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Many bacteria spread over surfaces by “swarming” in groups. A problem for scientists who study swarming
is the acquisition of statistically significant data that distinguish two observations or detail the temporal
patterns and two-dimensional heterogeneities that occur. It is currently difficult to quantify differences between
observed swarm phenotypes. Here, we present a method for acquisition of temporal surface motility data using
time-lapse fluorescence and bioluminescence imaging. We specifically demonstrate three applications of our
technique with the bacterium Pseudomonas aeruginosa. First, we quantify the temporal distribution of P.
aeruginosa cells tagged with green fluorescent protein (GFP) and the surfactant rhamnolipid stained with the
lipid dye Nile red. Second, we distinguish swarming of P. aeruginosa and Salmonella enterica serovar Typhi-
murium in a coswarming experiment. Lastly, we quantify differences in swarming and rhamnolipid production
of several P. aeruginosa strains. While the best swarming strains produced the most rhamnolipid on surfaces,
planktonic culture rhamnolipid production did not correlate with surface growth rhamnolipid production.

Many bacteria utilize motility as a step in surface coloniza-
tion. During one type of surface exploration, described as
swarming, flagellated bacteria coordinate to spread across sur-
faces within a thin liquid film (26). Many bacteria swarm,
including species found in diverse soil and water environments
(e.g., Serratia marcescens, Salmonella enterica serovar Typhi-
murium, Bacillus subtilis, Vibrio cholerae, Proteus mirabilis, and
Pseudomonas aeruginosa) (24, 26, 50). A critical problem dur-
ing the assessment of swarming is the acquisition of statistically
significant data that describe the differences (for coverage
area, density, gene expression, etc.) that are often present.

In the laboratory, swarming is commonly studied by using
plate motility assays. For example, swarming is assessed by
observing the spread of cells on top of specific concentrations
of agar (0.4% to 1.5%) (26). Reports for bacterial swarming
are often absolute in nature. In most cases, an agar plate is
observed at a single time point 24 or 48 h postinoculation, and
a given strain or genetic mutant is judged to either swarm or
not swarm. Other studies amplify this basic protocol to de-
scribe observational variations in swarm patterns. The current
methods have not been extended to include imaging for the
purpose of quantifying gene expression, cell density, heteroge-
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neous patterns, rates of spreading, or the onset of other per-
tinent parameters.

Pseudomonas aeruginosa is a ubiquitous environmental or-
ganism that acts as an opportunistic human pathogen to cause
skin, eye, lung, and blood infections (27). Numerous studies
have been published in recent years that address some aspect
of P. aeruginosa swarming. P. aeruginosa is generally reported
to swarm agar of between 0.4 and 0.7%, and the swarming of
this bacterium is greatly influenced by the production of the
surfactant rhamnolipid (9, 15, 29, 34, 41). Several recent stud-
ies have addressed the importance of swarm motility to the
biofilm formation and antibiotic resistance of P. aeruginosa (8,
32, 38, 41). (Comparable associations that relate swarming
with antibiotic resistance, virulence, and biofilm formation
have also been made for other swarming bacteria, such as
Proteus mirabilis, S. enterica serovar Typhimurium, and Serratia
species [3, 6, 52].) Optimal swarming and the interesting ten-
dril patterns that are often observed during P. aeruginosa
swarming are known to be dependent upon the self-produced
biosurfactant rhamnolipid (9, 15, 29). Rhamnolipid production
is controlled by the ril quorum-sensing cascade of P. aerugi-
nosa; activation of the rhl system requires a sufficient popula-
tion of P. aeruginosa cells (35, 36). The influence of Pseudomo-
nas rthamnolipids has been researched by many groups; these
glycolipid surfactants show cytotoxicity to eukaryotic cells, de-
crease liquid surface tension and aid motility, and help main-
tain access to nutrients within biofilms (1, 4, 19, 29, 36, 40).
Rhamnolipid production is influenced by both carbon source
and surface growth conditions (25, 41, 42).

