measurements from the same FOV before and after illumination. Large colored circles indicate 
the mean across FOVs for each condition from three biological replicates (15 FOVs per replicate). Statistical significance was assessed using a two-tailed 
paired Student’s t test on biological replicate means (n = 3). Motile cells were defined using a speed threshold criterion (SI Appendix, Methods). (D) Swimming 
speed under illumination with different spectral ranges. Box plots show distributions of single-cell swimming speeds; dots represent individual trajectories. 
The indicated wavelength bands were selected using band-pass filters (400 to 700 nm, 430 to 470 nm, 520 to 570 nm, and 620 to 680 nm). Differences across 
spectral conditions were assessed by one-way ANOVA with Tukey’s multiple comparison test on biological replicate mean speeds (each replicate mean was 
calculated from 15 FOVs, n = 3 biological replicates). (E) Intracellular cAMP levels measured as a function of light intensity (PPFD). Differences across light 
intensity conditions were assessed by one-way ANOVA with Tukey’s test on biological replicate means (n = 3).
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in motility that depends on light intensity but is not inherently 
directional (31–33). To evaluate whether the light response in 
V. cholerae includes any directional component in addition to 
speed modulation, we established a bright/dim boundary assay 
that generates a step-like illumination profile within a single field 
of view (Fig.  2 A and B  and  Movie S5). Under step gradient 
illumination, cells in bright regions exhibited swimming speeds 
significantly higher than those in the dim regions (Fig.  2C). 
Segmentation-based analysis further indicated that total cell 
density was broadly similar across the field, whereas the fraction of 
motile cells increased toward the bright side (SI Appendix, Fig. S1). 
Such spatial redistribution under light patterns has been widely 
analyzed in photokinetic systems, where speed modulation alone 
can shape apparent density profiles (34).

 To test whether light biases the V. cholerae  swimming direction, 
we quantified the bacterial population flux (J ) along a light gradient. 
The analysis showed that J  from dim to bright ( Jdim→bright ) ex­
ceeded the reversed one ( Jbright→dim ), i.e., ﻿Jdim→bright∕Jbright→dim > 1    
un derstep gradient illumination, whereas  Jdim→bright∕Jbright→dim ≈ 1    
under uniform illumination (Fig. 2D﻿ ). We also determined drift 
speeds along the light gradient by projecting individual bacterial 
velocities onto the x-axis ( vx ; where positive values indicate the 
“brightward” direction). While the distribution of  vx    under 

uniform illumination was nearly symmetric, it exhibited a positive 
shift under step gradient illumination (Fig. 2E﻿ ). Together, these 
results show that visible light robustly enhances swimming speed 
(photokinesis) and can be accompanied by a modest brightward 
bias consistent with a weak phototactic component.  

CyaA Is Essential for Light-Induced cAMP Production and Motility 
Boost. To determine whether the adenylyl cyclase CyaA mediates 
the light-dependent increase in cAMP and motility, we constructed 
a cyaA deletion mutant in the photokinetic strain AJ10. The cyaA 
locus was replaced by homologous recombination, and loss of CyaA 
expression was confirmed by immunoblotting (Fig. 3 A and B).  
Because sequence features implicated in photoreactivity are not 
present in all V. cholerae genomes, our mechanistic analyses focus 
on the AJ10-type CyaA allele.

 As shown above, Illumination of wild-type (WT) cells induced 
a rapid rise in intracellular cAMP, whereas the ΔcyaA  mutant 
showed only a basal level. Complementation fully restored the 
light-dependent response (Fig. 3C﻿ ). These results demonstrate that 
CyaA is required for photoactivated cAMP synthesis.

