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Swimming bacteria navigate chemical gradients using temporal
sensing to detect changes in concentration over time. Here we show
that surface-attached bacteria use afundamentally different mode of

sensing during chemotaxis. We combined microfluidic experiments,
massively parallel cell tracking and fluorescent reporters to study how
Pseudomonas aeruginosa senses chemical gradients during pili-based
‘twitching’ chemotaxis on surfaces. Unlike swimming cells, we found that
temporal changes in concentration did notinduce motility changesin
twitching cells. We then quantified the chemotactic behaviour of stationary
cells by following changes in the sub-cellular localization of fluorescent
proteins as cells are exposed to a gradient that alternates direction.
These experiments revealed that P. aeruginosa cells can directly sense
differencesin concentration across the lengths of their bodies, evenin
the presence of strong temporal fluctuations. Our work thus overturns
the widely held notion that bacterial cells are too small to directly sense
chemical gradientsin space.

Cellular chemotaxis, the ability to sense chemical gradients and actively
direct motility along them, plays a central role in many important
processes including disease'?, foraging®*, sexual reproduction’ and
multicellular development®”. There are two distinct ways that cells
can sense chemical gradients (Fig. 1). Cells using temporal sensing
measure changes in chemical concentration over time as they travel
along gradients. By contrast, cells using spatial sensing directly com-
parethe concentration of achemical at different positions along their
cellbody, independently from cellmovement. The two sensing mecha-
nisms are not necessarily mutually exclusive; in some complex signal
transduction systems (for example, in certain eukaryotic cells that
travel along surfaces using amoeboid movement), they can also be
used in combination to guide chemotaxis®.

While eukaryotic cells are capable of both forms of sensing, the
paradigmin the study of bacterial chemotaxis is one of temporal sens-
ing. In particular, whenever the chemosensory systems of swimming
bacteriahave been characterized in detail, they have exclusively been

found to use temporal sensing mechanisms to detect chemical gra-
dients’ ", and these are particularly well understood in swimming
Escherichia coli*. Temporal sensing allows fast-swimming bacteria
to measure changes in concentration that occur over length scales
equivalenttotensof cellbody lengths (Fig.1and Supplementary Infor-
mation), enabling them to better distinguish chemical gradients from
stochastic noise. However, the advantage conferred by temporal sens-
ingispredicted toscale with movement speed, and theoretical models
suggest that spatial sensing could potentially confer increased sensi-
tivity to bacteria-sized swimming cells in some parameter regimes-*.
Despite this, there is only one potential observation of spatial sensing
in bacteria, which was suggested as an explanation for the U-shaped
trajectories made by an uncultured bacterium collected from marine
sediments that swims using flagella extending from each of its two
poles®. However, these analyses were not definitive, and swim-
ming bacteria are generally understood to use temporal sensing to
guide chemotaxis?®**%,
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Fig.1|Swimmingbacteria experience larger changesin concentration over
time, whereas twitching bacteria experience larger changes in concentration
over the lengths of their bodies. In principle, chemotaxing cells could either
sense changes in chemoattractant concentration by moving from one location
to another and comparing how the concentration changes over time (temporal
sensing) or by directly comparing differences in concentration over the length
oftheir bodies (spatial sensing). The rapid speed of swimming bacteria (for
example, ref.39) means that over the course of their typical response time (on the
order of 1s), they would experience a larger change in concentration in time than
space (denoted by the green and purple bars, respectively). The opposite is true
for solitary surface-attached twitching bacteria, which move much more slowly
(Extended Data Fig. 1c) and have response times on the order of 1 min*. Here
chemoreceptor clusters are represented by the grey circles within the cell poles.