Here, we present a method to track, analyze, and quantify
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TABLE 1. Bacterial strains used in this study

Strain Select characteristics Reference(s)
Pseudomonas aeruginosa strains
PAOIC PAO laboratory strain, ATCC collection strain 15692 25, 41
PAO1C-GFP PAOIC harboring mini-Tn7gfpmut2 for fluorescence 10, 18, 41
PA14 Laboratory strain, sequenced, used in many swarming studies 8, 16, 37, 49
PAO1 Most common PAO laboratory strain, first to be sequenced, used in numerous studies 12, 28, 44
MPAO1 PAO laboratory strain, mutagenesis library—Seattle collection, often denoted also 2,23, 28
as PAO1
PAK Laboratory strain expressing type-a flagellin, used in several flagellar studies 11, 16, 48
SMC1587 Mucoid phenotype clinical isolate 7,31, 33
CF39 Rugose (RSCV) phenotype clinical isolate 5,43
FRD1 Mucoid phenotype clinical isolate 17, 30, 39, 45, 53
PAO1C-ArhiAB Rhamnolipid-deficient mutant of PAO1C 41
Salmonella enterica serovar Harbors luxCDABE for bioluminescence 51

Typhimurium FL6

bacterial swarming. This procedure utilizes bacterial expres-
sion of fluorescent or bioluminescent genetic reporters like
green fluorescent protein (GFP) and luciferase (lux operon) or
cellular stains to enable time-lapse optical imaging. We specif-
ically examine swarming of P. aeruginosa and the presence of P.
aeruginosa rthamnolipid during swarming by staining with and
fluorescence imaging of Nile red. Another feature of this
method is that multiple bacteria can be inoculated and de-
tected on the same petri dish using orthogonal genetic report-
ers. This ability to separate multiple optical reporters facili-
tates the direct observation of microbial interaction and/or
gene expression during the motility process. We demonstrate
and distinguish temporal interaction of dual swarming species
P. aeruginosa and S. enterica serovar Typhimurium and also
show the acquisition of bioluminescence data in addition to
fluorescence in the same experiment. Lastly, our investigation
of five common laboratory strains and three clinical isolates
shows that rhamnolipid production is indeed highly variable
among strains. Interestingly, the production of rhamnolipid by
P. aeruginosa strains growing in planktonic cultures was not
useful to predict rhamnolipid production of cultures during
swarming. In summary, this technique enables the imaging and
quantitative assessment of bacterial surface movement to allow
for detailed analysis of spatiotemporal patterns.

MATERIALS AND METHODS

Bacterial swarm assays. Swarming was studied for the strains listed in Table
1 using plate assays containing 0.45% noble agar and FAB medium with 12 mM
glucose (P. aeruginosa) (25) or 0.6% noble agar and LB with 0.5% glucose (S.
enterica serovar Typhimurium with P. aeruginosa) (47). Some plate assays con-
tained dye mixtures that were added immediately prior to pouring the melted
agar medium into plates. Approximately 6 h after pouring the plates, they were
inoculated using a sterilized platinum wire with log-phase cells (optical density at
600 nm [ODggo] =~ 0.7) grown in their respective media used for the swarm
experiments. Swarm plates that were imaged only for their comparative endpoint
swarm development (i.e., analysis of different P. aeruginosa strains) were incu-
bated at 30°C for 48 h prior to imaging.

Cell- and rhamnolipid-imaging dyes. Swarm assays conducted with strains that
were not fluorescent or bioluminescent contained Syto 24 (Invitrogen) at a
concentration of 4 wl/100 ml to stain bacterial cells green.

Some plate assays were amended to include the lipid stain Nile red (20) as a
visual indicator of spatial rhamnolipid distribution. These rhamnolipid indicator
plates included a 1-in-100 dilution of filter-sterile stock containing 1 mg ml™*
Nile red (MP Biomedicals) dissolved in 85% propylene glycol (prepared the day
of use to limit photoinactivation). Plates were cured and incubated in the dark.

