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Using multigenerational, single-cell tracking we explore the
earliest events of biofilm formation by Pseudomonas aeruginosa.
During initial stages of surface engagement (≤20 h), the surface cell
population of this microbe comprises overwhelmingly cells that atta-
ch poorly (∼95% stay <30 s, well below the ∼1-h division time) with
little increase in surface population. If we harvest cells previously
exposed to a surface and direct them to a virgin surface, we find that
these surface-exposed cells and their descendants attach strongly and
then rapidly increase the surface cell population. This “adaptive,”
time-delayed adhesion requires determinants we showed previously
are critical for surface sensing: type IV pili (TFP) and cAMP signaling
via the Pil-Chp-TFP system. We show that these surface-adapted cells
exhibit damped, coupled out-of-phase oscillations of intracellular
cAMP levels and associated TFP activity that persist for multiple gen-
erations, whereas surface-naïve cells show uncorrelated cAMP and
TFP activity. These correlated cAMP–TFP oscillations, which effectively
impart intergenerational memory to cells in a lineage, can be under-
stood in terms of a Turing stochastic model based on the Pil-Chp-TFP
framework. Importantly, these cAMP–TFP oscillations create a state
characterized by a suppression of TFP motility coordinated across
entire lineages and lead to a drastic increase in the number of
surface-associated cells with near-zero translational motion. The ap-
pearance of this surface-adapted state, which can serve to define
the historical classification of “irreversibly attached” cells, correlates
with family tree architectures that facilitate exponential increases in
surface cell populations necessary for biofilm formation.

bacteria biofilms | Pseudomonas aeruginosa | surface sensing | type IV
pili | cyclic AMP

Recent work has shown that bacteria can orchestrate community-
scale behavior between neighboring cells, such as alternating

the growth of the biofilm interior and that of the periphery via
electrochemical signals (1–3), or coordinate biofilm organization via
quorum sensing (4–6). Can bacteria orchestrate similar communi-
cation between ancestor and descendant cells? Since cells in the
same lineage are temporal neighbors rather than spatial neighbors,
this mode of signaling can be mediated by intracellular rather than
extracellular molecules. We examine Pseudomonas aeruginosa
PA14 as a model system for this type of familial communication in
the context of surface sensing, the first step in the formation of
biofilm communities from planktonic cells (7). A brief review is
included in SI Discussion. Recent work on P. aeruginosa PA14 has
shown that type IV pili (TFP) are a key sensor component for first
contact, followed by cAMP up-regulation (8–11). Increased cAMP
levels in turn stimulate TFP biogenesis and activity via the Pil-Chp
system, initiating a cascade that ultimately activates c-di-GMP sig-
naling (8). Rising c-di-GMP levels in turn promote flagellar shut-
down and exopolysaccharide (EPS) matrix production (8, 9), key
steps in establishing a biofilm. Here, we engage the canonical

problem that all biofilm-forming bacteria face: how they sense and
adaptively adhere to abiotic surfaces. Single-cell tracking methods are
combined with analysis of TFP activity and single-cell measurements
of cAMP. We show that surface sensing signals can be propagated as
a type of memory across multiple bacterial generations via damped
coupled oscillations of cAMP levels and TFP activity, resulting
eventually in a drastic suppression of TFP motility and the rise of
family tree architectures that exponentially increase bacterial pop-
ulations on a surface.

Results
“Surface-Naïve” and “Surface-Sentient” Planktonic Bacteria Exhibit
Different Surface Population Behaviors. We examine the difference
between “surface-sentient” cells that have previously landed on
the surface and “surface-naïve” cells that have never been exposed
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to the surface. Since the planktonic population in a flow cell
inherently comprises both surface-naïve and surface-sentient sub-
populations, we connect two flow cells (FC1 and FC2) in series (SI
Materials and Methods) to investigate how the planktonic pop-
ulation changes as it engages the surface. Analysis of family trees
is used as a tool to monitor cell fate: whether each surface-
engaged cell stays on the surface and whether subsequent
daughter cells remain on the surface or return to the planktonic
population. We monitor the intracellular cAMP levels for each
WT cell using a cAMP-responsive reporter plasmid at different
time points (Fig. 1). The P. aeruginosa-borne reporter strain pro-
duces YFP in response to cAMP changes, which is normalized by
constitutive CFP expression (SI Materials and Methods).
Immediately after initial inoculation of FC1 (defined as t1 = 0)

