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ABSTRACT: Cyclic adenosine monophosphate (cAMP) is an
important secondary messenger that controls carbon metabolism,
type IVa pili biogenesis, and virulence in Pseudomonas aeruginosa.
Precise manipulation of bacterial intracellular cAMP levels may
enable tunable control of twitching motility or virulence, and
optogenetic tools are attractive because they afford excellent
spatiotemporal resolution and are easy to operate. Here, we
developed an engineered P. aeruginosa strain (termed pactm) with
light-dependent intracellular cAMP levels through introducing a
photoactivated adenylate cyclase gene (bPAC) into bacteria. On
blue light illumination, pactm displayed a 15-fold increase in the expression of the cAMP responsive promoter and an 8-fold increase
in its twitching activity. The skin lesion area of nude mouse in a subcutaneous infection model after 2-day pactm inoculation was
increased 14-fold by blue light, making pactm suitable for applications in controllable bacterial host infection. In addition, we
achieved directional twitching motility of pactm colonies through localized light illumination, which will facilitate the studies of
contact-dependent interactions between microbial species.
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Cyclic adenosine monophosphate (cAMP) is a ubiquitous
second messenger involved in cell signaling in response

to various environmental factors.1−3 cAMP is usually
synthesized from adenosine triphosphate (ATP) molecules
by adenylate cyclases, and development of light-responsive
adenylate cyclase (LRAC) offers the means to control
intracellular cAMP level using light.4−8 With LRAC,
researchers can easily generate transient or local pulses of
cAMP concentration in cells, which was extensively used to
study neuronal signaling, fertilization, and subcellular signal
transduction in mammalian cells.9−14 By far, there are relatively
few applications of LRAC in bacteria. In fact, cAMP regulates
multiple important cellular processes in a variety of bacterial
species, including the regulation of carbon metabolism,
motility, cytotoxicity and virulence.15−20 Therefore, manipulat-
ing the intracellular cAMP level in these bacteria using LRAC
may afford optical control of many bacterial phenotypes.
Pseudomonas aeruginosa is one of the most representative

organisms where the physiological role of cAMP was
extensively studied. The virulence factor Vfr acts as the main
effector of cAMP in P. aeruginosa, and high levels of cAMP
greatly increase the transcription of numerous genes, such as
type II and III secretion systems and type IVa pili
(TFP).15,21−26 The cAMP-Vfr complex controls TFP bio-
genesis by collectively regulating multiple TFP components
including the motor ATPases PilBTU, the alignment
subcomplex PilMNOP, the secretin PilQ, and the PilSR two-
component system that regulates PilA levels.26 Therefore,

manipulation of intracellular cAMP level is sufficient to control
bacterial twitching activity, which is difficult to achieve by
adjusting the expression of one or two TFP structure genes.
TFP-mediated twitching motility is a key action for
P. aeruginosa to break through the ciliated airway epithelium
of the host.27 Similarly, cAMP-Vfr also control the expression
of the type III secretion system genes through the master
regulator ExsA,24 control the expression of the exotoxin ToxA
directly through transcription and indirectly through transcrip-
tional factors ToxR and PtxR.28−30 Thus, virulence of
P. aeruginosa, especially acute virulence, is sensitive to the
bacterial cellular cAMP content. Here, taking P. aeruginosa as
chassis, we aimed for an optogenetic tool that allows precise
control of intracellular cAMP concentration, thereby enabling
the manipulation of twitching motility and bacterial virulence
using light. We developed an engineered P. aeruginosa strain
(pactm) based on a photoactivated adenylate cyclase reported
previously.7 Twitching activity of the strain is sensitive to weak
light and changes reversibly under light-dark switch. In
addition, host infection of pactm increased 14-fold upon light
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illumination after 2-day subcutaneous inoculation in mouse,
making pactm a suitable tool for the study of host−pathogen
interactions.

■ RESULTS
Design of an Engineered Strain to Manipulate

Intracellular cAMP Level via Optogenetic Tool. In our
two-step strategy (Figure 1A), we first incorporated an