Whole-plate imaging. Imaging experiments were performed at room temper-
ature (~23°C) on a Carestream multispectral FX (MSFX) (Carestream Health,
Woodbridge, CT) image station equipped with a 16-bit charge-coupled device
(CCD) sensor and 300-W light source. Up to four plates were placed on a tray
inside the MSFX. Since the camera for the MSFX captures from beneath the
imaging platen, the plates were inverted so that the agar would not obstruct the
optical path. The lids of the petri dishes were placed open side up on top of their
counterparts that held the inoculated agar. The lids of the petri dishes were filled
with water, and another tray was used to enclose the petri dishes in order to
maintain humidity throughout the experiment. Five types of images were col-
lected as follows.

Green fluorescence: excitation, 480 = 10 nm; emission, 535 + 17.5 nm; ac-
quisition time, 30.0 s; f-stop, 4.0; field of view (FOV), 190 mm; focal plane, 27.5
mm; binning, none. These settings were used to capture fluorescence from the
green fluorescent protein expressed in cells.

Red fluorescence: excitation, 540 = 10 nm; emission, 600 = 17.5 nm was used
to collect the data; duration, 60.0 s; f-stop, 4.0; FOV, 190 mm; focal plane, 27.5
mm; binning, 2 X 2. These settings were used to capture fluorescence from Nile
red staining of rhamnolipid.

Luminescence I: excitation, off; emission, no filter; acquisition, 10 s; f-stop, 2.5;
FOV, 190 mm; focal plane, 27.5 mm; binning, 16 X 16. This luminescent image
served to turn off the excitation lamp during intervals between fluorescent images
to prevent any excitation light interference with bacterial growth.

Luminescence II: excitation, off; emission, no filter; acquisition, 300 s; f-stop,
2.5; FOV, 190 mm; focal plane, 27.5 mm; binning, 8 X 8. These settings were
used to capture emissions from bioluminescent bacteria.

Image preparation and analysis. Carestream Multispectral Software was used
to batch export each image as a 16-bit TIFF file. The images were taken and
stacked according to category (GFP, Nile red, etc.) using ImageJ editing soft-
ware. Image processing proceeded as follows: (i) intensity signals were inverted,
(ii) the look-up table was inverted, and (iii) background was subtracted using a
rolling-ball radius with a pixel radius equal to half of one dimension of the image
size (e.g., 1,024 for a 2,048 X 2,048 image).

Only GFP and Nile red images were used for quantitative image analysis.
Images in which the P. aeruginosa bacteria had reached the perimeter of the plate
were omitted from further analysis by deleting them from the stack. The ICA
(intensity correlation analysis) look-up table was applied to the stack to better
visualize the borders of the bacterial colony. Next, the threshold utility (with
“dark background” checked) was used to adjust the threshold to isolate the
bacterial colony. The wand (tracing tool) was then used to automatically select
the area superimposed over the bacteria from the threshold utility. After select-
ing the area with a region of interest (ROI), the threshold function was reduced
to visually observe and confirm that the ROI had accurately captured the true
bacterial area. This process must be performed for each image analyzed, as the
bacterial colony will swarm and its characteristics will change. It is important to
note that as the bacteria swarm, the threshold will change, i.e., increase, as the
other characteristics change. Additionally, different thresholds are used among
different data sets (e.g., GFP and Nile red). In order for the ROI to accurately
represent the bacterial growth, it is recommended that the threshold be in-
creased in small increments between consecutive images. For the time-lapse
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intervals used for these 2-to-3 day experiments, analyzing every Sth or 10th image
tended to create the best data set.

The wand has now created an ROI that accurately captures the current
bacterial colony. Using the “Measure” utility, one can acquire the data of the
ROI (the bacterial colony). Various data can be gathered, including area, pe-
rimeters, and integrated density, to quantify these parameters of swarming.