with planktonic, surface-naïve cells and for the next ∼20 h, the
observed surface bacterial population is composed overwhelmingly
of cells with low cAMP (Fig. 1A) and cells that attach transiently,
with ∼95% of cells (1,365 bacteria measured) staying only 3–30 s
(Fig. 1B), not enough for a division cycle on the surface (∼1 h, Fig.
S1). These early cells exhibit low levels of normalized cAMP re-
porter intensities of IcAMP ∼1.55 ± 0.21 (median ±median absolute
deviation) during the first hour after inoculation (Fig. 1A, Top Left
and Fig. 2A, Top). For t1 < 20 h (tn = time in FCn), the number of
observed fluorescent reporter cells on the surface is small (Fig. 1A),
consistent with the fact that most cells have dwell times that are
much shorter than 15 min (the time between fluorescence mea-
surements). After the initial ∼4 h, the surface residence times of
cells begin to increase (Fig. S2). However, due to the large numbers
of detached cells, the total surface cell population does not increase.
At t1 ∼22 h, the total number of surface bacteria begins to increase
markedly, and we no longer observe consecutive empty frames
without bacteria (Fig. 2B, Top). Between t1 ∼22–29.5 h (end of run
in FC1), in addition to a population with low IcAMP, a population of
surface-engaged cells with increased cAMP (IcAMP ∼3–6) emerges
(Fig. 1A, Top Right). Of all of the 1,450 cells that we analyzed
for family structure in the full history of FC1 (29.5 h), we find
that ∼95% consist of single-generation bacteria (Fig. 2C, Top).

Interestingly, during the emergence of the population with in-
creased cAMP near the end of the run of FC1 (t1 ∼22–29.5 h),
bacteria that are part of families with more generations are ob-
served, with the largest families at six generations (Fig. 2C, Top).
These results in Figs. 1 and 2 show that a subpopulation of cells that
attach during the last approximately one-third of the FC1 experi-
ment behaves drastically differently than cells that attach during
the first approximately two-thirds of the experiment.
To assess the behavior of planktonic populations composed of

surface-sentient cells that have had the opportunity to engage a
surface, a two-flow-cell array in series was used to harvest the
mixture of surface-naïve and surface-sentient planktonic cells from
FC1 at a specific surface cell density level (corresponding to a time
point T = 29.5 h after t1 = 0) (Fig. 1A, Top) and track their be-
havior in virgin FC2 (Fig. 1A, Bottom), which has not had previous
exposure to bacterial attachment or potential bacterial factors that
condition the surface for adhesion (e.g., EPS, proteins, or DNA).
To facilitate comparison with FC1, we reset time to t2 = t1 −T in
FC2, so that t2 = 0 corresponds to inoculation of FC2. If surface-
naïve and surface-sentient cell behave similarly, then we expect
little surface population growth for ∼20 h, as in FC1. Contrary to
this null hypothesis, a sizable population of cells attach immedi-
ately (t2 = 0 h) in FC2 and subsequently exhibits a sharp increase
in population after t2 ∼8 h (Fig. 2B, Middle).
By comparing and fitting the curves in Fig. 2B to expo-