 Consistent with this, the swimming speed of the ΔcyaA  strain 
remained low and unresponsive to illumination, in contrast to the 
clear light-dependent boost observed in the WT and comple­
mented strains with increased swimming speed by ~25 to 30 % 

Fig. 2.   Step-like light gradient assay reveals light-enhanced swimming speed and a modest directional bias across an illumination boundary. (A) Schematic 
of the step gradient illumination setup. A translucent cover placed in the illumination path generates a step-like light field with adjacent bright/dim regions 
in the imaging plane. (B) Representative images under spatially uniform illumination (Top) and after switching to step gradient illumination (Bottom; only the 
Left area was illuminated). The dashed white box denotes a 20 µm boundary zone used for analyses, and the yellow dashed line marks the boundary center 
(x = 0). (C) Swimming speed of motile cells measured in the dim and bright regions under step gradient illumination. Boxes indicate the interquartile range with 
the center line showing the median. Dots represent individual cells from three independent trials (n = 3). Statistical significance was assessed using two-tailed 
paired Student’s t test on trial-mean speeds (P < 0.05). (D) Boundary-crossing flux asymmetry quantified as the flux ratio J

dim→bright
∕J
bright→dim

  under uniform and 
step gradient illumination. Each dot represents one movie; for inference, movie-level values were averaged within each biological replicate and comparisons 
between illumination conditions were performed across biological replicates (n = 3). The dashed line indicates the symmetric flux (ratio = 1). Icons at the Right 
illustrate the expected flux direction. (E) Net drift along the gradient axis quantified by the distribution of projected velocity v

x
  (positive indicates motion toward 

the bright/Left region). The histograms show v
x
  distributions under uniform (blue) and step gradient (orange) illumination. The dashed line marks v

x
= 0  (no 

drift). Mean projected velocities are indicated (meanu, uniform; meansg, step gradient).
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(Fig. 3D﻿  and Movies S6  and S7 ). Normalized swimming speeds 
of each strain to their own dark-condition baselines clearly revealed 
that only WT and complemented cells exhibited a substantial fold 
increase in motility under light, while ΔcyaA  cells showed negli­
gible change (SI Appendix, Fig. S2 ). Supplementation of the 
medium with exogenous cAMP rescued the motility phenotype 
of the ΔcyaA mutant, confirming that cAMP acts downstream of 
CyaA to enhance motility (Movie S8 ).

 For nutrient-limited conditions, cells growing to OD600 ≈ 0.5 
in LB were collected, washed, and resuspended in ASW (artificial 
seawater) at matched cell density. Growth in soft agar was eval­
uated under identical light settings in bright versus dim illumi­
nation (SI Appendix, Methods﻿ ). Consistent with the single-cell 
data, soft agar assay showed greater expansion for illuminated 
WT and complemented strains compared with ΔcyaA  and the 
nonphotokinetic strain N16961 (Fig. 3E﻿ ). The light-induced 
expansion persisted not only in nutrient-rich LB but also in 
nutrient-limited ASW medium, indicating that the photokinetic 
effect is not dependent on cell growth. The ability of V. cholerae  
AJ10 to sustain light-responsive motility under low-nutrient 
conditions suggests that this mechanism could operate under 
ecologically relevant energy states. Together, these results demon­
strate that the adenylate cyclase CyaA from AJ10 is indispensable 
for light-induced cAMP production and subsequent enhance­
ment of motility.  

CyaA Confers Light Responsiveness and Exhibits a Flavin 
Photocycle. To test whether CyaA from AJ10 alone is sufficient to 
mediate light responsiveness, we expressed the AJ10 cyaA gene in 
the adenylyl cyclase/phosphodiesterase-null host E. coli MG1655 
ΔcyaA ΔcpdA. We verified that AJ10 cyaA expression did not 
produce obvious growth or Na+/pH stress phenotypes in the E. 
coli host under the induction conditions used. Upon illumination, 
intracellular cAMP levels increased significantly compared with 
the dark condition, whereas cells carrying the empty vector or the 
native E. coli cyaA showed no light-dependent change (Fig. 4A). 
These results demonstrate that CyaA can confer a photoresponsive 
cAMP pathway in a heterologous host.