Confocal microscopy. Images of single cells were obtained using a Nikon Al
confocal microscope equipped with a 100X LU Plan Fluor objective with simul-
taneous excitation at 488 nm and 561 nm with emission capture using settings of
525 = 50 nm and 595 * 50 nm.

LC-MS analyses of rhamnolipid. Supernatants from FAB-glucose-grown cul-
tures were analyzed using liquid chromatography-mass spectrometry (LC-MS)
(13, 14). Supernatants were prepared by harvesting cultures after 48 h of growth
at 37°C by centrifugation at 7,500 rpm for 10 min and filtration through a
0.22-pm filter. Acetonitrile (960 pl) and an internal standard (40 wl) of 16-
hydroxyhexadecanoic acid dissolved in acetonitrile (concentration, 1,000 ppm)
were added to 1 ml of each sample. Liquid chromatography separation was
achieved by using a Dionex Acclaim rapid-separation LC (RSLC) 120 C,4 col-
umn (2.2-um particle size, 120-A pore size, 2.1 by 100 mm) with an eluent
gradient of 50/50 (water/acetonitrile) to 10/90 (water/acetonitrile) containing
0.1% formic acid using a flow of 0.5 ml/min at 50°C. MS was performed on the
samples by using a Bruker micrOTOF II in negative-ion mode. Chromatograms
were extracted from the total ion chromatograph using pseudomolecular ion
molecular masses.

RESULTS AND DISCUSSION

Quantification of swarm images. Time-lapse fluorescence
imaging was performed simultaneously on three Pseudomonas
aeruginosa swarm plates. A GFP-expressing P. aeruginosa
strain (PAO1C-GFP) was inoculated at the center of each
petri dish, which was subsequently imaged (excitation, 480 nm,
and emission, 535 nm). We also captured red fluorescence
(excitation, 540 nm, and emission, 600 nm) emanating from
Nile red included in the agar medium to report the presence of
the P. aeruginosa biosurfactant rhamnolipid, which aids swarm-
ing. The MSFX was used to acquire each of these images in an
automated and sequential fashion at 22-min intervals for 2
days. Figure 1 presents four images from this time in both the
green channel (left column, false-colored “green fire blue”)
and red channel (right column, false-colored “red hot”). The
full 48-h data set is included as movie S1 in the supplemental
material.

The raw images can be used to analyze spatial and temporal
aspects of swarming. We used region-of-interest (ROI) analy-
sis to quantify specific parameters of the acquired swarm data.
Figure 2a presents the measured swarm area versus time in
each fluorescent channel of the given imaging data. The total
area of red fluorescence lagged that of green signal from the
cells for the first 40 h of the experiment, after which it led the
growth of the cells. This trend was apparent in all three exper-
imental plates tested. Control plates were also examined with
P. aeruginosa cells grown under nonswarming (hard agar) con-
ditions, and these data are also included in Fig. 2a. Under
nonswarming conditions, very little radial movement was ob-
served compared to that in the optimal swarming experiments.
Figure 2b shows the change in mean fluorescence intensity of
the total swarm area over time, normalized to the initial time
point. The ability to obtain such digitized fluorescence data of
the entire swarm area allows for the quantification of temporal
patterns and the distinction of trends such as the relative in-
crease of rhamnolipid production with a minimal increase in
cell density. Previously, such patterns have been predicted but
not measured.

ApPPL. ENVIRON. MICROBIOL.

FIG. 1. Time-lapse images of cells and rhamnolipid during Pseu-
domonas aeruginosa swarming. (a to d) GFP-expressing P. aeruginosa
cells. (e to h) Nile red-stained rhamnolipid. Images collected at 0-h (a,
e), 10-h (b, f), 30-h (c, g), and 48-h (d, h) time points.

