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Abstract

Bacterial biofilms are surface-associated, multicellular, morphologically complex microbial
communities!’. Biofilm-forming bacteria such as the opportunistic pathogen’-10 Pseudomonas
aeruginosa are phenotypically distinct from their free-swimming, planktonic counterparts. Much
work has focused on factors impacting surface adhesion and it is known that P. aeruginosa
secretes the Psl exopolysaccharide, which promotes surface attachment by acting as a ‘molecular
glue’11-15, However, how individual surface-attached bacteria self-organize into microcolonies,
the first step in communal biofilm organization, is not well understood. Here, we identify a new
role for Psl in early biofilm development using a massively parallel cell-tracking algorithm to
extract the motility history of every cell on a newly colonized surface via a search-engine based
approach1®. By combining these techniques with fluorescent Psl staining and computer
simulations, we show that P. aeruginosa deposits a trail of Psl as it moves on a surface, which
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influences the surface motility of subsequent cells that encounter these trails and thus generate
positive feedback. Both experiments and simulations indicate that the web of secreted Psl controls
the distribution of surface visit frequencies, which can be approximated by a power law. This
Zipf's Lawl7 indicates that the bacterial community self-organizes in a manner analogous to a
capitalist economic system?8, a ‘rich-get-richer’ mechanism of Psl accumulation that results in a
small number of ‘elite’ cells extremely enriched in communally produced Psl. Using engineered
strains with inducible Psl production, we show that local Psl levels determine post-division cell
fates and that high local Psl levels ultimately allow ‘elite” cells to serve as the founding population
for initial microcolony development.

The extracellular matrix of P. aeruginosa biofilms is composed mostly of
exopolysaccharides (EPS), proteins and DNA®-21, Bjofilms formed by non-mucoid isolates
of P. aeruginosa primarily utilize two types of EPS: Psl and Pel?2, To initiate biofilm
development, the wild-type (WT) strain PAO1 uses Psl to promote adhesion of cells to
surfaces!#15, Once associated with a surface, P. aeruginosa can remain fixed at the point of
attachment or move. Formation of microcolonies (aggregates of ~50 cells or less) is the first
step in the communal organization of a biofilm, however little is known regarding the
transition of individual cells to these discrete microcolonies3-:23,

Consistent with the role of Psl in surface adhesion’+24, the average surface residence time of
a PAOL ApslD mutant strain (which cannot produce Psl) was 35 + 10% shorter than that of
WT. Tracking algorithms allow us to isolate differences in spatial characteristics of cell-
surface interactions, in addition to temporal characteristics such as residence time. We
observed a fundamental difference in surface exploration patterns between these strains
(Figure la-d, Supplementary Video 1) when we tracked the motility history of all cells in a
67 x 67 um? field of view (>700,000 images of individual cells, 11 hours of data, 3 second/
frame time resolution). In Figures 1a—d, black regions represent ‘untouched’ surface areas,
while red regions represent areas visited by bacteria. For WT, the surface coverage increased
slowly to a maximum of ~55 £ 5% in 5 hours. In contrast, the ApslD mutant covered 79 +
10% in 5 hours. These observed differences are not due to differences in growth between
strains (Supplementary Figure 1). To confirm that changes in surface motility rather than
changes in the numbers of bacteria visiting the surface are responsible for these
observations, we also compared WT and ApsID at the same total number of bacterial visits
(i.e. the sum of the number of bacteria in all frames Ng = Xn;, where n; is the number of
bacteria in frame i; Supplementary Figure 2). Indeed, essentially the same trend was
observed, with a surface coverage of 52 + 4% for WT at Ny =124,000 and a surface coverage
of 83 £ 10% for ApsD at the same Ng. These are averages from at least three replicates (see
Supplementary Methods).