 To investigate the underlying photochemical basis, purified 
His-tagged CyaA was analyzed by UV–visible absorption spec­
troscopy. The protein displayed characteristic flavin peaks near 
375 and 450 nm, which decreased in amplitude upon illumination 
(Fig. 4B﻿ ). Subtraction of light and dark spectra yielded a difference 
spectrum with a positive band at 375 nm and a negative band at 
450 nm (Fig. 4C﻿ ). After cessation of illumination, the 450 nm 
absorbance recovered monoexponentially with a half-time of 
approximately 3 min and returned close to the dark baseline 
within 10 min (Fig. 4D﻿ ).

 Domain-swap analysis between the light-responsive AJ10 CyaA 
and the nonresponsive N16961 homolog further supported these 
findings (SI Appendix, Fig. S3 ). Chimeric constructs combining 

Fig. 3.   The adenylate cyclase CyaA is required for light-induced cAMP production and motility enhancement. (A) Schematic of cyaA deletion strategy. The cyaA 
locus on chromosome I was replaced with a suicide plasmid (pCVD442) via homologous recombination. (B) Immunoblot confirming loss of CyaA expression 
in the ΔcyaA mutant and restoration in the complemented strain (Compl.). GroEL served as a loading control. (C) Intracellular cAMP levels measured by ELISA 
in WT, ΔcyaA, and complemented strains after light stimulation (10 µmol m−2 s−1, 60 s). Data are from three replicates, P < 0.01 (Student’s t test). (D) Swimming 
speed of WT, ΔcyaA, and complemented strains in the dark and under illumination, with or without exogenous cAMP supplementation (1 mM). Box plots show 
interquartile ranges, medians, 10th to 90th percentiles, and individual data points. P < 0.05 (ANOVA with Tukey’s test). (E) Soft agar motility assay under light-off 
and bright conditions.
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the N-terminal regions showed that domains contribute to full 
light-dependent activity, as replacement of either region reduced 
the amplitude of the cAMP response. Together, these results 
establish that CyaA from AJ10 functions as a photoactivated 
adenylyl cyclase in which coordinated elements of the terminal 
regions couple light absorption to catalytic activation of cAMP 
synthesis.  

Light-Induced cAMP Enhances Motility Through Sodium–
Membrane Potential Coupling. In V. cholerae, the rotation of the 
polar flagellum is powered by the sodium motive force (SMF), 
an electrochemical gradient composed of membrane potential 
(Δψ) and the sodium concentration gradient (ΔμNa+) across the 
cell membrane (SMF  =  Δψ  +  ΔμNa+) (21, 35, 36). Previous 
studies have shown that changes in SMF can directly influence 
flagellar torque and swimming behavior in marine and halophilic 
bacteria (22, 37, 38). Given the observed role of cAMP in light-
enhanced motility, we hypothesized that cAMP might stimulate 
sodium export or ion channel activity, thereby boosting SMF and 
energizing the motor.

 We simultaneously monitored the two principal components 
of the sodium motive force (SMF), membrane potential (Δψ) and 
the Na+  electrochemical potential (ΔμNa+ ), using the fluorescent 
probes DiSC3(5) and SBFI-AM, respectively. Fluorescence was 
collected as time courses during alternating dark/light periods, 
and probe signals were converted to Δψ and ΔμNa+  values using 
calibration procedures (SI Appendix, Methods﻿ ). Upon light expo­
sure, cells exhibited an immediate hyperpolarization of Δψ, shift­
ing from approximately −150 to −190 mV within seconds (Fig. 5 
﻿A  and B﻿ , black curve). This response was transient and relaxed 
toward baseline within ~30 s. In contrast, ΔμNa+  increased with 
a delay but continued to rise during illumination (Fig. 5 A  and B﻿ , 
red curve), producing a sustained increase in SMF that paralleled 
the enhancement of swimming speed (Fig. 5 A﻿ , Lower  panels). 
The enlarged 0 to 60 s view (Fig. 5B﻿ ) highlights this temporal 
decoupling: Δψ changes sharply and briefly, whereas ΔμNa+  
strengthens more gradually and persists. Together, these kinetics 
indicate that light stimulation rapidly perturbs the electrical 

component of SMF and subsequently promotes a longer-lasting 
increase in the Na+﻿-coupled driving force, consistent with the time 
course of motility enhancement.        