This focus on swimming cells contrasts with the fact that most bac-
terialiveinsurface-attached communities called biofilms*°~* Flagella
areineffective at driving motility in surface-attached cells**; instead
they propel themselves using other forms of motility***’. For instance,
many surface-attached bacteria move via twitching motility, which is
driven by the extension and retraction of type IV pili that function like
molecular grappling hooks to pull cells across surfaces™. It was previ-
ously demonstrated thatindividual Pseudomonas aeruginosa cells can
use twitching motility to navigate chemoattractant gradients®. Spe-
cifically, when exposed to achemoattractant gradient that alternated
direction, surface-attached cellswere observed to rapidly reverse direc-
tioninresponse, typically before travelling a single micron. In contrast
to swimming cells that reverse direction by switching the direction of
flagellar rotation®, twitching cells reverse direction by switching pili
activity to the opposite pole of their rod-shaped bodies***'. However, it
isnotknown how surface-attached P. aeruginosa cells resolve which of
their polesis directed toward higher chemoattractant concentrations
as they navigate chemical gradients.

Apriori, there are good reasons to suspect that surface-attached
P.aeruginosa cells might use a different type of gradient sensing com-
pared to swimming cells (Fig. 1 and Supplementary Information). On
average, solitary twitching cells migrate approximately four orders of
magnitude more slowly than swimming cells***°. Whereas swimming
bacteria typically cover a distance equivalent to tens of body lengths
withinthe characteristic time it takes for themto respond to chemoat-
tractant gradients (-1s; ref. 42), twitching P. aeruginosa cells typically
only move less than one fifth of their cell body length in their character-
istic response time (-1 min; ref. 33). Swimming cells would thus detect
alarger changein concentration by sensing temporal changes as they

move, whereas the opposite is true for twitching cells, which could
measure a larger change in concentration across the length of their
bodies (Fig. 1). While surface-attached bacteria are known to detect
non-chemical stimuli, such as light and mechanical forces (both of
which areintrinsically vectorial), over the lengths of their bodies*"**, we
currently donot know whether they are also capable of sensing chemi-
calconcentration (whichisascalar) inanalogous fashion. We therefore
decided to investigate whether surface-attached P. aeruginosa cells,
like eukaryotes, can detect chemical gradients across their cell bod-
ies. To accomplish this, we used a series of microfluidic experiments
to measure the response of individual solitary bacteria as they were
exposed to different types of chemical stimulus.

Results

Twitching cells do not respond to temporal gradients

While one can argue how spatial sensing might benefit twitching
P.aeruginosa ccells (Fig.1and Supplementary Information), it is well doc-
umented that bacteria use temporal mechanisms when swimming. We
therefore began by testing whether temporal changesin chemoattract-
ant concentration could explain the directed motility of P. aeruginosa
onsurfaces. The experiments that documented pili-based chemotaxis
used a dual-flow microfluidic device where molecular diffusion mixes
two streams of fluid with different chemoattractant concentrations
as they flow down the length of the device (Extended Data Fig.1and
ref. 33). In these assays, cells undergoing chemotaxis simultaneously
experience a spatial gradient over the length of their bodies as well
as temporal changes in chemoattractant concentration as they move
along the gradient. This makes it difficult to ascertain whether cells
areresponding to either spatial or temporal stimuli.

To directly test whether twitching cells use temporal signals to
guide chemotaxis, we developed a custom microfluidic set-up that
uses Taylor-Aris dispersion*** to generate a concentration gradient
of succinate (aknown chemoattractant and preferred carbon source of
P. aeruginosa; Extended Data Fig. 1 and ref. 33) that flows past cells.
Importantly, our custom microfluidic set-up exposes all cells to an
approximately equal temporal stimulus, independent of their move-
ment speed or direction (Fig. 2 and Methods). Twitching cells in
dual-flow microfluidic experiments bias their motility towards suc-
cinate by both increasing and decreasing their reversal frequency
when moving away from or towards chemoattractants, respectively,
compared to a control that contains a uniform concentration of suc-
cinate (Extended DataFig.1). Therefore, if cellsindeed used temporal
measurements to guide chemotaxis, we would expect that a tem-
poral decrease in succinate concentration would cause the cells in
our Taylor-Aris dispersion experiments to reverse more frequently,
and vice versa.