optogenetic module into the chromosome of P. aeruginosa
using the mini-CTX system.31 The photoactivated adenylate
cyclase (bPAC) can cyclize adenosine triphosphate (ATP) to
form cAMP in the presence of blue light.7 pabPAC is the
codon-optimized version of the original bPAC for proper
expression in P. aeruginosa. We used a constitutive promoter
(J23100) to control the transcription of pabPAC. Second, we
knocked out both cyaA and cyaB from the chromosome to
reduce the background level of cAMP. In wild type
P. aeruginosa, CyaA and CyaB are the two adenylate cyclases
for cAMP synthesis, and CpdA is the only phosphodiesterase
for cAMP degradation.21,22,26 Under blue light illumination,
the combined action of bPAC and CpdA should lead the
intracellular cAMP concentration to an equilibrium value.
While after removing of blue light, CpdA would constitutively
degrade cAMP to background level. Therefore, this opto-
genetic system enables the precise manipulation of cAMP
concentration in P. aeruginosa, thereby enabling the manipu-
lation of bacterial twitching activity and virulence using blue
light. The resultant strain was termed pactm (P. aeruginosa with
controllable twitching motility). To monitor the intracellular
cAMP levels, we introduced a plasmid encoding a green
fluorescent protein (SfGFP) driven by a cAMP regulatory
promoter (Plac) and an orange fluorescent protein (CyOFP1)
downstream of a constitutive promoter (J23102) (Figure 1A).
We analyzed SfGFP intensity as a read-out for intracellular
cAMP levels, and the CyOFP1 expression is for unified cell
recognition during image processing. The response of

intracellular cAMP level in pactm upon blue light illumination
was confirmed using ELISA method (Figure 1B), cAMP
concentration in pactm exhibited a 6.6-fold increase by blue
light. And as expected, cAMP level of PAO1 wild type cells did
not exhibit significant difference upon blue light illumination.
In addition, cAMP level in cpdA mutant cells is much higher
than that in pactm and wild type cells, indicating the key role of
CpdA in cAMP degradation.

Response of Intracellular cAMP Level and Twitching
Motility upon Blue Light Illumination in pactm. We
measured the intracellular cAMP levels and speed of twitching
motility of pactm cells under light illumination and darkness.
Experiments were conducted in flow chambers to enable cell
growth under constant nutrient supplementation. We used
automated cell tracking to follow surface-attached cells, and to
record SfGFP intensity of each cell. Our method allows us to
follow large numbers of attached cells and quantify their
twitching activity and cAMP levels simultaneously. Under blue
light illumination, Plac expression was increased 15-fold
compared to the levels of expression in cells under darkness
(Figure 2A, 2B, and 2E), indicating an increased cAMP level in
pactm. Meanwhile, twitching motility of cells under light
illumination is strongly biased toward high speed, the mean
speed of cells was 0.16 μm/s (Figure 2D, 2E, and Movie S1),
which is 8-fold the cell speed under darkness (0.02 μm/s)
(Figure 2C, 2E, and Movie S2). These data demonstrate that
twitching motility in pactm is capable of responding to blue
light.
We further examined how the dose of blue light illumination

influence cAMP level and cell speed. Plac expression exhibited
a sigmoidal curve in response to increasing blue light intensity
(Figure 2F). Plac expression was detectable at light irradiation
larger than 5 μW/cm2, increased linearly with the logarithm of
light intensity, and reached saturation at 400 μW/cm2 (Figure
2F). Similarly, cell speed in response to increasing light
intensity also exhibited a sigmoidal shape and saturated at 400
μW/cm2, but was more sensitive to weak illumination; cell
speed under 5 μW/cm2 illumination was twice as high as that
in dark condition (Figure 2G). Therefore, twitching motility in
the pactm strain was sensitive to blue light.

Characterization of Light-Induced Twitching Motility
in pactm. We further analyzed the trajectories of pactm cells
under light illumination from bright-field microscopy movies
by using a simplified version of our previously reported
twitching analysis method.32 Two parameters, kMSD and θ,
were used to divide twitching motility into three types, i.e.,
walking (θ > 0), wiggling (θ = 0, kMSD < 1.5), and crawling (θ
= 0, kMSD > 1.5). θ is the time-averaged tilt angle of the
bacterial long axis with respect to surface. θ = 0 corresponds to
two poles attached to surface, and θ > 0 corresponds to one
pole attached to surface. kMSD is the slope of mean-squared
displacement curve of bacterial trajectory. kMSD = 1.0
corresponds to random diffusive motion, whereas kMSD = 2.0
corresponds to directional ballistic motion. The walking cells
attach to the surface with one pole and alter their twitching
directions frequently, resulting in a high angular speed.
Wiggling cells are bipolar attached and usually generate low
net translational motion. Crawling cells are also bipolar
attached and tend to generate high net translational motion.
Both wiggling and crawling cells have low angular speed.
In comparison to twitching motility of cells in darkness,

pactm under blue light illumination exhibit significant less
wiggling type cells (light 6%, dark 36%, P < 0.01), nearly equal