Since Psl plays an important role in both surface motility and adhesion, we characterized its
spatial distribution with respect to bacterial trajectories. A TRITC-conjugated, Psl-specific
lectin12 was used to visualize Psl. We allowed WT cells to traverse a surface for 2 hours
before lectin staining and found that a trail of Psl was left on the surface (Supplementary
Figure 3). We verified that eDNA2! was not found in the trails (by propidium iodide (data
not shown) and Syto9 staining (Supplementary Figures 4 and 5)).
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Cell-tracking algorithms and lectin staining were combined to investigate the spatiotemporal
aspects of Psl deposition in a manner that accounts for the changing speeds (and thereby
residence times) of cells. Figure 1e shows bacterial trajectories between times t; (16.3 hours
after inoculation) and t, (18.7 hours after inoculation). Figure 1f shows the lectin-stained Psl
trails generated in this time period (see Methods, Supplementary Figure 6). Surface regions
with the brightest fluorescence signals, and hence the highest local surface concentrations of
Psl, corresponded to those with the longest bacterial visits. Multiple visits to a surface region
by different cells and extended residence times of a specific cell on the same surface region
both served to increase local Psl concentration.

We used cell-tracking algorithms to determine the bacterial visit frequency for each surface
pixel for the entire community (see Methods). A surface visit map (Figure 2a) of all WT
cells within the field of view (Figure 2b, ~15.7 hours after inoculation) shows that a large
fraction of the surface was never visited. Of the surface areas traversed by bacteria, most
were traversed once. In fact, the visit frequency distribution (histogram of the number of
pixels with N bacterial visits) was measured to be a monotonically decreasing function of N.
The precise form of the function is complex; however, for N ranging from a few visits to
over a hundred visits, the distribution is approximately described by a power law with
exponent of —2.9 + 0.1 (Figure 2c), which serves as a simple metric for the distribution.

The importance of Psl in determining this global pattern of bacterial surface exploration can
be seen in the visit histograms of the APy/Pgap-psl mutant strain, which employs an
arabinose-inducible promoter to control Psl production?®. As the concentration of arabinose
in the growth medium was changed from 0% to 1% (w/v), the visit histograms showed a
systematic shift from a more uniform distribution of surface visits (i.e. steep power-law
decay) to a more hierarchical distribution (i.e. having a broader range of visit frequencies)
(Figure 2d), as evidenced by the change in the effective power-law exponent from -3.3 £ 0.1
to —1.9 + 0.1, which correspond to low and high arabinose-induced Psl production,
respectively. Since the total number of visits is the same for the different curves, a less steep
power-law behavior implies that with increasing Psl concentration the bacterial visits
become concentrated in a smaller fraction of the surface. These observations lead us to
hypothesize that the higher the Psl concentration for a given surface region, the more likely
this region will be visited by more bacteria, causing further local accumulation of Psl and
resulting in positive feedback.

Type IV pili (TFP) play a pivotal role in P. aeruginosa surface motility and the power-law
exploratory mechanism. TFP can extend considerably from the cell body2® and assist in
“exploring” surface areas beyond the cellular ‘footprint’. We hypothesize that TFP associate
with Psl-rich surface regions and pull the cell toward these regions with higher probability.
Consistent with this, we show that a Apil A mutant strain, which eliminates TFP-driven
twitching motility, results in a drastic reduction of surface exploration (Supplementary
Figure 7). Since cells can secrete Psl as well as associate with Psl, twitching motility
effectively promotes positive feedback. Simple track following is but one possible
manifestation of this mechanism: Cells can approach a given track from any direction.
While such cells can move toward Psl, they do not necessarily re-orient themselves
tangentially to a given track.
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Power law relationships generally exist only over a limited range in nature and are often
difficult to distinguish from other quantitatively similar relationships. Therefore, rather than
concentrating on the approximate power law in the visit frequency distribution and the range
over which it is observed, we focused instead on obtaining a deeper quantitative
understanding of the processes that generate its functional form. Thus, we performed
computer simulations of Psl-guided motility of Psl-secreting bacteria using experimentally
measured parameters to stringently test the quantitative interplay between progressive Psl
secretion, surface motility and the idea of surface exploration guided by positive feedback.
Bacteria were modeled as non-overlapping line segments in a two-dimensional domain that,
when unbiased by Psl, move according to a velocity distribution extracted from the
experimental data for APpy/Pap-psl at 0% arabinose. In each step, a fixed amount of Psl
was secreted and the bacterial displacement was biased by the local Psl distribution. The
bacterial concentration and dimensions as well as the sampling rate were all chosen in
accordance with the experimental parameters (see Supplementary Methods). The
simulations captured the complex distributions from experiments, in both the power-law
regime and beyond (Figures 2e and 3c), including the dependence on Psl. The simulated
visit frequency distributions exhibited a power-law behavior that agrees quantitatively with
the tracked microscopy data. This is a striking confirmation of the role of Psl-biased motion
as the underlying mechanism, since unbiased motion would give rise to nonlocalized,
random-walk type behavior. As the Psl production rate was increased for both experiments
(Figure 2d) and simulations (Figure 2¢e), the exponents increased over the same numerical
range, from -3.1 to —1.8, confirming the shift to more hierarchical distributions in which the
number of highly visited sites increased at the expense of visits to many of the rarely visited
sites (Figures 2f-h). Likewise, both the lectin-stained Psl image observed in experiments
(Figure 2i) and the simulated Psl map (Figure 2j) showed the hierarchical nature of the
spatial distribution of Psl.