We designed our Taylor-Aris dispersion experiments to expose
cells to the same average chemical temporal stimuli that cells experi-
enced in the dual-flow experiments where chemotaxis was originally
demonstrated. This correspondence was accomplished by matching
both the concentrations (C) and mean temporal concentration gra-
dients (dC/d¢) that cells experience in those experiments (Methods).
Importantly, in our Taylor-Aris dispersion experiments, the chemoat-
tractant gradient forms over the length of a 2-m-long tube leading to
the microfluidic device (Fig. 2a), such that the chemical gradient meas-
ures approximately 1.6 min length by the time it reaches the cells. By
contrast, in dual-flow experiments, the gradient instead forms across
the width of the microfluidic device and has a characteristic length
scale of 100 pm. Therefore, the cells in our Taylor-Aris dispersion
experiments experience approximately a 16,000-fold smaller gradi-
ent across the length of their bodies (that is, dC/dx) compared to the
dual-inlet experiments, while experiencing approximately the same
mean temporal stimuli (dC/d¢).

We used massively parallel cell tracking and automated reversal
detection® to simultaneously quantify the movement of thousands of
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Fig.2| Temporal changes in concentration do notinduce achemotactic
response in surface-attached P. aeruginosa. a, We used Taylor-Aris dispersion
to generate concentration gradients along a2 mlong tube, which then flowed
past surface-attached cells in microfluidic devices. We filled the system with
media containing succinate (Cy,x = 1.16 mM). At ¢ = 0, media containing a lower
succinate concentration (Cy,y = 0.84 mM) was pulled through the system.

As fluid moves fastest along a tube’s centreline, a plug of lower concentration
fluid forms (paneli) but is rapidly mixed across the tube width viamolecular
diffusion (panelii). The fluid interface forms a longitudinal gradient with an

~-1.6 mlength scale such that surface-attached cells within the device experience
smooth temporal decreases in concentration (paneliii to paneliv).b,c, Using
dye, we quantify succinate concentration (b) and temporal concentration
gradient over time (c) (blue lines; dashed green lines show a control with

1mM succinate throughout). Cells experience approximately the same mean
temporal concentration gradient that cells experience in dual-inlet chemotaxis

[T] Constant succinate concentration (control)
[ Decrease in succinate concentration

experiments (Extended Data Fig.1and ref. 33), but with ~16,000-fold smaller
spatial gradients.d, Inthe 1 h period before the succinate gradient entered the
device (interval t,), cell reversal rates were statistically indistinguishable between
experiment (white bar, blue outline) and control (white bar, green outline;
one-sided exact Poisson test (Methods) yielded P = 0.316). Similarly, reversal
ratesin the presence of atemporal succinate gradient (interval ¢,; light grey bar,
blue outline) and in the 1 h period after the gradient had cleared the microfluidic
device (interval t;; dark grey bar, blue outline) were statistically indistinguishable
from the reversal rates in the control (P=0.842 and P=0.368). The number

of reversals observed was n, =1,496 and 1,391 across n, = 468,596 and 439,632
trajectory points in the control and experimental conditions, respectively. Error
bars show 95% confidence intervals about the mean reversal rates assuming

that reversals follow a Poisson distribution (Methods). Data shown here are
representative of two bio-replicates (Extended Data Fig. 5). Source data provided
asaSourcedatafile.

cells attached to the surface of a microfluidic device (Extended Data
Fig.2).Inaddition to exposing cells to temporal gradients of succinate,
werana control experiment inanadjacent microfluidic channel on the
same microscope where cells were exposed to a constant succinate
concentration over time. This control allows us to distinguish any
potential changes in cell motility induced by the temporal succinate
gradient from other, more general changes in cell motility over time.
Forexample, anincrease inthe amount of exopolysaccharides present

on the surface*® or physiological adaptation of cells to the surface
(mediated, for example, by surface sensing and second messengers
suchas cyclicadenosine monophosphate**’) could change cell motil-
ity over time (Extended Data Figs. 2 and 3). To control for such effects,
we established a baseline by analysing cell motility in the 1 h period
that preceded the succinate gradient entering the microfluidic device
(whiteregionlabelled ¢, in Fig. 2b,c) and compared it to that measured
over the sametime periodinthe control. As reversals are relatively rare
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events®, weimaged six fields of view in each channel, which allowed us
totrack approximately 10* cells simultaneously (Extended DataFig. 2).
Wefoundthat the baseline reversal rate before the gradient entered the
microfluidic channel (white regionlabelled ¢, in Fig. 2b) was statistically
indistinguishable whencompared with thereversal rate observedinthe
control over the same time period (Fig. 2d and Extended Data Figs. 4
and 5). This strong correspondence thus indicates that we can directly
compare the cellular reversal rates in the two channels at later time
pointsto assess whether atemporal gradientin concentration causes
cellsto alter their reversal rate.