Figure 1. (A) Schematic representation of the optogenetic, reporter
modules and gene modifications in the engineered pactm strain. The
adenylate cyclase-encoding genes cyaA and cyaB were deleted from
the chromosome of P. aeruginosa to eliminate background cAMP
level. Codon-optimized bPAC (pabPAC), together with the
constitutive J23100 promoter, were inserted into the chromosomal
CTX site. A two-color reporter plasmid was introduced later to
monitor the intracellular cAMP level. (B) Intracellular cAMP levels of
PAO1 wild type, pactm or cpdA mutant cells under blue light
illumination or darkness. cAMP concentrations were determined by
ELISA method. Blue light intensity was 750 μW/cm2 in all light group
experiments.
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fraction of crawling type cells (light 45%, dark 48%, P > 0.05),
and more walking type cells (light 49%, dark 16%, P < 0.05)
(Figure 3A). Meanwhile, both cell speed and cell angular speed
are increased in all three motility types in response to blue light
illumination (Figure 3B, Figure 3C), indicating a complete
activation of twitching motility in pactm. The angular speed
distribution curve of light-irradiated cells displayed a bimodal
pattern (Figure 3D), indicating a sharp gap in angular speed
between crawling and walking. Moreover, the distribution of
kMSD was biased toward 2.0 under light illumination (Figure
3D), suggesting that light-exposed cells favor ballistic motion.
In addition, compared to the cells kept in darkness, blue light-
illuminated cells move more toward the sides of bacterial axis,
indicating the direction change of TFP extension (Figure 3E).
To investigate whether the upregulated twitching activity

was due to the general effect of blue light on bacteria, we
compared the twitching motility under light illumination and
darkness of PAO1 wild type cells. As shown in Figure S2,
PAO1 wild type cells exhibited similar profile for the fraction
of different motility types under light illumination and
darkness. However, cell speeds of walk-type and crawling-
type cells under darkness were about twice of that under light
illumination, and the angular speed of walk-type cells also
exhibited 50% reduction upon light illumination. Therefore,
blue light has a slightly negative effect on the twitching motility
of wild type P. aeruginosa. In addition, blue light also exhibited
slight inhibition on twitching activity of pactm Δvf r cells
(Figure S3), confirming that Vfr is central regulator that

mediate the upregulated twitching motility of hyper-cAMP
cells. Taken together, our results demonstrate that blue light
comprehensively induced the twitching activity in pactm
through the action on bPAC.
At present, we are unable to disclose the exact quantitative

relationship between pili number and bacterial twitching
phenotype. A hypothesis is summed below: Bacterial cell will
be pulled by a single TFP only when the distal tip of the
filament is adsorbed to the substratum and the filament is
retracted by actuators simultaneously. According to one
previous study, this pulling process constitutes only a small
time fraction of the whole pilus movement cycle.33 Therefore,
we tend to believe that there is a relatively linear relationship
between frequency of cell movement and TFP number when
TFP number is not too large, which could explain the
increased mean cell speed of crawling cells with high cAMP
level. When blue light illumination is within the range of 5−
375 μW/cm2, both Plac expression and cell speed increased
linearly with light intensity (Figure 2F, Figure 2G); this is
consistent to our hypothesis. On the other hand, P. aeruginosa
cells use TFP to walk upright, and cells without TFP cannot
walk on surfaces.34 Moreover, wiggling cells of pactm in dark
condition are probably cells with very few TFP, according to
their extremely low cell speed and angular speed (Figure 3B
and Figure 3C). Therefore, pactm cells under light illumination
(with more TFP) exhibit more walking cells and less wiggling
cells.

Figure 2. Response of Plac expression and twitching motility of pactm to blue light. (A,B) SfGFP fluorescent image of cAMP reporter in pactm
under dark condition (A) or under 6-h blue light illumination. (C,D) Trajectories of the pactm cells in dark condition or under 6-h blue light
illumination, the color on each trajectory indicates the corresponding time average of cell speed. (E) Cell speed plotted against Plac expression in
pactm cells under darkness (blue dot) or blue light illumination (red dot) for 6 h, each data point in the map indicates the data from a single cell.
The distribution curves of cell speed or Plac expression were shown on the side. (F,G), Mean value of Plac expression (F) or mean cell speed (G)
as a function of blue light intensity illuminated on pactm cells. Data in F and G are shown as the mean ± s.d.
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Dynamics and Reversibility of Twitching Manipu-
lation in pactm. To test the reversibility of twitching
manipulation in pactm, we switched the culture conditions
between light illumination and darkness, and monitored Plac
expression and mean cell speed over time. When we moved
cells from dark to light, Plac expression increased instantly and
homogeneously across the population (Figure 4A). Time
dependent response of Plac expression followed an S-shaped
curve with a halftime of approximately 3 h (Figure 4C).
Meanwhile, mean speed of twitching motility also increased
instantly upon blue light illumination, but entered a plateau
earlier than Plac expression, with a halftime of only 2 h (Figure
4A, Figure 4D). Considering pili assembly is a relatively rapid
process,33,35 the long response time of pactm should be
attributed to the lengthy processes of cAMP accumulation and
protein expression. By contrast, when we moved cells from
light to dark, both Plac expression and mean cell speed
decreased near-exponentially with time, with a common 2-h
half-decay time (Figure 4B, 4C, and 4D). Bacteria lose their
TFP through the dilution effect of cell division, and the mean
division time for cells in the experiment is 1.5 h. According to
the fact that bPAC loses the adenylate cyclase activity rapidly
(<20 s) following the removal of blue light,7 the 0.5-h delay
may come from the process of cAMP degradation by CpdA.
To conclude, twitching motility in pactm could be reversibly
manipulated using blue light and the characteristic response
time is 2 h.