Calibration of fluorescence from swarm plate assays. We
validated a linear relationship between fluorescence and con-
centration for these plate assay images. For GFP-expressing P.
aeruginosa cells, known amounts of cells were spotted and
imaged on swarm plates. Fluorescence was measured and an-
alyzed as for the other images, and the correlation between
fluorescence and cell population was unambiguous (see Fig. S1
in the supplemental material). The same analysis was per-
formed using known masses of rhamnolipid upon these plates
containing Nile red. The correspondence between red fluores-
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FIG. 2. Coverage areas and fluorescence intensities of cells and
rhamnolipid during Pseudomonas aeruginosa swarming. (a) Area over
time for GFP-expressing P. aeruginosa cells and Nile red-stained
rhamnolipid under optimal swarm conditions (0.45% agar) and control
conditions with limited swarming (0.6% agar). (b) Normalized mean
intensity over time for GFP-expressing P. aeruginosa cells and Nile
red-stained rhamnolipid for optimal swarm conditions (0.45% agar).

cence and rhamnolipid concentration is linear for concentra-
tions up to 11% rhamnolipid, as shown in Fig. S2 in the
supplemental material. As the rhamnolipid was not autofluo-
rescent but required binding with Nile red, maximum fluores-
cence took approximately 6 h to develop (see Fig. S2b in the
supplemental material). Lastly, we confirmed preferential
binding of Nile red to rhamnolipid in these plate assays. Figure
3 shows P. aeruginosa cells near the edge of a swarm and Nile
red-stained rhamnolipid 24 h postinoculation. While some co-
localization of red with the green cells occurs, the red fluores-
cence is abundant over most of the field of view and is consis-
tent with dissolved rhamnolipid within a thin liquid swarm
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layer that contains many P. aeruginosa cells. Thus, while the
binding of Nile red to the P. aeruginosa cell wall is not negli-
gible, the fluorescence is far greater for the stained rhamno-
lipid.

Coswarm imaging experiments. This swarm plate imaging
method can be applied to study competition among two sur-
face-spreading strains (or perhaps mutants) that possess dis-
tinguishable genetic reporters. We demonstrate such an appli-
cation using a coswarming experiment with two bacterial
species expressing differing photoactive molecules. We tracked
GFP-expressing P. aeruginosa swarming in competition with a
bioluminescent strain of Salmonella enterica serovar Typhimu-
rium when the two cell types were inoculated on opposite sides
of a petri dish. Green fluorescence and bioluminescence im-
ages were taken sequentially at 20-min intervals in order to
capture the interplay between cell types over a 60-h period.
Images from this time-lapse experiment are presented in Fig.
4, and the entire data set is presented in movie S2 in the
supplemental material. Here, the GFP-expressing P. aerugi-
nosa cells are false-colored green, while the Lux-expressing S.
enterica serovar Typhimurium cells are colored in red. This
montage and its corresponding data set capture a remarkable
interplay between two bacteria as they swarm. The S. enterica
serovar Typhimurium cells swarm rapidly and surround the P.
aeruginosa culture, as noted in Fig. 4d. However, the P. aerugi-
nosa cells eventually surround the competing microbes during
the remainder of the time course (Fig. 4j). The biology taking
place in this series is certainly complex and beyond the scope
of this report. Nevertheless, this time-lapse optical imaging
technique may be readily applied to yield dynamic insight into
these types of microbial interactions.