We next calculated the reversal rate of cells as they experienced a
temporal decrease or increase in succinate concentration (light grey
region labelled ¢, in Fig. 2b,c) and compared it to that measured over
the same time period in the constant succinate concentration control.
Regardless of whether cells were exposed to a temporal increase or
decreaseinsuccinate concentration, cell reversal rates in time period
t,were statistically indistinguishable when compared between experi-
mental and control conditions (Fig. 2d and Extended Data Figs. 4 and
5). Finally, we measured reversal rates in the 1 h time period after the
temporal gradient had cleared the microfluidic device to confirm that
thegradients did not have alatent effect on cell reversal rates (dark grey
region labelled ¢; in Fig. 2b,c). Once again, cell reversal rates in time
period ¢; were statistically indistinguishable when comparing between
the control and experimental conditions (Fig. 2d and Extended Data
Figs. 4 and 5). Taken together, our results thus strongly suggest that
cells do not alter their reversal rate in response to temporal succinate
gradients. While it is known that twitching cells generate chemotaxis
by actively modulating their reversal frequency in response to the
direction that they are travelling along a chemoattractant gradient
(Extended Data Fig. 1; ref. 33), the absence of a response in our Tay-
lor-Aris dispersion experiments suggests that P. aeruginosa cells do
not use the mean temporal changesin concentration they experience
to guide pili-based chemotaxis.

However, we decided to explore another possible basis for tempo-
ral sensing. While the Taylor-Aris dispersion experiments simulated
thelong-term, average temporal changesin concentration experienced
by cells in experiments where chemotaxis was observed, on shorter
timescales, twitching cells routinely undergo much more rapid move-
ment caused by the stochastic release of individual pili***°. These
rapid movements can momentarily transport cells at speeds that are
approximately 20-fold larger than their movement speeds during their
more regular, slower form of movement, and thus they could expose
cells to larger temporal stimuli (Supplementary Information). This is
because the magnitude of the temporal gradient a cell experiences
scaleswithcell velocity, V, relative to achemical gradient like dC/dt = V.
dC/dx. Therefore, to measure the response of twitching cells to more
rapid changes in succinate concentration, we used a programmable
microfluidic system that smoothly switches between two different
concentrations of succinate over a period of 1.5 min, yielding temporal
gradients, dC/dt, that are approximately 40-fold larger than the experi-
ments shown in Fig. 2c (Methods). Given the short timescale of these
temporal gradients, we alternated between two different succinate
concentrations >12 times over the course of each experiment, allow-
ingusto expose the same cells to both positive and negative temporal
concentrationgradients and analyse data across them separately. While
these temporal gradients were much sharper than those in the Taylor-
Aris dispersion experiments, we again found that temporal stimuli did
not generate any detectable changes in cell reversal rates (Extended
DataFig. 6). Taken together, these first experiments strongly suggest
that surface-attached P. aeruginosa do not use temporal stimuli to
determine whether they are moving up or down a chemical gradient.

Quantifying chemotactic behaviour in stationary cells
Our first experiments indicated that twitching chemotaxis is not
driven by temporal sensing, suggesting instead that P. aeruginosa cells