Power laws (Zipf's Law17:18 or Pareto distributions, its continuous generalization) are
known to describe self-organized systems like the wealth distributions in capitalist
economies?8. We found that bacteria are guided by synergistic ‘rich-get-richer’ mechanisms.
Both simulations and experiments indicate that P. aeruginosa’s ability to secrete Psl and its
tendency to associate with Psl result in an exploratory strategy in which cells go where other
cells go most often. (Interestingly, the range of exponents we observe here for bacteria is
essentially the same as for income distributions2.) This strategy results in a small number of
cells positioned at locations that are extremely enriched in communally produced Psl. This
arrangement provides the conditions necessary for microcolony growth. Importantly, these
effects persist even when we completely turn off cell division in computer simulations,
which indicates that the distribution of cells is a consequence of their exploratory strategy
rather than of growth.

We examined the behavior of bacterial communities beyond the power-law exploratory
phase to show how growth can amplify differences in cell density on the surface caused by
exploration. We found that high local Psl levels resulted in discrete microcolonies that
exhibit localized exponential growth rather than delocalized surface exploration. For WT
data (Figures 2a—c), the power-law behavior persisted only in the initial exploratory phase
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when there were no microcolonies. In fact, small deviations from the power law can be
observed at the lower right portion of Figure 2c¢ (green arrow), which corresponds to high-
visit areas with the highest local Psl concentrations. To examine community behavior near
high Psl concentrations, we examined the APpy/Pgap-psl mutant that overproduces Psl in
the presence of 1% arabinose (Psl++). The bacterial visit frequency distribution for the Psl+
+ cells was significantly different from that of WT cells (Figure 3a). Compared to Figure 2a,
there are far fewer tracks leading into and out of the cellular aggregates in Figure 3a, so few
cells joined or departed from these aggregates. The regions of highest bacterial visits in the
map fully correlate with the existence of microcolonies of closely packed bacteria in the
bright field image (Figure 3b). The cell densities in the high-visit areas were more than three
times higher than the average cell density on the surface. Moreover, the Psl++ cells formed
microcolonies significantly earlier than the WT. Importantly, due to microcolony formation,
a significant portion of the visit frequency distribution is described by an exponential rather
than a power law in both experiments and simulations (Figure 3c).

We used cell tracking to show that the exponential growth that enables localized
microcolony formation is ultimately rooted in how local Psl concentrations determine post-
division cell fates. We distinguished three possibilities: the post-division cells either 1) both
‘stay’ near the division event or 2) both ‘leave’ (see definitions of ‘stay’ and ‘leave’ in
Supplementary Methods) or 3) one cell ‘stays’ and the other ‘leaves’. Figure 3d shows the
probabilities of these cell fates observed for WT, Psl++ and ApsiD. The probability for both
cells staying for the Psl++ mutant was approximately three times as high as for WT. In
contrast, the probability for both cells staying for the ApsiD mutant strain was essentially
zero. In fact, the fraction of total population growth due to cell division (as opposed to
motile cells joining the microcolony, cells attaching from solution, etc.) was ~85% for the
Psl++ mutant, which directly leads to an exponential visit distribution (see Supplementary
Figure 8). We traced the division lineage of cells in developing microcolonies (Figure 3e).
Clearly, the Psl++ microcolony was derived mostly from a single lineage, consistent with
our proposal that such cells primarily divide and remain in the same area due to the high
local Psl concentrations. In contrast, the WT microcolony developed from many cell
lineages due to the initial power-law exploratory phase. (More examples can be found in
Supplementary Figures 9 and 10). These data strongly support our ‘rich-get-richer” model
for microcolony formation.