Quantifying swarming and rhamnolipid production for sev-
eral P. aeruginosa strains. We investigated the motility of eight
strains of P. aeruginosa (Table 1). Five of these strains are
common laboratory strains that have been studied for decades
but were each originally clinical isolates. (Three of these
strains, PAO1, MPAO1, and PAO1C, are all derived from the
common PAO isolate described by Holloway [21, 22]. PAO1C-
GFP, used in the experiments described above, has always
swarmed identically to untagged PAOIC.) In addition to
these laboratory strains, three recent clinical isolates were
studied for swarming: SMC1587 (7, 31, 33), FRD1 (30, 39,
45, 53), and CF39 (5, 43) are each cystic fibrosis clinical
isolates that have been characterized by other research

FIG. 3. Close-up of P. aeruginosa swarming bacteria producing rhamnolipid upon a swarm plate containing Nile red. (a) P. aeruginosa cells
expressing GFP in the 525 * 50 emission channel. (b) Nile red-stained rhamnolipid in the 595 = 50 emission channel. (¢) Merged image of

channels shown in panels a and b. Scale bar = 10 pm.
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FIG. 4. Swarming of P. aeruginosa (green) and S. enterica serovar Typhimurium (red) over time. Frames show swarming at 6-h intervals.

groups. The growth rates of these strains in planktonic cul-
ture were statistically equivalent under our tested culturing
conditions, except for strain PA14, which doubled more
slowly than the other strains (Table 2).

Swarming was examined for these eight strains (and a
rhamnolipid-deficient, ArilAB mutant of strain PAO1C) on
soft-agar plates containing minimal medium with glucose as
the sole carbon source (25). Many differences in swarming
behavior were observed between strains, not only in the size of
the swarm zone but also in tendril formation and other growth
patterns at the swarm zone edges (Fig. 5). Representative
images of the fluorescent patterns for stained P. aeruginosa
cells and rhamnolipid are shown in Fig. S3 in the supplemental
material. When considering all strains, the overall swarm area
correlated well with rhamnolipid production during swarming
(Fig. 6a). Strain CF39 showed significantly more surface cov-
erage and rhamnolipid intensity than the other strains. If CF39
is excluded from consideration, the link between coverage and
rhamnolipid intensity is less convincing (Fig. 6b). This poor
correlation (#* = 0.64) between rhamnolipid and swarm area
suggests that while rhamnolipid aids swarming (in agreement
with many previous studies), there are additional uncharacter-
ized factors that influence the swarm differences between these
P. aeruginosa strains. Table 2 includes the relative swarm area
and surface rhamnolipid production for all strains.

Clinical isolate CF39 and strain PAO1C exhibited the most
overall swarming (Fig. 5). Strain CF39 clearly swarmed the
fastest by developing tendrils over an entire 100-mm plate
within 24 h and effectively covering the entire plate within 48 h.
Strain PA14 swarmed modestly, which we found curious given
its well-characterized swarming ability (8, 16, 37, 49); we sub-
sequently confirmed the ability of PA14 to robustly form ten-
drils when swarming on soft-agar plates containing LB medium
(not shown). Strains PAO1 and MPAO1 swarmed minimally,
but most replicates showed considerable “swimming” motility
within these soft-agar swarm plates. Strain PAK also swarmed
minimally within 48 h, but plates resting on the laboratory
bench for 5 days showed evidence of swarming behavior, in-
cluding tendril formation. Clinical isolate SMC1587 showed no
sign of motility on these soft-agar swarm plates.

Lastly, clinical isolate FRD1 also showed substantial swarm-
ing, and its patterns were very distinct. The swarming of FRD1
is notable, as previous studies have shown that the mucoid
phenotype leads to a loss of motility (45, 46, 53). (The mucoid-
related loss of motility is due to AlgT, an alternative sigma
factor that promotes the expression of amrZ, which represses
the expression of the flagellar regulator fleQ [17, 45, 46]).
Retention of the mucoid phenotype was confirmed by growth
of mucoid colonies on standard LB agar plates from restreaks
of swarming bacteria (however, during the swarm assays on