Table 1| Sequences of primers used in this study

Primer Sequence

PILT.F GCGGCAGCTAAGGCTGATATTACCGAGCTGCTCGCCT

PILT R CGCCGGCGTGATGTTCTCGCTCACTCAGGG

YFP_F  GCGGCCGCTTTATTTGACATGCGTGATGTTTAGAATTATAATTTGGGGA
AGCCATCGGTACTATAAGGAGGTAAGTATGGTGAGCAAGGGCGAGGA

YFP_R  AGCCTTAGCTGCCGCCTCCTTAGCCGCAGCTTCAGCCAGCTCGT-

CCATGCCGAGA

might directly sense differencesin concentration across the length of
their bodies. However, to evaluate this possibility, we needed to find a
way to experimentally decouple the spatial and temporal information
that cells experience. The challenge is that a cell moving through a
steady spatial gradient of chemoattractant will experience differences
in concentration along the length of its body, while simultaneously
experiencing changes in concentration over time as it moves rela-
tive to the gradient. To decouple these two different stimuli from
one another, we decided to study the behaviour of stationary cells,
which typically make up arelatively small percentage of cells within
our microfluidic assays (approximately 5-10%). The question then
was how does one characterize chemotactic behaviour in cells that
are not moving?

Here, we initially found inspiration in the studies of Myxococ-
cus xanthus, which can also move via twitching motility®'. Reversals
occur 40 times more frequently in M. xanthus and are accompanied
by changes in the sub-cellular localization of two motor proteins,
PilB and PilT, which are responsible for pili extension and retraction,
respectively*>*. In twitching M. xanthus cells, PilB localizes to the
front pole of a moving cell (the ‘leading pole’), whereas PilT localizes
predominantly to the rear pole (the ‘trailing pole’). The two motor
proteins then switch between the two poles of M. xanthus cells during
reversals. If these motor proteins show similar patterns of localization
in twitching P. aeruginosa cells, we could potentially use fluorescent
fusions to quantify reversalsin cell polarity, evenin cells that are tem-
porarily stationary.

To visualize the retraction motor PilT in cells undergoing rever-
sals, we fused PilT to yellow fluorescent protein (YFP) and expressed
itin a P. aeruginosa strain lacking a functional native copy of PilT
(ApilT::pilT-yfp; Methods and Table 1). This fusion protein comple-
mented the motility of the ApilT strain (Extended Data Fig. 7), amutant
lacking the first portion of the gene’s coding region (Methods; ref. 55).
We find that our PilT-YFP fusion protein localizes predominantly to
the leading cell pole in twitching P. aeruginosa cells (Fig. 3b,c), which
is consistent with two recent studies**°, and implies that reversals in
cell movement direction will be associated with a re-localization of
PilT-YFP to a cell’s new leading pole (for example, Fig. 3d). Given that
PilT instead localizes to the trailing pole in twitching M. xanthus cells,
thisimplies that different molecular mechanisms are used to generate
reversalsin these two species.

In stationary cells, PilT-YFP can also localize to neither (‘nonpo-
lar’), to one (‘unipolar’) or to both cell poles simultaneously (‘bipolar’;
Fig. 3a). Crucially, we found that the localization of PilT-YFP remains
dynamic in the stationary cells in our microfluidic assays, with new
localizations forming and old localizations dissipating over time
(Fig. 3e,f). These findings indicate that changes in the sub-cellular
localization of PilT-YFP can be used to distinguish between the lead-
ing and lagging pole before a cell starts to move. Specifically, this
fusion allows us to detect ‘repolarization events’ in stationary cells,
which occur when PilT-YFP redistributes within the cell (Fig. 3g-i), and
quantify how they are elicited by different types of chemical gradients.
Tracking changesin the sub-cellular localization of PilT-YFP therefore
allows us to analyse the chemotactic behaviour of stationary cells.
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Fig. 3 | PiIT-YFP localizes to the leading pole of motile cells and can
dynamically re-localize within the bodies of both motile and stationary
cells, providing a means to infer chemotactic behaviour. a,b, In the majority
of both stationary (a) and motile (b) cells, the PilT-YFP fusion protein localizes
to one of the two cell poles (unipolar). A smaller proportion of cells have
PilT-YFP localizations in both poles (bipolar) or lack appreciable localizations
altogether (nonpolar). Black lines show the mean of three bio-replicates that
were each conducted on different days, represented here with a different
coloured circle. The data from each bio-replicate contained over n =1,000
trajectories. ¢, If we consider only those motile cells that have a unipolar
PilT-YFP localization, we find that PilT-YFP is significantly more likely to localize
toacell’sleading pole (mean proportion = 0.84; a two-sided binomial test of
proportions rejects the null hypothesis of equal proportions with P<1x 107
for each bio-replicate, assuming that data from each cell at each time point are