nential functions (NðtnÞ=Nð0Þexpððtn − tlagÞ=τÞ, where NðtnÞ is
the number of bacteria in FCn at time tn, tlag is the time lag
before exponential growth begins, and τ is the time constant for
the observed exponential growth, the surface population growth
in FC1 and FC2 is found to be significantly different: tlag =
17.56 h (mean) [17.53 h, 17.59 h] (95% confidence interval) for
WT FC1 vs. 4.68 h [4.65 h, 4.72 h] for WT FC2. We note that
even varying parameters in an exponential fit does not fully
capture the stark deviation of behavior in FC2, indicated by the
nonzero baseline and wider 95% confidence interval of the fit for
t2 <5 h. Of the bacteria that we analyzed in family trees in FC2,
most attached cells are part of multigenerational families rather
than a single generation as in FC1 (Fig. 2C, Top and Middle and
Fig. S3). Comparing the distributions between FC1 and FC2 in
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Fig. 1. Surface-naïve and surface-sentient planktonic bacteria exhibit
drastically different behavior on the surface. (A) Fluorescence reporter in-
tensities (IcAMP) for WT in FC1 (Top) and FC2 (Bottom) vs. time since first
exposure to bacteria (tn = 0). T= 29.5  h represents the time when bacteria in
FC1 are harvested and introduced to virgin FC2. Data points are colored by
the total number of cells per heat-map bin. For clarity, overlapping points
are omitted. The top left, top right, and bottom heat maps are generated
from 2,104, 1,441, and 3,935 bacterium measurements every 30 s, 15 min,
and 15 min, respectively. (B) Histograms of surface residence times for the
tracked cells during t1 = 0–20.5 h (1,365 bacteria tracked using the bright-
field images), using logarithmic binning (19 logarithmically spaced bin edges
between 3 s and 38 min) and plotted on log-log axes.
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Fig. 2C using a Kruskal–Wallis test yields a P value � 10−5, in-
dicating that these populations are significantly different.
Repeats of tandem flow cell experiments at different time

points yield mutually consistent results. When the total available
duration of bacterial surface exposure is reduced by harvesting
planktonic bacteria at a lower surface cell density (T = 26.75 h),
then the bacterial surface population growth in WT FC2 is re-
tarded by ∼8 h (Fig. S4A, Top and Middle). A repeat of these
experiments with three tandem flow cells shows that FC2 and
FC3 have similarly fast rates of surface population growth
compared with FC1, while FC1 has no detectable surface pop-
ulation growth for ∼25 h (Fig. S4B); these data suggest that cells
in FC2 have already saturated their level of surface sentience and
are thereby surface-adapted.

Mutants Altered in cAMP Signaling Exhibit Key Differences in Family
Tree Architecture. If there were no differences between surface-
naïve and surface-sentient cells, then we would expect cAMP levels
of attached cells in FC2 to mirror those of FC1. What we observe is
quite different. Cells that initially attach in FC2 have higher cAMP
levels (IcAMP ∼4) (Fig. 2A,Middle) than those that initially attach in
FC1 (IcAMP ∼1.5) (Fig. 2A, Top). These data indicate that cAMP
levels increase for cells that have previously engaged the surface.
An independent way to assay the impact of cAMP levels on

surface population increase is by using mutants altered in cAMP
signaling. Since the ΔpilU mutant is known to have higher baseline
cAMP levels (8, 12, 13), we hypothesize that planktonic cells of the
ΔpilU mutant should behave like cells that have been surface-
engaged. The ΔpilU mutant cells in FC1 show systematically
higher average levels of cAMP during the first hour of surface
engagement (IcAMP ∼4) (Fig. 2A, Bottom) compared with WT in
FC1 (IcAMP ∼ 1.5) (Fig. 2A, Top). In agreement with our hypoth-
esis, behavior of the ΔpilUmutant in FC1 is similar to the behavior
of WT in FC2. That is, the ΔpilU mutant exhibits similar or faster
rates of surface population growth compared with that for WT in
FC2 (tlag = −0.35 h [−0.36 h, −0.34 h] in Fig. 2B, Bottom and
tlag = −0.32 h [−0.35 h, −0.30 h] in Fig. S4A, Bottom), with more
cells in larger family trees as for the WT in FC2 (Fig. 2C, Bottom).
We analyzed family tree architecture and cAMP levels for WT