TABLE 2. Relative swarm areas and levels of surface rhamnolipid production and of predominant liquid culture rhamnolipid

congeners produced by strains of P. aeruginosa

d

Surface rhamnolipid

Liquid culture rhamnolipid congener? Liquid culture doubling

Strain Swarming” (Nile red intensity)” R-R-C10-C10 R-C10-C10 time (min)
PAOI1IC 26.3 = 5.1 32.1 =104 100.0 = 5.5 74.1 = 15.8 382 +9.8
PA14 13.7 £ 2.7 223+69 56.3 = 6.1 73.0 = 16.9 65.0 = 9.1¢
PAO1 115 £ 2.6 2.8+0.8 42.0 = 9.1 9.6 = 8.6 354+ 6.1
MPAO1 155+14 42 +0.7 532 =175 223 +122 356 =24
PAK 41+04 1.1+06 103 = 2.6" 75.7 = 22.1° 355 *3.1
SMC1587 22+04 02=0.1 0.0 = 0.0° 0.5 =0.3" 427 +9.2
CF39 100 = 14.4 100 = 58.7 788 = 1.9 100.0 = 27.7 40.1 = 11.8
FRD1 18.1 1.7 94 +1.7 13.5+72 03=0.1 434 =24
PAOI1C ArhiAB 8.9+ 0.8 1.7+0.3 ND ND NM

“ All values except doubling time are the mean percentage * standard deviation of the maximum level for the category.
> Average and standard deviation are based upon only two measurements for these samples.

¢ Statistically different from all other values (0.012 < P < 0.047).
4 ND, not detected; NM, not measured.
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FIG. 5. Swarming of different Pseudomonas aeruginosa strains after 48 h on FAB-glucose medium with 0.45% noble agar.

soft agar, the strain does not appear mucoid). Therefore, our
results suggest that algT or amrZ may be downregulated when
P. aeruginosa grows on soft (agar) surfaces that are more hy-
drophobic.

Considerable variation was also present in the character of
the swarm zone edge. Strains MPAO1 and PAO1 did not form
tendrils on plates, but at the edge of the swarm zone, “micro-
tendrils” formed, giving the swarm edge a rough and serrated
appearance. The edges of PAO1C swarm zones did not show
microtendrils but instead consisted of multiple fronts appear-
ing as successive waves of cells that were radiating outward.

2.0410° —

1.0x10° 1

Nile Red Intensity (a.u.)

0 v v v J
0 2000 4000 6000 8000

Swarm Area (mm?)

Two strains, PA14 and PAK, showed a strong tendency to grow
upwards (i.e., off the plate in the z-axis direction), producing
swarm zones with greater depth than other strains but less
plate coverage. The swarm zone edge of strain CF39 was
smooth, lacking both the waves of PAO1C and the microten-
drils of MPAO1 and PAOI. Even at the microscopic level,
FRD1 showed extensive tendril formation. The edges of FRD1
swarm zones show deep furrows that are not as regular as
microtendrils; these furrows remained connected with the
main swarm zone.

In addition to swarming, all strains were probed more
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FIG. 6. Swarm area versus surface rhamnolipid production for strains of Pseudomonas aeruginosa. (a) All strains. (b) Blow-up of panel a that
excludes data for strain CF39. Swarm area was determined by determining pixel area of cells stained with Syto 24 dye, while rhamnolipid was
determined by total intensity of Nile red-stained rhamnolipid. Each data point shows the standard deviations of four measurements. a.u., arbitrary

(instrument) unit.
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broadly for motility. Swim and twitching motility plates were
made using 0.3% and 1.0% agar, respectively, to test for func-
tional flagella and type IV pili (29, 41). During the swimming
assays, certain strains showed a strong tendency to exhibit
swarming behavior. Conversely to strains PAO1, MPAO1, and
PAK that preferred to swim on swarm agar, strains PAO1C,
PA14, CF39, and FRDI1 swarmed on swim agar. Behavior
varied between a combination of both swarming on the surface
and swimming within the agar, as seen in strains PAOIC,
PA14, and CF39, and only swarming on these 0.3% agar sur-
faces, as seen in strain FRD1. We conducted additional assays
using 0.25% agar; this was sufficient to promote swimming of
PAOI1C, PA14, and CF39, but strain FRD1 still showed a
strong preference for swarming over swimming. Wet mounts of
planktonic cultures were also investigated using light micros-
copy; all strains were clearly motile except for SMC1587, which
showed no movement by any cell.