independent measurements). d, A time series of a motile twitching cell (cell
outline shown in blue) undergoing a reversal at ¢ = 8 min. PilT-YFP (shown in
white) localizes to the leading pole, so that it swaps from one pole to the other
when the cell reverses direction. e, A time series of a stationary cell reveals

that PilT-YFP can swap between a cell’s two poles over time, an event we call a
‘repolarization event’. Localizations of PilT-YFP are marked with white triangles.
f, A cell thatis initially stationary has PilT-YFP localized to both of its poles, but
subsequently PilT-YFP accumulates within its bottom pole shortly before the
cellinitiates movementin the downward direction. Faint dashed red linesine
and fmark the position of the two cell polesin the firstimage of the time series.
g-i, Repolarization events can occur in cells that are initially nonpolar (g),
unipolar (h) or bipolar (i). Cells shown are representative of three bio-replicates.
Source data provided as asource datafile.
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Fig. 4 |Repolarization eventsinstationary cells exposed to an alternating
succinate gradient preferentially re-localize PilT-YFP to the cell pole
experiencing larger succinate concentrations, indicating that they are
capable of spatial sensing. a, We used a dual-flow microfluidic device to
expose cells to aspatial gradient of succinate that alternates direction®.

The dashed black box indicates the region downstream of the two inlets, where
we imaged cells. b, Inresponse to this alternating spatial gradient, stationary
cells (blue) expressing PilT-YFP (white circles) can undergo either correct or
incorrect repolarization events. ¢,d, The relative proportion of correct and
incorrect repolarization events in this experiment can be used to determine
whether cells use temporal (c) or spatial (d) sensing. ¢, Stationary cells using
only temporal sensing could garner no information about a gradient’s spatial
orientation and would therefore be equally likely to generate correct and
incorrect repolarization events (prediction A). d, By contrast, stationary cells
capable of spatial sensing could directly sense the gradient’s spatial orientation,

Time
Prediction B: Correct repolarizations
outnumber incorrect repolarizations

a"'

'4>a

§-4

allowing them to deploy correct repolarization events at a greater frequency
thanincorrect repolarization events (prediction B). e, Quantifying the behaviour
of n=171stationary cells undergoing repolarization events within our alternating
gradient experiments (see Supplementary Videos 1-16 and Supplementary Table
1) revealed that correct repolarization events occurred approximately 6 times
more frequently thanincorrect repolarization events, regardless of whether
PilT-YFP localization was initially nonpolar, unipolar or bipolar (Fig. 3g-i).

An exact two-tailed binomial test rejected the null hypothesis that correct and
incorrect repolarization events were equally abundant with P=2.37 x107,
1.51x107? and 1.28 x 10# for nonpolar, unipolar and bipolar repolarization
events, respectively. This is consistent with prediction B, indicating that cells

are capable of directly sensing differences in concentration over the length of
their bodies. Error bars show 95% confidence intervals about the proportion
estimates. Source data provided as a Source datafile.

Spatial sensing guides twitching chemotaxis

To test for spatial sensing, we used a custom Y-shaped microfluidic
device® to expose our P. aeruginosa (ApilT::pilT-yfp) cells to a spatial
gradient of succinate that alternatesindirection (Fig. 4a). We then fol-
lowed the distribution of PilT-YFP within a total of >1,000 stationary
cells and recorded whether or not these stationary cells underwent
repolarization events when they were exposed to asuccinate gradient
that alternated direction approximately every 45-60 min (Methods).
Stationary cellsthat underwent repolarization events can be separated
into two different categories: ‘correct’ repolarization events in which
cells re-localize PilT-YFP in the pole experiencing higher succinate
concentrations and ‘incorrect’ repolarization events, where PilT-YFP
isre-localized in the pole experiencing lower succinate concentra-
tions (Fig. 4b).