The results presented here clearly and quantitatively show the key steps important for the
transition from surface attachment and surface exploration to microcolony formation: the
evolving distribution of Psl on a solid surface provides a mechanism for bacteria to self-
organize socially, resulting in a ‘rich-get-richer’ power-law distribution of visit frequencies
and a hierarchical distribution of Psl concentrations on the surface. This in turn results in a
small number of aggregated cells highly enriched in Psl, which enables them to serve as the
founding population for localized exponential growth and formation of microcolonies that
ultimately evolve into the mushroom-like ‘stalks’-and-‘caps’ morphology of mature
biofilms?#6.
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Methods (online)

Strains and growth conditions

P. aeruginosa strain PAO1 wild-type (WT)28 and its isogenic mutants ApsiD, the
pslinducible strain APpy/Pgap-psl and Apil A were used in this study. The growth rates of the
strains were nearly identical (to within measurement error, Supplementary Figure 1). For
strain APpg/Peap-pdl, different amounts of arabinose (Sigma-Aldrich; 1%, 0.1% and
0.005% were used in this work) were added into the medium to control the production of
Psi14,

FAB medium?2® with 0.6 mM glutamate (Sigma-Aldrich) as the carbon source was used for
flow cell experiments. An inoculum was prepared by growing strains in test tubes containing
FAB with 30 mM glutamate, shaking at 220 rpm and 37°C to ODggg & 0.5. Cultures were
then diluted to ODggg ~ 0.01 in FAB medium with 0.6 mM glutamate, which was used for
injection into the flow chamber.

Flow cell assembly, sterilization and washing of the system

The flow cell was purchased from the Department of Systems Biology, Technical University
of Denmark and assembled as previously described3. The assembled flow cell was
connected to a syringe through a 0.22 um filter (Fisher Scientific) using silicon tubing (Dow
Corning). Then the whole system was sterilized overnight with 3% H,O, (Fisher Scientific)
at 3 ml/hour using a syringe pump (KD Scientific). After the sterilization, autoclaved DI
water was used to wash the whole system overnight. The system was washed again using
FAB medium with 0.6 mM glutamate before starting the inoculation of the bacteria into the
flow cell. The flow was stopped for bacterial inoculation and 20 minutes of incubation, then
resumed with the initiation of image recording. Different flow rates have recently been
reported to have an effect on bacterial surface behavior3!, and it will be interesting to using
large scale tracking methods in this context. In this work, the flow cell experiments were
conducted at 30°C with a flow rate of 3 ml/hour.

Data acquisition

The images were taken by an EMCCD camera (Andor iXon) using 1Q software (Andor) on
an Olympus 1X81 microscope equipped with Zero Drift autofocus system. The bright-field
images were recorded every 3 seconds for a total recording time of about 20 hours (varied
by strain). Each data set, which had 18,000-48,000 frames, contained up to 1,000,000
bacteria images. The image size is 67 x 67 pm?2 (1024 x 1024 pixel?).

Lectin staining

The Psl trails left by bacteria were stained with TRITC-labeled Hippeastrum hybrid lectin
(HHA) from amaryllis (EY laboratories)!2. Flow was suspended and 0.3 ml of 100 pg/ml
TRITC-HHA in FAB medium with 0.6 mM glutamate was injected upstream of the inlet
flow. During the injection, the flow chamber was monitored through the camera to make
sure there was no shift or disturbance of the stage due to injection. The flow chamber was
stained for 15 minutes without flow and then washed for 15 minutes with flow at a flow rate
of 3 ml/hour in the dark before imaging.
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Image analysis, surface coverage map and visit frequency map

Images were analyzed as previously described. In Figures 1a—e we used the area of each
moving cell to generate the surface coverage from the bacterial trajectories. The visit
frequency distributions are generated at full data resolution; for the visit maps, we use the
center of the cell to mark the trail, and smeared each of these marks to a square patch 8
pixels (~0.5um) wide, in accordance with bacterium width. The distribution of Psl on the
PAO1 surface is expected to be more complex32, but this will amount to a more complex
point spread function and is not expected to alter the results significantly.