Optical Manipulation of Directional Propagation of
Bacterial Colonies. Since elevated level of intracellular cAMP
only upregulates the total expression of TFP, the light-bPAC-
cAMP strategy presented here does not enable controlling of
the direction of twitching motility at single cell level. However,
at the macroscopic level, optical guidance of the propagation
direction of bacterial population is possible. To set up an
experimental system, we grew bacterial colonies under agarose
plates using standard stab assay.36 Our experiments for pactm
cells failed to exhibit any increase of the colony expansion area
(Figure S1), which is consistent with Fulcher’s result that
cAMP deplete/replete bacteria have minimal effects on their
twitching zones.22 We later found that the effect of cAMP on
twitching zone was only apparent when the flagella were
absent, although it is not clear whether there is a synergistic
effect between the flagella and the pili. As a control experiment,
blue light illumination did not affect the twitching zone of wild
type Δf liC cells (Figure S1).
The radius of twitching zone of the pactmΔf liC strain under

light illumination was 4-fold (P < 0.001) the radius under dark
conditions (Figure 5A, Figure 5B), indicating that it is feasible
to manipulate twitching motility of bacterial colonies under
plate. Assuming the illumination of a specific colony-
containing area, cells within this area move actively while
slow down as they cross the edges of the illuminated area. The
barrier formed by stacked cells near the edge would prevent
the crossing of subsequent bacteria, thus the net result is that

Figure 3. Detailed characterization of twitching motility of pactm cells with or without blue light illumination. (A,B,C) Fraction (A) or mean cell
speed (B), or mean angular speed (C) of cells with different motility types under darkness (blue bar) or after 6-h blue light illumination (red bar).
(D) Slope of the mean-squared displacement kMSD as a function of angular speed of cells under darkness (blue dot) or after 6-h blue light
illumination (red dot), each data point in the map indicate the data from a single cell, the distribution curves of kMSD or cell angular speed were
shown on the side. (E) Mean displacement at different deviation angles in 1000 s calculated from >1000 trajectories of different single pactm cells
under darkness (blue) or after 6-h blue light illumination (red). Statistical analysis based on ANOVA method (ANOVA2 function in MATLAB).
*P < 0.05; **P < 0.01; ***P < 0.001; ns, nonsignificant.
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the entire population spreads and extends along the
illuminated area. To test this speculation, we illuminated a
rectangular area connecting two separate colonies (Figure 5C).
Due to the limited population, colonies did not exhibit a
tendency to spread toward the illumination area during the
first 36 h of incubation (Figure 5C). However, both the
colonies began to spread toward each other at 36 h,
encountered each other at 48 h, and mixed together after 60
h of incubation (Figure 5C). As a control, colonies incubated

under darkness for 60 h did not exhibit any tendency to
propagate toward each other (Figure 5C). Therefore, we
manipulated the twitching direction of bacterial colonies using
blue light.
With the development of intestinal microbiology studies,

interactions among bacterial species are increasingly attracting
attentions.37−40 Researchers are investigating the interactions
of P. aeruginosa with Candida albicans, Staphylococcus aureus,
and other species.41−45 By using our twitching control method,

Figure 4. Dynamics and reversibility of twitching manipulation in pactm. (A,B) Changes in trajectories or SfGFP expression of pactm cells with
time during the dark-to-light (A) or the light-to-dark (B) transition. (C,D) Time course of mean cell speed (C) or Plac expression (D) of pactm
cells in response to dark-to-light (red) or light-to-dark (blue) transition or under darkness (dark). The start time of light/dark transition is at 2 h.
Recorded experimental data are plotted as dots in the map, and the solid lines represent the smooth results obtained using the Smoothing Spline
tool in MATLAB.
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we could direct two or more bacterial colonies freely toward
each other, with a good spatiotemporal resolution. This is
extremely useful in the investigation of contact dependent
interactions between species, as exemplified by horizontal gene
transfer, type VI secretion, and kin selections.
Optical Manipulation of Bacterial Virulence in Mouse