and other mutants that impact cAMP levels. Most cells in
FC1 are transiently engaged with the surface with few cells or
their progeny remaining on the surface for >30 s, thus resulting
in little or no net growth in the surface population and low
median cAMP levels (Figs. 1 and 2). In FC2, we observed that
more cells and their subsequent progeny remained on the surface
and the median cAMP level increases. To compare the behavior
of WT to mutants altered in cAMP signaling, we used multi-
generational cell-tracking methods (Fig. 3). We quantified family
trees using two metrics. The first metric is used to characterize
each division event in a tree, which can be one of three types of
division branching. “Two-legged” branching occurs when both
daughter cells remain surface-attached, “one-legged” when one
daughter cell detaches, and “zero-legged” when both daughter
cells detach. The second metric is used to characterize the ar-
chitecture of entire family trees. We calculate a “tree asymme-
try” parameter λ so that λ = 0 corresponds to ideal trees with
purely two-legged division branching and λ = 1 to ideal trees with
purely one-legged division branching (SI Materials and Methods).
WT trees are clearly heterogeneous, which is expected for signal
transduction systems where noise and fluctuations are important.
However, for the first six generations of surface engagement, WT
trees tend to have more one-legged division branching (λ6 =
0.76 ± 0.10, mean ± SD).
Given the link between TFP activity and intracellular cAMP

levels (8, 9, 13), we tracked family trees for pilin mutants with
different cAMP levels (Fig. 3 and Fig. S5). The ΔpilA mutant,
which has no TFP and low cAMP (14), exhibits predominantly
one-legged branching. Similar behavior is observed for the ΔpilT
mutant, which has intact TFP but is not able to retract them (15),
and for ΔpilJ, the deletion mutant for the sensory protein com-
ponent of the Pil-Chp system (16). Moreover, these mutants all

exhibit significantly lower cAMP than the WT (Fig. 3A) and take
much longer to form biofilms in our experiments. Fig. 3B shows
that, for t1 < ∼ 25  h, WT, ΔpilA, ΔpilT, and ΔpilJ all qualitatively
exhibit preponderance of one-legged branching (∼60–80% vs.
∼40% for ΔpilU), which does not contribute to surface pop-
ulation growth. In contrast, the ΔpilU mutant, which has in-
creased cAMP levels (Fig. 3A), shows a much greater proportion
of two-legged branching (∼50% vs. ∼10–25% for the other four
strains) and does so almost immediately after surface contact of
the progenitor cell that starts the family. Pairwise χ2 tests and
Benjamini and Yekutieli (17) procedure for controlling the false
discovery rate of a family of hypothesis tests show that ΔpilU is
significantly different from the other strains with a P value <10−4.
If we measure the statistics of division-branching events during
just the first six generations (Fig. S6), the patterns remain simi-
lar. The ΔpilU mutant exhibits a higher proportion of two-legged
branching (∼50%) compared with the other four strains (∼15–
25%) and a lower proportion of one-legged branching (∼30% vs.
∼60–70% for the other four strains).
If entire family trees are compared statistically for all mutants