Strains PAO1C, PAO1, MPAOI1, and PA14 all readily
twitched at the agar-plate interface in 1.0% agar assays. Strains
PAK and FRD1 showed only minimal twitching, while CF39
and SMC1587 showed no evidence of twitching behavior.

Liquid culture rhamnolipid production did not correlate
with rhamnolipid production during surface growth. Several
studies have measured rhamnolipid produced by P. aeruginosa
growing in planktonic culture (13, 14, 41). We hypothesized that
trends of rhamnolipid production during surface growth could
not be predicted from planktonic measurements, and we
compared surface rhamnolipid production with planktonic
rhamnolipid production for each of these strains. The two pri-
mary rhamnolipids produced by P. aeruginosa are L-rhamnosyl-
B-hydroxydecanoyl-B-hydroxydecanoate (a monorhamnolipid,
commonly called R-C10-C10) and L-rhamnosyl L-rhamnosyl-B-
hydroxydecanoyl-B-hydroxydecanoate (a dirhamnolipid, com-
monly called R-R-C10-C10) (14, 54). We investigated for these
and additional rhamnolipid congeners, as substitutions have been
observed with Cg-hydroxyoctanoyl and C,,-hydroxyduodecanoyl
chains in place of the hydroxydecanoyl groups (14, 42, 54). While
the two best swarming strains, CF39 and PAO1C, produced the
most rhamnolipid under planktonic conditions, there was no clear
correlation between planktonic and surface rhamnolipid produc-
tion overall (Table 2). Strains PAO1, MPAOI, and PAK, which
had poor rhamnolipid production during surface growth, pro-
duced significant amounts of rhamnolipid in planktonic culture.
The strain that showed the least amount of swarming, SMC1587,
produced only barely detectable amounts of rhamnolipid in liquid
culture. FRD1 produced little rhamnolipid in liquid culture.
Overall, surface production of rhamnolipid could not be pre-
dicted by planktonic production of rhamnolipid—Fig. S4 in the
supplemental material displays the relative production of the pre-
dominant rhamnolipid congeners and surface rhamnolipid pro-
duced during swarming. While the C, chain congeners were the
most prevalent constituents overall, there was not consistency
among the production of these rhamnolipids for the different
strains (see Table S1 in the supplemental material).

Swarming is a highly variable trait for P. aeruginosa. Our
results suggest that strain variation accounts for some of the
dissimilarity in swarming shown in many recent studies. Some
differences in twitching motility were also observed among
these strains, but only strain SMC1587 was nonmotile for all
assays (swarming, swimming, twitching, and inspection for mo-
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tile cells in planktonic culture). One significant component of
the observed swarm differences was surface production of
rhamnolipid by these strains—the best swarming strains pro-
duced the most rhamnolipid when growing on swarm assay
plates. Some strains that produced only minimal rhamnolipid
on surfaces, however, produced substantial quantities of
rhamnolipid in planktonic culture. This difference between
planktonic and surface rhamnolipid production is not under-
stood and highlights some current limits of our understanding
in regard to surface growth of P. aeruginosa and the overall
regulation of swarming.

This fluorescent acquisition method enables the direct visu-
alization of patterns for swarming bacteria. We additionally
show the ability to visualize P. aeruginosa rhamnolipid, which is
an important factor in P. aeruginosa swarming. This technique
is easily modifiable to track patterns resulting from distinguish-
able expression of multiple fluors and luminescence, as shown
in a coswarming experiment with GFP-expressing P. aeruginosa
and bioluminescent S. enterica serovar Typhimurium. We an-
ticipate that this technique can be widely applied to examine
spatiotemporal patterns important to swarming to better un-
derstand the complex motions and interactions of bacteria.
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