 To determine whether sodium transport contributes to this 
process, intracellular Na+  concentrations were quantified under 
dim and bright conditions. Light exposure reduced intracellular 
Na+  from 7.4 ± 1.1 mM to 3.7 ± 0.6 mM, coinciding with a 
significant increase in swimming speed (Fig. 5C﻿ ). Treatment 
with the Na+ /H+  antiporter inhibitor EIPA prevented both the 
sodium decrease and the motility enhancement, indicating that 
light-induced cAMP production activates Na+  export through 
antiporters.

 Together, these observations support a model in which photo­
activation of adenylyl cyclase elevates intracellular cAMP, leading 
to the activation of Na+ /H+  antiporters and a reduction of cyto­
plasmic Na+  concentration. The resulting increase in sodium-motive 
force strengthens flagellar motor performance, producing the 
observed motility boost under illumination (Fig. 5D﻿ ).   

Discussion

 Natural light gradients structure aquatic habitats and covary with 
temperature, oxygenation, and nutrient flux (6 , 29 , 39 , 40 ). While 
phototrophic microbes exploit photons for energy and symbiotic 
vibrios detect light to regulate bioluminescence (41 , 42 ), evidence 
has remained limited for how nonphototrophic bacteria use light 
as a behavioral cue. Light can shape the physiology of diverse 
heterotrophs (12 ), and in enteric species such as E. coli  and 
﻿Salmonella , illumination can act as a chemorepellent or influence 
flagellar motion (13 , 14 , 43 ). Here, we show that V. cholerae  O1 
strain AJ10 senses visible light through a photoresponsive adenylyl 
cyclase, converts illumination into a rapid cAMP surge, and 
thereby strengthens sodium-powered motility-a distinct form of 
photokinesis in an enteric pathogen.

 Three independent lines of evidence identify the class I adeny­
late cyclase CyaA as the sensor-effector mediating this response. 
Deletion of cyaA  abolished light-induced cAMP accumulation and 
motility enhancement, whereas chromosomal complementation 

Fig. 4.   Light responsiveness of V. cholerae AJ10 CyaA and its photochemical properties. (A) cAMP production in E. coli ΔcyaA ΔcpdA expressing AJ10 cyaA  
(Vc-cyaA), E. coli cyaA (Ec-cyaA), or empty vector, measured under dim and bright conditions (200 µmol m−2 s−1, 60 s). Bars show mean ± SD of three independent 
biological replicates. Statistical significance between dim and bright conditions within each construct was assessed using a two-tailed paired Student’s t test 
on replicate values (n = 3). (B) UV–visible absorption spectra of purified His-tagged Vc-CyaA under dim and bright conditions. (C) Light-minus-dark difference 
spectrum of purified Vc-CyaA derived from the spectra in (B). (D) Recovery kinetics of the 450 nm absorbance after cessation of illumination, monitored every 
30 s for 10 min. data were fitted to a single-exponential decay (τ1/2 = 2.1 min, r2 = 0.99). Traces are representative of three independent experiments.
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or exogenous cAMP restored both phenotypes. Expression of AJ10 
CyaA in an E. coli  ΔcyaA  ΔcpdA  host produced a clear 
light-dependent increase in cAMP, while E. coli  CyaA and vector 
controls remained unresponsive. Finally, purified CyaA exhibited 
a reversible flavin-dependent photocycle, with illumination caus­
ing a decrease near 450 nm and an increase near 375 nm, followed 
by thermal recovery within minutes. Together, these features sup­
port classification of AJ10 CyaA as a photoactivated adenylyl 
cyclase (PAC) capable of directly converting light into cAMP 
signaling.