(Fig. 3 C and D and Fig. S7), informative behavioral patterns
emerge: ΔpilA, ΔpilT, and ΔpilJ trees, although heterogeneous,
tend to be clustered near one-legged values of λ (0.68 ± 0.03,
0.73 ± 0.14, and 0.60 ± 0.02 for ΔpilA, ΔpilT, and ΔpilJ, re-
spectively) and ΔpilU near two-legged values of λ (0.40 ± 0.05)
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Fig. 3. WT and surface-sensing mutants exhibit key differences in family
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Values are reported as mean ± SD from three independent experiments with
three replicates each. (***P < 0.001 compared with WT.) (B) Proportions of
“n-legged” division branching per strain, where n is the number of non-
detached daughter cells postdivision. Data represent 70∼110 events per
strain. χ2 tests are performed to determine statistical differences in the ob-
served proportions. n = 2 and n = 1 had χ2 test P values of 1.19×10−5 and
6.03×10−6, respectively, indicating that there are statistical differences
among the strains. Further pairwise χ2 tests and the Benjamini and Yekutieli
(17) procedure for controlling the false discovery rate of a family of hy-
pothesis tests show that the ΔpilU mutant is significantly different from the
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teria per family). (D) Family trees for WT and TFP-related gene deletion
mutants. A small fraction of ΔpilU cells divide while vertical (open triangles),
similar to Caulobacter crescentus (27).
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with statistically significant differences between them (e.g., ΔpilA
is significantly different from ΔpilU with a P value of 0.045 and
ΔpilT from ΔpilU with a P value of 0.008). It is telling that WT is
capable of eventually generating heterogeneous trees that range
over the entire spectrum, from one-legged to two-legged (λ =
0.47 ± 0.21, with λ ranging between 0–0.86), even though its early
trees tend to be one-legged (for first six generations, λ6 = 0.76 ±
0.10). The evolution of division branching in family trees is a
stochastic rather than a monotonic process. A structural char-
acteristic of these stochastic processes is the inherently large
number fluctuations in the system, which can lead to a larger
data spread than standard Poissonian fluctuations. However,
these data strongly suggest that a key downstream consequence
of TFP–cAMP-based surface sensing is the transition from one-
legged to two-legged division branching, which is in fact math-
ematically required for the observed transition from sublinear
growth to exponential growth in the surface population of cells
and constitutes a pivotal event in biofilm development.

Coupled Oscillations of cAMP and TFP Activity Propagate Across
Multiple Generations in Family Lineages of Surface Bacteria. Given
that cAMP levels varied with the attachment behavior, enhanc-
ing cAMP levels by mutation (i.e., the ΔpilU mutant), and our
reported link between surface-specific cAMP up-regulation and
TFP, we predicted that this secondary messenger and TFP ac-
tivity have a complex temporal relation to one another. To see
this, we built a stochastic model that describes cAMP, TFP, and
the cAMP signaling system (called Pil-Chp) (8, 9) and quanti-
tatively compare the model with measured data for entire line-
ages of cells, so that we can better understand how cAMP and
TFP activity are coordinated during early events in surface en-
gagement within this conceptual framework. Intracellular levels
of cAMP for individual cells are measured using the plasmid
reporter above. TFP-driven motility, known as “twitching” mo-
tility, is characterized by directional motion with jittery changes
of direction. Based on our previous work on quantifying
twitching activity in WT and flagellum deletion mutants, we
designed a multimetric algorithm to recognize diverse forms of
TFP activity without human bias, by measuring a cell’s mean
squared displacement (18), radius of gyration (19), and visit map
(20) over time scales from seconds to minutes (21) and com-
paring results to known characteristics of twitching from our
previous reference measurements (details are given in SI Mate-
rials and Methods and Fig. S8).
The basic ingredients of the model (Fig. 4A) are the time-

dependent concentrations of PilA monomer mðtÞ, cAMP signal
sðtÞ, and TFP activity AðtÞ (SI Materials and Methods). The dy-
namical equations relating these quantities are nonlinear and
coupled, but the system’s responses and fluctuations can be
calculated using a phenomenological method that follows the
spirit of Turing’s seminal work on generic reaction-diffusion
systems (22). To understand the complex temporal relationship
between cAMP and TFP, we compare experimental data with
this model. As in all studies of bacterial intracellular signaling,
weak features are difficult to pick out from raw data when they
coexist with noise and reside on top of strong average trends
(Fig. S9). Here we employ standard signal processing techniques
to circumvent these problems. To find and isolate the weak pe-
riodic signals predicted by theory, we plot in Fig. 4B for WT FC2
(T = 29.5 h) the time-dependent autocorrelation function of TFP
activity (Left), the autocorrelation function of cAMP signal
(Center), and the cross-correlation function between cAMP and
TFP activity (Right) and show that they can be fit to predictions
of the model with good fidelity.
Since cAMP correlates with piliation, it is tempting to assume

that high levels of cAMP will be correlated to high levels of TFP
activity. Both the experimental data and the model show other-
wise. The peak at ∼5 h in the cross-correlation function between
cAMP and TFP activity (Fig. 4B, Right) indicates that high levels
of cAMP are correlated with high levels of TFP at a time lag
∼5 h later. That is, maximal TFP activity occurs ∼5 h after