Model. To test the effect of light illumination on pactm
virulence, we injected pactm cells subcutaneously in BALBc-
nude mice. BALBc-nude mice have no hair to block light and
are docile during experimental operations, thus anesthesia
could be avoided. Mice were kept in darkness or under blue
light illumination, and their skin lesion areas (SLA) were
monitored after two-day bacterial inoculation. The pactm-
infected mice exhibited a 14-fold increase of SLA by blue light
(Figure 5D, Figure 5E), whereas the SLAs of both light- and
dark-kept mice infected by ΔcyaAΔcyaB cells are small and
showed no significant difference between each other (Figure
5D). Moreover, mice infected by pactmΔvfr cells also exhibited
low level and no increase of their SLAs upon light illumination.
Therefore, the virulence of pactm could be manipulated using
blue light and Vfr is the dominant regulator that mediate the
upregulated virulence of hyper-cAMP cells. Flagella and type
III secretion system were wildly accepted as very important in
bacterial acute virulence. As expected, pactm strains devoid of
flagella or the master regulator of type III secretion system

ExsA exhibited significant reduction of their virulence (Figure
5D).
We next examined the role of TFP in the virulence of pactm.

The role of TFP in host infection has two major aspects: (i)
attachment to host cells, which is independent of its motile
force and (ii) twitching motility, which is involved in the
following step of host invasion.46 We first knocked out pilT
and pilU in pactm and compared its virulence with that of
pactm. PilT and PilU are the two ATPases involved in TFP
retraction in P. aeruginosa, pilT and pilU double mutant cells
are completely defective in twitching motility but still protrude
their TFP on cell surface that enables bacterial attachment to
host cells.47,48 Under blue light illumination, the SLAs of
pactmΔpilTΔpilU-infected mice were moderately decreased
compare to that of pactm-infected mice, suggesting the partial
role of twitching motility played during pactm infection.
Unexpectedly, SLAs of mice infected by pactmΔpilA cells,
which is devoid of TFP filament, showed 8-fold and 2-fold
increase compared to SLAs of pactm-infected mice under
darkness and blue light, respectively (Figure S4A). The
wounds of light-exposed pactmΔpilA-infected mice were
swelling (Figure S4B), and two of the eight infected mice in
the light illumination group were dead after 3-day inoculation.
The underlying mechanism of TFP and twitching motility in
pactm virulence are yet unclear; TFP filaments may also act as

Figure 5. Control of colony propagation and host-infection ability of pactm using blue light. (A) SfGFP fluorescent images of 2-day pactmΔf liC
colonies with (left) or without (right) blue light illumination. Scale bar: 1.0 mm. (B) Radius of 2-day Δf liC-pactm colonies with or without blue
light illumination. (C) Time dependent propagation of two separate pactmΔf liC colonies connected by a light illuminated rectangular area. The
fluorescent image on the far right is the control without blue light illumination at 60 h. Scale bar 1.0 mm. (D) Skin lesion area of BALB-C nude
mice infected by ΔcyaAB, pactm, pactmΔvfr, pactmΔpilTU, pactmΔf liC, or pactmΔexsA strain in a 2-day subcutaneous infection model. Mice were
kept in darkness (black) or with blue light illumination (blue). (E) Selected photos of pactm-infected mice with (down) or without (up) blue light
illumination. Statistical analysis based on ANOVA method (ANOVA2 function in MATLAB). *P < 0.05; ***P < 0.001; ns, nonsignificant.
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an antigen that trigger host immune response so that the host
can clean out pathogen cells faster.
We also measured several growth curves of pactm and

related strains under darkness or with blue light illumination
(Figure S5). Blue light has slight inhibitory effect on the
growth of these strains. According to our results of bacterial
virulence in Figure 5D, especially the data of pactmΔvf r and
ΔcyaAΔcyaB control group, the growth inhibitory effect of
blue light contributes little to the increased virulence of pactm.

■ DISCUSSIONS

In summary, we have demonstrated that the optogenetic
manipulation of intracellular cAMP levels in P. aeruginosa
could be applied to control its twitching motility and host-
infection. Optogenetic control of host-infection has unique
advantages over other methods: (i) it does not require
chemical inducers that are freely diffusive and may be toxic to
the host and (ii) light is easy to obtain and highly tunable,
which would simplify experiments. In addition to the host-
infection applications, we also successfully directed the
propagation of pactm colonies by controlling the twitching
activity of single cells. This makes pactm a candidate tool for
application in the investigation of contact-dependent inter-
actions between microbial species. Besides, controlling the
collective motion of bacteria may offer an alternative method
for bioprinting.
As the start point, duration, and position of light