 Because AJ10-like N-terminal signatures are not uniformly 
conserved across all V. cholerae  (SI Appendix, Fig. S4 ), the ecolog­
ical scope of this mechanism is likely lineage dependent. One 
possible explanation is that light-responsive motility is advanta­
geous primarily in shallow, sunlit aquatic microhabitats where 
irradiance changes sharply across small spatial scales (e.g., near the 
air–water interface, biofilm surfaces, or particle-associated niches). 
In such locations, coupling illumination to cAMP could help tune 
Na+﻿-driven motility to promote rapid dispersal or relocation across 
microhabitat boundaries. Conversely, in lineages that more often 
occupy turbid, deeper, or host-associated niches where light cues 
are attenuated, the selective pressure to retain a photoactivated 

cyclase may be reduced, allowing loss or divergence of the 
light-responsive module. The patchy distribution of AJ10-like 
features therefore suggests ecological specialization rather than a 
universally conserved signaling pathway. We therefore present 
potential links to dispersal and host encounter as testable hypoth­
eses rather than established effects on transmission. Domain-swap 
analysis between the light-responsive AJ10 CyaA and the nonre­
sponsive N16961 homolog further indicates that terminal regions 
are required for full photoactivity (SI Appendix, Fig. S3 ). The 
absence of canonical BLUF or LOV motifs suggests that CyaA 
may employ a highly diverged flavin-binding module or an atyp­
ical chromophore pocket, potentially involving an AJ10-specific 
N-terminal extension (SI Appendix, Fig. S5 ) (44 , 45 ).

 Our measurements define a mechanistic cascade—light → 
cAMP → membrane hyperpolarization → Na+  efflux → increased 
sodium-motive force → faster flagellar rotation-linking photoper­
ception to the electrochemical gradient that powers motility (46 ). 
The response includes a rapid Δψ change followed by a slower 
shift in ΔμNa+ , consistent with immediate torque enhancement 
coupled to subsequent ionic adjustment. Because sodium-driven 
motors are widespread among marine vibrios, SMF-based tuning 
could be broadly useful in lineages that encode photoactivated 

Fig. 5.   Light-induced cAMP regulates intracellular sodium and membrane potential to enhance motility. (A) Simultaneous measurement of membrane potential 
(Δψ, black) and sodium potential (ΔμNa+, red) during light on/off cycles. The Top panel shows mean traces with shaded light period; Middle and Lower panels 
show corresponding changes in sodium-motive force (SMF) and swimming speed (V). (B) Expanded view of the initial 60 s after illumination onset showing rapid 
hyper/depolarization (Δψ) and rise of ΔμNa+. (C) Intracellular sodium concentrations and corresponding swimming speeds under dim, bright, and light + EIPA 
(Na+/H+ antiporter inhibitor) conditions. Data are presented as mean ± SD of three replicates. P < 0.05 compared with dim (Student’s t test). (D) Schematic 
model summarizing the proposed mechanism. Light activates the photosensitive adenylyl cyclase (AC), increasing cAMP, which in turn activates Na+ antiporters 
and lowers intracellular Na+ concentration. The resulting increase in sodium-motive force strengthens flagellar motor output and enhances swimming speed.
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cyclases, although its prevalence and physiological impact are 
likely strain dependent (47 , 48 ).