Simulation of Psl-guided motility of Psl-secreting bacteria

The computer simulations employed a two-dimensional model in which an exponentially
growing number of line segments of unit length moved within a square, periodic domain of
side length 35, approximately corresponding to the experimental viewing window. Each
bacterium was assigned a fixed step size and stepped with a variable angle. Both the step
size and stepping angle were drawn from the experimentally determined speed distribution
for the APpg/Pgap-psl strain at an arabinose concentration of 0% (i.e. in the absence of Psl).
Starting from a random non-overlapping configuration, all bacteria propagated in discrete
time steps (At = 3 s) either moving at their constant, assigned rate, keeping their director
fixed, or randomly reorienting. Reorientations occurred at a frequency 3.7% determined by
the mean-square displacement of the bacteria in experiment. The effect of arabinose was
represented by letting each bacterium deposit Psl at its center at a tunable rate. The surface
accumulation of Psl was recorded in elementary squares of side length 1/29 (corresponding
to experimental pixel size). The motion was in turn biased according to the presence of Psl
within the vicinity of the leading pole of the bacterium. The total simulation time was
chosen such that the final visit count was the same as in experiments. Over this window, we
sampled individual bacterial trajectories as well as visit frequencies of all pixels (details in
Supplementary Methods).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1(t,=18.7 hrs) - I (t,=16.3 hrs)
(=]

t=0.5hrs t=5hrs

Reconstructed
trajectories

ApsiD
Fluorescent lectin-
stained Psl trails

Figure 1. Efficiency of surface coverage by bacterial trajectories and correlation with Psl trails
a—d. Cumulative surface coverage at 0.5 (a, b) and 5 hours (c, d). Top row is for WT and

bottom row for ApsID. Red and black colors indicate used (i.e. covered by bacterial
trajectories) and fresh surface, respectively. Bacteria in the current frame are shown in
green. e. Reconstructed bacterial trajectories of WT generated between 16.3 and 18.7 hours
after inoculation (color bar indicates the time a given cell spent at each point). f. Psl trail left
behind by bacteria in the same period, stained by fluorescently conjugated HHA lectin.
Scale bars are 10 um.
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Figure 2. Visit frequency distribution and its effect on bacterial movement
a. Visit frequency map of WT for the first 15.7 hours post inoculation, when microcolonies

were just starting to form (example outlined by black square). b. Bright-field image for WT
att ~ 15.7 hours. c. Visit frequency distribution from (a). Solid line shows a power-law
decay with exponent —2.9. Green arrow indicates where the curve begins to deviate from this
power law. d. Visit frequency distributions for APy/Pgap-pdl at arabinose concentrations
0% (4), 0.1% (O), 1% (O). e. Simulation results of visit frequency distributions at Psl
deposition rates (arbitrary units, see Supplementary Methods) 0 (*), 1072 (+), 5 x 1075 (x).
In (d) and (e), each data set is normalized by the total number of visits (roughly the same as
for (a)) and solid lines show power-law decay. f. Schematic graph showing that distributions
with steep slopes are more egalitarian, while those with shallow slopes are more
hierarchical. g./h. Fitted power-law exponents of visit frequency distributions from
experiments at different arabinose concentrations (g) and simulations at different Psl
deposition rates (h). i. Fluorescent lectin-stained image showing hierarchical distribution of
Psl (APpg/Peap-psl at 1% arabinose). j. PsI map from simulations (Psl deposition rate 5 x
1079). Scale bars are 10 pm.
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Figure 3. Local Psl levels determine post-division cell fates
a. Visit frequency map of Psl++ for the first 14 hours post inoculation. Microcolonies have

already started to form. b. Bright-field image for Psl++ at t ~ 14 hours. c. Visit frequency
distributions of Psl++ from (a) for experiments (left) and simulations (right) agree. Solid
line is an exponential fit to the second part of the data (green). Inset shows a power-law fit to
the first part of the data (red). d. Probability of post-division cells’ fates: “stay” (solid rod)
or “leave” (dashed rod envelope) for WT (red), Psl++ (blue) and ApsID (green). Error bars
are estimated from 1/VNgiy,, With Ng;y the total number of division events during the time
period of interest (Ngjy = 90). e. WT and Psl++ microcolonies have drastically different
compositions, as depicted by color-coded cell division lineages at early stages of
microcolony formation (top row). For Psl++ the microcolony is dominated by a single
lineage, whereas the WT microcolony has 20 different lineages. Bottom row depicts more
developed microcolonies at the same location 3.3 hours later. Scale bar is 10 pm.
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