illumination on a host can be controlled precisely, our
engineered pactm strain provides a flexible and robust tool
for the study of host-responses against pathogen invasion. For
instance, (i) it could be used to estimate the sensitivity of
various tissues to inflammation by illuminating different parts
of the host. (ii) By adjusting the intensity and duration of
illumination, theoretically, we could continuously regulate the
virulence of pactm within a certain range, which is particularly
useful in quantifying host sensitivity to pathogen invasion. (iii)
By turning on light at a particular time, we could precisely
control the start point of pactm colonization, which may
facilitate the study of the dynamic process of initial host
response against pathogen invasion. (iv) As the manipulation
of intracellular cAMP level in pactm is reversible, the
subsequent response of host to nonvirulent P. aeruginosa
could be investigated after infection has been established.
To the best of our knowledge, the present study represents

the first demonstration of light-dependent host infection by
bacteria. Currently, several improvements are warranted in
pactm. First, blue light has a relatively low capacity to penetrate
tissues, optogenetic tools excited by long wavelength light are
generally preferred. During our preparation of this manuscript,
a newly developed adenylate cyclase (NIRW-AC) activated by
NIRW (near-infrared optical window) light was reported.4

Although its activation range is narrower than that of bPAC,
NIRW-AC is a potential alternative to bPAC. Second, a long
time (>3 h) is required for the twitching motility of pactm to
be fully activated under light illumination or inactivated under
darkness, which could limit the utility of pactm. Such lengthy
activation and inactivation arise from the processes of cAMP
accumulation, protein expression, assembly of type III
secretion system, or TFP. Since phosphorylation occurs
rapidly in bacteria, the development of novel optogenetic
tools focusing on protein phosphorylation should reduce the
response time of pactm.

■ METHODS

Bacterial strains and plasmids used in the present study are
listed in Supplementary Table S1.

Genetic Constructs. The plasmids were constructed using
Gibson assembly method. Gene knockouts in P. aeruginosa was
based on a previous protocol.49 Refer to Supporting
Information for detailed procedures.

Construction of Gene Deletion Mutants in P. aerugi-
nosa. PCR was used to generate 1000 bp DNA fragments
upstream (Up) or downstream (Dn) from the pilT, pilU, exsA
and f liC genes. The Up and Dn DNA fragments were ligated
using overlap extension PCR, and then inserted into pex18gm
vector via Gibson assembly. The recombinant plasmids were
electroporated into P. aeruginosa, and the gene knockout
mutants were obtained by double selection on LB agar
containing 30 μg/mL gentamycin and NaCl-free LB agar
containing 15% sucrose at 37 °C.49 The Up and Dn DNA
fragments for cyaA and cyaB were digested and cloned into
pex18ap at HindIII/XbaI site together with aacC1. The
recombinant plasmids were electroporated into P. aeruginosa,
deletion mutants were obtained by selection on LB agar
containing 30 μg/mL gentamycin and 5% sucrose at 37 °C.
Then the pFLP2 system was used to delete the aacC1
cassette.50

Construction of CTX or Tn7 Plasmids for Chromoso-
mal Gene Expressions in P. aeruginosa. To construct the
lacZ-Tn7 plasmid, PCR fragments of lacZ coding sequence and
PA1O4O3 promoter were inserted into the miniTn7 vector via
Gibson assembly.51 The resultant plasmid was introduced to
target strains through electroporation, and transconjugants
were selected on 1.5% LB agar plates supplemented with 30
μg/mL gentamycin. To construct the pabPAC-CTX2 plas-
mid,31 coding sequence of the original bPAC was first
optimized for better expression in P. aeruginosa via JCat tool
(http://www.jcat.de/). The generated pabPAC together with a
constitutive promoter J23100 (http://parts.igem.org/
Promoters/Catalog/Anderson) was synthesized in GenScript
Corporation (Nanjing). PCR fragment of J23100-pabPAC was
inserted into CTX2 vector via Gibson assembly, generating
pabPAC-CTX2. These resultant plasmid was introduced to
target strains through electroporation, and transconjugants
were selected on 1.5% LB agar plates supplemented with 100
μg/mL tetracycline (for CTX insertion). The tetracycline
resistance cassette in the resultant strain was then deleted
according to a standard protocol.50

Construction of Plac Transcriptional Reporter in
P. aeruginosa. The sf GFP fusion plasmid used to measure
the activity of lac promoter is a derivative of the vector
PUCP20. lac promoter sequence together with RNase III
sequence, sf GFP, cyOFP1 and terminator fragments were
synthesized or amplified using PCR and inserted together into
pUCP20 via Gibson assembly, generating Plac-RNase III-
RBS2-sf GFP-T0T1-J23102-RBS2-cyOFP1-T1-PUCP20, where
J23102 is a constitutive promoter (http://parts.igem.org/
Promoters/Catalog/Anderson). Constitutively expressed
CyOFP1 offers a standard cell identification protocol to
avoid failures in cell mask determination when SfGFP
intensities are weak. Cell masks identified from CyOFP1
images overlap well with cells in SfGFP images, enabling the
quantification of SfGFP fluorescence for lac promoter. The
reporter plasmid were introduced into P. aeruginosa through
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electroporation. Transconjugants were selected on 1.5% LB
agar plates supplemented with 30 μg/mL gentamycin.
Cell Growth. Strains were grown on LB agar plates at 37