maximal cAMP levels, and maximal cAMP levels occur ∼5 h
after maximal TFP activity. This ∼5-h offset is clearly longer than
an average single division time (∼1 h, Fig. S1); thus, cAMP–TFP
correlations are inherently multigenerational. In fact, cAMP and
TFP activity are anticorrelated at time lag = 0 h (Fig. 4B, Right).
Additional family correlation data are shown in Fig. S10. These
effects lead to damped but coupled multigenerational oscil-
lations of TFP activity and cAMP, and the cross-correlation
peak value of ∼5 h agrees well with previous observed time
scales for reaching peak TFP-dependent cAMP levels after
surface engagement (8).
A key aspect of this model is its predictive value. The values of

exponential decay parameters k and ks extracted from fits to
cAMP–TFP data indicate that the oscillations are strongly dam-
ped and suggest that surface engagement should have a composite
decay time on the order of ∼≤10 h. That is, surface-engaged cells
(WT in FC2) should return to planktonic-like behaviors (WT in
FC1) within several decay periods after the cells have been re-
moved from the surface environment. WT bacteria are harvested
from FC1 at a higher surface cell density (T = ∼30–40 h), main-
tained in culture tubes as planktonic cells (using the same growth
conditions as the overnight planktonic growth before inoculation)
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for different time intervals (tr = 0  h,   14  h,   and  37  h), and then
regrown to exponential phase for ∼3 h before introducing these
planktonic populations to a new FC2 (Fig. 4C and SI Materials and
Methods). We hypothesize that as the time interval away from the
surface increases (i.e., longer periods of unperturbed planktonic
growth), the damped cAMP–TFP oscillations will dissipate and
harvested cells will “lose memory” of the surface. Consistent with
this hypothesis, we find progressive decrease of attachment with
increasing tr. In fact, cells with a tr = 37  h (i.e., 37 h of overnight
planktonic growth in a culture tube) show little evidence of the
enhanced surface attachment associated with surface-sentient cells
(tlag = 13.41 h), similar to the WT in FC1 in Fig. 1B, Top (tlag =
17.56 h). These findings are consistent with just under four decay
times (∼4 × 10 h) for a loss of surface memory, in surprisingly
good agreement with our simple model. Moreover, the loss of
memory is “dose-dependent” on the period of planktonic in-
cubation. Shorter periods of planktonic incubation show a time-
dependent shorter tlag until exponential increase of surface colo-
nization is restored (Fig. 4C).

cAMP–TFP Correlations Result in Collective Suppression of TFP
Motility for Entire Lineages Rather than Single Cells. To assess dif-
ferences in coordination of TFP activity and cAMP levels between
cells that make low-generation, one-legged family trees in FC1 and
cells that make high-generation, two-legged family trees in FC2, we
examined the intracellular cAMP levels and TFP activity (measured
by the fraction of time with detectable TFP twitching activity) in
Fig. 5A from 31 bacteria families in FC1 (Left) and five families in
FC2 (Right). Fig. 5A, Left shows that cAMP and TFP activity are
uncorrelated for cells at early stages of surface sensing in FC1
(Spearman correlation: ρ=−0.153,P= 0.29). This observation can
be contrasted with the behavior of cell lineages in FC2, which are
composed mainly of previously surface-engaged bacteria (Fig. 5A,
Right). Intracellular cAMP levels are strongly anticorrelated with
TFP activity at time lag = 0 h in FC2 (Spearman correlation:
ρ=−0.643,P= 4.69× 10−7), in agreement with both the experi-
mental and calculated cAMP–TFP correlations at time lag = 0 h in
Fig. 4. In fact, cells in FC2 from different lineages fall on the same
curve, consistent with the expectation that they use the same
mechanism of surface sensing. These results imply that the
emergence of correlations between cAMP and TFP are related
to the architecture of resultant family trees, which control sur-
face population growth.
We investigated how the development of correlations be-