 Light-induced motility enhancement persisted under nutrient 
limitation, indicating that the phenotype is not restricted to 
energy-replete media. Upon transfer from LB into artificial sea­
water or HEPES-saline buffer, baseline swimming speeds declined 
as expected, yet illumination still elicited a measurable increase 
(SI Appendix, Fig. S6 ). Moreover, because natural photic zones 
often contain sharp spatial light gradients, a modest directional 
bias under step gradient illumination could, in principle, further 
influence how cells traverse and accumulate across microhabitat 
boundaries in nutrient-poor waters. The response gradually weak­
ened with prolonged starvation but remained detectable for more 
than 1 h, consistent with prior observations that marine Vibrio  
can retain motility for extended periods without nutrients (49 , 50 ). 
Thus, the light-dependent motility system can operate under envi­
ronmentally relevant energy states and may provide an advantage 
during transient light exposure in nutrient-poor surface waters.

 A simple physical model suggests that the observed speed 
increase could raise encounter rates and reduce traversal times in 
aquatic microenvironments (SI Appendix, Fig. S7 and section 1 ), 
supporting the plausibility of ecological effects on interactions 
with particulate matter, chitinous debris, or planktonic hosts that 
serve as V. cholerae  reservoirs (51 , 52 ). In addition, the photon 
flux densities used here (~100 to 200 µmol m−2  s−﻿1 ; dim controls 
<10 µmol m−﻿2  s−﻿1 ) fall within ranges encountered in shallow 
coastal waters, particularly in turbid estuaries where light attenu­
ates steeply with depth (29 , 30 ). Together, these observations 
indicate that the light → cAMP → motility coupling described 
here is compatible with realistic photic-zone exposure; whether it 
contributes to seasonal cholera dynamics remains unknown and 
will require targeted testing under environmental and host-relevant 
conditions (53     –56 ).

 Within broader signaling networks, cAMP regulates multiple 
processes in V. cholerae , including carbon utilization, quorum 
sensing, and virulence gene expression (57   –59 ). Light-dependent 
elevation of cAMP therefore provides a route to coordinate motility 
with downstream transcriptional programs relevant to nutrient 
acquisition and dispersal. Importantly, deletion of crp  abolished both 
the light-induced and exogenous cAMP-induced speed increases 
(SI Appendix, Fig. S8 ), indicating that the motility phenotype 

depends on the canonical cAMP–CRP pathway rather than a 
CRP-independent effect of cAMP. CRP likely acts downstream 
to link cAMP elevations to motility control, potentially via tran­
scriptional regulation of motor energetics or ion-transport 
processes.

 Together, our results add light to the set of environmental cues 
shaping the behavior of AJ10-type V. cholerae  and identify CyaA 
as a previously unrecognized photoactivated cyclase class. Future 
work should define the chromophore identity, action spectrum, 
and dose–response properties of CyaA and test the distribution 
and functional impact of related photokinetic modules across 
environmental vibrios and other enteropathogens. These studies 
will clarify when photokinesis is strain specific and when it rep­
resents a reusable sensory-motility strategy in sunlit aquatic niches.  

Materials and Methods

Bacterial Strains. The V. cholerae O1 AJ10 strain used in this study is part of the 
AJ strain set (AJ1 to AJ12) originally isolated from the Aja River (Naha–Urasoe 
area), Okinawa, Japan (15). The original report identified these isolates as V. chol-
erae O1, biotype El Tor, serotype Inaba, and described them as weakly pathogenic 
based on rabbit ileal loop assays, low intestinal adhesion, and minimal detectable 
cholera toxin production.

Full experimental procedures, including medium, reagents, strain construc-
tion, motility tracking, cAMP quantification, UV-visible spectroscopy, sodium 
motive force measurements, and statistical analyses, are provided in SI Appendix. 
Light intensity at the specimen plane was measured with a calibrated photom-
eter and reported as PPFD (µmol photons m−2 s−1); full optical setup details 
are provided in SI Appendix. All data needed to evaluate the conclusions in the 
paper are present in the paper and/or SI Appendix. The raw data of this study have 
been deposited in Mendeley Data, V1 (https://doi.org/10.17632/23s5y33dn9.1).

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