°C for 20 h from frozen stocks. Monoclonal colonies were
inoculated and cultured overnight at 37 °C using a minimal
medium (FAB)52 containing 30 mM sodium glutamate as the
carbon source, and harvested at OD600 ∼ 2. Unless otherwise
stated, 1 mL of bacterial cultures were cultivated in 5.5 mL
polystyrene 12 × 75 mm round-bottom tubes (FALCON
#352054) with shaking (250 rpm). Subsequently, the bacterial
culture was further diluted (1:100) in the same medium and
cultured to OD600 ∼ 0.5 under darkness. 30 μg/mL
gentamycin was added to the medium for the culture of
strains containing cAMP reporter plasmid. Plates and tubes
were wrapped with aluminum foil to achieve dark conditions.
The resultant cultures were further diluted 50× in 1 mL of
fresh FAB medium before injecting into flow cell. Growth
curve experiments in Figure S5 were conducted using LB as
culture media at 37 °C, overnight culture (kept in darkness) of
each strain in LB were diluted 200 times into fresh LB media,
and samples were kept in shaker under blue light illumination
(750 μW/cm2) or in darkness, three parallel experiments were
conducted for each sample.
cAMP Quantification Method. Overnight bacterial

culture (kept in darkness at 37 °C) in LB broth were first
diluted to OD600 ∼ 2.0 and then diluted 500 times to fresh LB
media and grown at 37 °C to OD600 ∼ 1.0 with blue light
illumination (750 μW/cm2) or under darkness. Bacteria were
collected by centrifugation at 12 000g for 3 min at 4 °C and
washed twice with 1 mL cold 0.9 M NaCl. Pellets were
suspended in 100 μL of 0.1 M HCl and incubated on ice for 20
min with vortexing. Lysates were centrifuged at 12 000g for 10
min at 4 °C to remove cellular material and the supernatant
was used for cAMP quantification with an ELISA kit (Sangon
Biotech, order # D770001) following the manufacturer’s
protocol. Duplicate bacterial pellets for protein determination
were suspended in 100 μL of PBS buffer and were lysed by
four freeze/thaw cycles in liquid nitrogen followed by
centrifugation at 12 000g for 10 min, supernatants were
collected for BCA protein assay (Sangon Biotech, order #
C503021).
Flow Cell Experiments and Imaging. Flow cells

(Denmark Technical University) were prepared and sterilized
using a standard protocol,53 and supplemented with FAB
medium containing 0.6 mM sodium glutamate and 30 μg/mL
gentamycin. All flow cell experiments were conducted at 30 °C,
and the flow rate was 3 mL/h. Bacterial cultures (500 μL) were
injected into flow cells and the device was left sit for 5 min
under darkness to enable initial attachment of cells to the
coverslip. Then unattached cells were washed off before cells
were observed under a microscope. An inverted fluorescent
microscope (IX-71 Olympus) equipped with a 100× oil
objective (Olympus) and two sCMOS cameras (Zyla4.2,
Andor, 2048 × 2048 pixels) was applied to acquire bright field
images (1 frame per second) and fluorescent images (6 frames
per hour). Each experiment was performed for more than 7 h,
yielding at least 25 000 bright-field images and 84 fluorescent
images.
A LED lamp (470L3, THORLABS) was used as the bright-

field light source for continuous blue light illumination, and
was replaced with a red LED (680L2, THORLABS) when cells
were cultured under darkness. Blue light intensity was
measured with a power meter (842-PE, Newport). For the

characterization of twitching motility under blue light
illumination shown in Figure 2(A−E), Figure 3, and Figure
4, light intensity near the bacterial cells was set to 0.7 mW/
cm2. SfGFP, CyOFP1 were excited by light from a 470 nm
LED (Lumencor) passing through a bandpass filter (470/20,
Semrock). The fluorescence of SfGFP and CyOFP1 were
imaged synchronously through one multiband bandpass filter
432/515/595/730 (Semrock), and a emission filter: 520/28
(Semrock) for SfGFP, 583/22 (Semrock) for CyOFP1. The
trigger for the on/off state of LEDs, selection of emission
filters, and state of cameras for switch between fluorescent and
BF image-acquisition were controlled using a microcontroller
(Arduino UNO R3).