tween cAMP and TFP influence individual cell TFP-mediated
motility. We observed an unanticipated state intermediate be-
tween planktonic and sessile existence, one in which suppression
of TFP motility is enforced across an entire lineage of cells via
cAMP–TFP multigenerational memory. Importantly, the line-
age-scale TFP motility coordination strongly impacts the number
of surface-adhered cells with near-zero TFP motility. Fig. 5B
compares histograms depicting the intensity of TFP activity for
family trees in FC1 (Left) and FC2 (Right). At early stages of
attachment (FC1), we observe a roughly uniform distribution
of TFP activity for all cells. At later stages of incubation (FC2),
an approximately threefold increase in the bin with near-zero
TFP motility is observed. Comparing the distributions between
FC1 and FC2 in Fig. 5B using a Kruskal–Wallis test yields
a P value � 10−5. The occurrence of this intermediate state
correlates with the appearance of large multigenerational family
trees that lead to exponential population increases in FC2.

Discussion
We observe strong differences in surface attachment behavior
between surface-naïve and surface-sentient cells. Surface cells in
FC2 exhibit a subpopulation with higher cAMP levels than those
in FC1, organize into family trees with more generations than
those in FC1 on average, and increase the surface population
drastically immediately after exposure rather than exhibiting a
long ∼20-h lag phase as observed for cells in FC1. This lag phase
is a direct consequence of the surface-sensing process. We show

via a Turing model that the idea of a perishable memory is
consistent with the Pil-Chp surface-sensing framework.
Although cAMP–TFP correlations can last several generations, we

stress that we do not claim that the same single cells that encounter
the surface can remember the surface ∼20 h later. Rather, our ob-
servations raise the possibility that surface-sentient cells that detach
can retain a memory of the surface imprinted via cAMP, and that the
results in FC1 are generated by a changing heterogeneous planktonic
population that starts out predominately surface-naïve but is pro-
gressively enriched by a surface-sentient subpopulation via cells that
have previously landed on the surface. This process results in a
planktonic population with varying degrees of surface adaptation,
which can render the apparent memory of a population quite long.
These observations imply that the transition from planktonic

to biofilm phenotype in P. aeruginosa PA14 does not proceed via
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Fig. 5. Surface-sentient state involves cAMP–TFP correlations and suppres-
sion of TFP motility. (A) Plot of time-averaged (time lag 0 h) cAMP signal vs.
TFP activity per bacterium for 50 bacteria in 31 families in WT FC 1 (Left) and
95 bacteria in five families in WT FC2 (Right) (T = 29.5 h). For FC1, one symbol
is used for individual bacteria. For FC2, each symbol and color represents one
family, and each data point is one bacterium in that family. These two
quantities are uncorrelated in FC1 (Spearman correlation: ρ=−0.153, P = 0.29)
and anticorrelated in FC2 (Spearman correlation: ρ=−0.643, P = 4.69×10−7).
(B) Distributions of time-averaged TFP activity for bacteria that do not
detach from the surface. FC2 is statistically different (Kruskal–Wallis test
P value � 10−5) with approximately threefold more cells having near-zero
TFP motility. (C) Model for different stages of early biofilm growth. Stage
(1): When engaging a virgin surface, essentially all attaching cells detach
almost immediately and do not stay long enough to divide (Bottom). The
surface population is near-zero (Top). Stage (2): Cells begin to stay on the
surface for more than a generation with increased cAMP and TFP activity,
but typically with one-legged division branching (Bottom). The surface cell
population increases from zero to a low value, since one-legged trees do not
significantly increase the population (Top). Stage (3): cAMP and TFP activity
correlate into coupled oscillations, resulting in a new state characterized by
suppression of TFP-mediated motility and an increasing number of cells with
near-zero TFP activity. These events mediate the emergence of an expo-
nentially increasing population of biofilm bacteria (Top), made possible by
the new two-legged family tree architecture (Bottom).
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the common assumption that cells stay on the surface pro-
gressively longer as they “sense” the surface. Reversible attach-
ment is a structural part of irreversible attachment. The repeated
cycle of sensing, division, and detachment creates a planktonic
population with a robust cAMP–TFP-based memory of the
surface, allowing cells to return to the surface progressively
better adapted for sensing and attachment.
Results here suggest that we can better define the historical