Image Analysis and Tracking Algorithm. The image
analysis software was adapted from methods described
previously32,54 and written in MATLAB (Mathworks). The
sfGFP, CyOFP1 and BF images were overlapped using the
cp2tform function in the MATLAB function library. The
trajectories of the leading pole, trailing pole, and centroid of
single cells (rlead(t), rtrail(t), rcentroid(t)) were first denoised
using Daubechies wavelet, and the instantaneous velocities
(vlead(t), vtrail(t), vcentroid(t)) were calculated subsequently as
Δr(t)/Δt. The time average of the modulus of vcentroid(t) was
used to estimate cell speed of single cells. The tilt angle (θ(t))
of cells was estimated using θ(t) = arccos((|rlead(t) − rtrail(t)| −
w)/(l(t) − w)), where w is the bacterial width, which is nearly
independent of time, and l(t) is the bacterial length, which is
obtained by linear regression of the time series of projected
length (|rlead(t) − rtrail(t)|). The orientation angle of bacterial
long axis (φ) was defined as φ = arccos((xlead − xtrail)/|rlead −
rtrail|), where xlead, xtrail are the magnitudes of x-axis, then the
instantaneous angular speeds were calculated by Δφ(t)/Δt.
The mean-square displacement of rcentroid(t) was calculated

using ∫τ τ= [ − + ]t t tr rMSD( ) ( ) ( ) d
T

T1
0 centroid centroid

2 , where

T is the duration of trajectory and τ is the time delay. The
slope of MSD (kMSD) was obtained from a linear fit of
log10(MSD) as a function of log10(τ). To quantify SfGFP
intensities from fluorescent images, cell masks were obtained
from the CyOFP1 images using a self-written MATLAB code,
then the SfGFP fluorescence of cells was measured by counting
the mean intensities within corresponding cell masks in the
SfGFP images. The image processing code could be download
from the group Web site of Jin’s group: http://jin.isynbio.siat.
ac.cn/wordpress/wp-content/uploads/2019/08/TrackCode.
zip.

Twitching Colony Assays. To assay twitching motility on
gel−solid surfaces, individual colonies grown on LB agar plates
for 20 h at 37 °C were stab inoculated into FAB agarose (1%)
with 30 mM sodium glutamate as carbon source. The
inoculated agarose was maintained at room temperature
under darkness or under the illumination by patterned blue
light (0.06 mW/cm2) from digital-light-processing projector.
To illuminate a rectangular area (9 mm × 1 mm) between two
colonies, a PowerPoint slide was designed in advance and sent
to projector. The PowerPoint slide contained a blue-filled
rectangle surrounded by black color, in which blue color
represented blue light and black color represented darkness.
Fluorescent images of colonies were acquired every 12 h using
an inverted microscope (Olympus, IX81) equipped with a
1.25× objective (Olympus, numerical aperture = 0.04).

Subcutaneous Infection Model in Mice. Bacteria of
ΔcyaAΔcyaB, pactm, pactmΔvf r, pactmΔpilTΔpilU, and
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pactmΔpilA were scrapped from overnight LB agar plates and
shook in LB broth containing 30 μg/mL gentamycin for 3 h at
37 °C. The OD600 of resultant cultures were diluted to 2.0 and
each sample was conducted a further 200 × dilution in fresh
LB + 30 μg/mL gentamycin broth and shook for another 3 h at
37 °C. Bacterial culture were harvest at OD600 = 0.4−0.5 and
washed one time using fresh FAB and diluted to OD600 = 0.2 in
FAB + 30 mM sodium glutamate. Before injection, all cell
suspensions were wrapped in aluminum foil to avoid light
exposure.
BALBc-nude female mice were purchased from GemPhar-

matech Co., Ltd. at 7 weeks of age. All mice were housed in a
specific pathogen-free environment at a constant temperature
22 ± 0.3 °C and fed adaptively for 2 days after arrival. Before
injection, the injection site of each mouse was washed with
75% ethanol. Bacterial suspensions were injected subcuta-
neously at the back of the mice slightly near the tail, and each
mouse was injected 100 μL of bacterial suspension, resulting in
about 2 × 107 initial cells after injection. Usually 16 mice were
used for each experiment, with eight mice for the light group
and eight mice for the dark group, and four mice were kept in
each cage. Mouse cages for dark group experiment were
wrapped in aluminum foil, cages for light group were
illuminated by blue light (8 mW/cm2) generated from LED
light strip placed right above the cage. In order to dissipate
heat, two fans were placed in front of the light group cage to
blow wind. SLAs of the infected mice in all group were
recorded after 2 days, then the mice were sacrificed. SLA data
were processed using GraphPad Prism 8.0. All animals received
humane care and experimental protocols were carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals of University of Science and Technology of China, as
approved by the Animal Care Committee of University of
Science and Technology of China (USTCACUC192001026).
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