classifications of “reversible” and “irreversible” attachment in
biofilm formation (Fig. 5C). There is an initial period where
essentially all attaching cells detach almost immediately, fol-
lowed by a period during which attaching cells stay long enough
to divide, but almost all subsequent divisions result in one
daughter cell’s detaching (one-legged family trees). Analysis of
correlations between cAMP levels and TFP activity for cells in
such family trees shows that these quantities are uncorrelated at
this early stage. Moreover, we note that cells during these two
initial stages spend a large fraction of time in the vertical ori-
entation perpendicular to the surface. We propose that these
initial periods roughly correspond to “reversible” attachment,
before cells have committed to the surface. With the onset of
surface sensing, intracellular cAMP levels and TFP activity for
cells in a given lineage become correlated into damped coupled
oscillations, which subjects that lineage to repeated suppression
of TFP-mediated motility, resulting in a sharp increase in the
number of cells with near-zero TFP motility. (That these cells
eventually become sessile with no TFP activity is consistent with
the trend of dissipating cAMP–TFP oscillations.) Since the de-
tachment sequence of P. aeruginosa involves both TFP and fla-
gellum activity (8), such a reduction in TFP motility can drastically
suppress cell detachment (18, 23) and cause the foundational
emergence of family tree architectures with predominately two-
legged division branching (i.e., both daughter cells remain surface-
attached), resulting in cells whose progeny dominate the surface
population via exponential surface population growth. We suggest
that this motility-suppressed state can be used to define the onset
of “irreversible attachment.” Therefore, not only does multigen-
erational surface sensing allow planktonic cells to “remember” a
surface, it directly leads to a form of surface commitment defined
in terms of cooperative behavior in a lineage of cells rather than in
terms of single-cell behavior.

Materials and Methods
P. aeruginosa PA14 strains WT and ΔpilA (14), ΔpilT, ΔpilJ (16), and ΔpilU
mutants were used. For cAMP reporter experiments, WT and ΔpilU with the
YFP/CFP reporter/control plasmid were used (9). M63 supplemented with
1 mMMgSO4, 0.05% glucose, and 0.125% casamino acids (CAA) was used for
flow cell experiments conducted at 30 °C with a flow rate of 3 mL/h. Flow
cells for single-channel and memory-loss experiments were described pre-
viously (20, 24). The flow was stopped for bacterial inoculation and 10 min of
incubation, and then resumed with recording. For tandem flow cell experi-
ments, flow cell channels were joined in series by connecting the outlet of
FC1 with the inlet of FC2.

Images were recorded with an Olympus microscope and an Andor elec-
tron-multiplying CCD (EMCCD) camera. Bright-field images were recorded
every 3 s, fluorescence every 15 min. Total recording time varied from
10∼40 h, which resulted in 12,000∼48,000 bright-field images and 40∼160
fluorescence images, containing ∼1 million bacteria images. The image size
was 67 × 67 μm2 (1,024 × 1,024 pixels).

The image analysis software is adapted frommethods previously described
(18–21, 23, 25, 26) and written in MATLAB R2015a (MathWorks). We use a
“family tree” data structure where each tree node is a single bacterium. To
minimize errors in recognizing and tracking cells in lineages, we manually
validated each tracked family (three or more families per strain). Families
were chosen by randomly sampling bacteria in the dataset and recon-
structing their families. An example video of validated tracking data is
shown in Movie S1.

Pil-Chp-cAMP surface sensing (8, 9) is described with a minimal model.
Dynamical equations relating these quantities are coupled and nonlinear,
but they can be linearized around a fixed point to examine the fluctuations
and response, following the spirit of Alan Turing’s work to describe re-
action–diffusion systems (22). The system of equations can be solved, and
correlation functions can be calculated and used to manually fit the exper-
imental correlation data.

Full materials and methods are found in SI Materials and Methods.
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