The relative frequency of correct and incorrect repolarization
eventsinstationary cells allows us todirectly test whether cellsrespond
to temporal or spatial stimuli. As stationary cells do not move appreci-
ably relative to the gradient, the temporal stimuli they experience do
notencode information that could allow them to determine the orien-
tation of the chemical gradient. Instead, on one side of the device sta-
tionary cells simply experience anincrease in concentration over time,
whereas onthe other side, they experience adecrease in concentration
overtime (Fig. 4c,d). Therefore, temporal sensing and spatial sensing

lead to two different, and easily distinguishable, predictions in these
experiments. If stationary cells used temporal sensing, repolarization
events would be independent of the gradient’s orientation, so one
would expect that correct and incorrect repolarization events would
both occur randomly and, therefore, at approximately the same rate
(‘prediction A’; Fig. 4c). By contrast, if stationary cells can make spatial
measurements, we expect that correct repolarization events will occur
more often thanincorrect repolarization events. This is because cells
thatsensethe direction of the chemical gradient by directly measuring
itacross their bodies would be able to correctly ascertain the gradient’s
spatial orientation (‘prediction B’; Fig. 4d).

Across three bio-replicates, we identified 171 cells that were sta-
tionary following the change in gradient orientation and subsequently
underwent repolarization events (Fig.4e, Supplementary Videos1-16
and Supplementary Table 1; a detailed description of how repolariza-
tion events were identified is given in the Methods). A fraction of sta-
tionary cells sometimes began to move off after the gradient changed
direction before observably altering their PilT-YFP distribution, so we
also used cellmovement to diagnose the chemotactic response of these
initially stationary cells (Methods). Separating these 171 repolarization
events by direction revealed a striking result: correct repolarization
events occurred approximately 6 times more frequently than incor-
rectones (148 correct, 23 incorrect; Fig. 4e), suggesting therefore that
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Fig. 5| Stationary cells can sense changesin the orientation ofa
chemoattractant gradient, despite large temporal fluctuationsin
concentration. We simultaneously quantified the succinate concentration that
acellexperienced over time (red circles; black line shows moving average), cell
speed (grey line) and PilT-YFP localization, as cells were exposed to a succinate
gradient that alternates direction. Grey circles indicate time points at which cell
images are shown (at 2.5 min intervals). To guide the eye, cellimages have been
repositioned so that they are vertically oriented and their centroid remains ata
fixed position. a, This cell experiences a sharp temporal decrease in succinate
concentration when the gradient changes direction. PilT-YFP re-localizes to
the cell pole that is now exposed to higher chemoattractant concentrations
(acorrectrepolarization event), and the cell later moves offin the direction of
its new leading pole. PilT-YFPis shown in the bottom inset, with red and white
boxes indicating high and low succinate concentrations, respectively. b, This
cellexperiences asharp increase in succinate concentration over time and also
undergoes a correct repolarization event. While PilT-YFP is initially nonpolar,
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itsubsequently re-localizes exclusively to the cell pole positioned in higher
succinate concentrations. ¢, This cell was positioned close to the centreline

of the succinate gradient such that when the gradient alternated direction,
itexperienced noisy fluctuations in succinate concentration, including both
increases and decreases in concentration. Despite this, the cell also underwent a
correct repolarization event—PilT-YFP was initially localized to both poles (with
no observable directional polarity) and subsequently re-localized exclusively

to the cell pole positioned in higher succinate concentrations. d, Although

less frequent, cells also underwent incorrect repolarization events. Here a cell
experiencing anincrease in succinate concentration over time re-localizes
PilT-YFP to the cell pole positioned in lower succinate concentrations and
subsequently movesin that direction. While these four repolarization events are
representative, Supplementary Videos 1-16 show every repolarization event that
we observed, with a description of how each was classified in Supplementary
Table 1. Source data provided as asource datafile.

twitching cells directly sense chemoattractant gradients across the
length of their cell bodies. This trend is remarkably consistent across
stationary cells regardless of whether their initial PilT-YFP localiza-
tion is nonpolar, unipolar or bipolar (Fig. 4e). Moreover, cells were
observed to correctly determine the direction of the succinate gradient
despite being subjected to sharp changes in succinate concentration
over time (Fig. 5a-c, Extended DataFig. 8, Supplementary Videos1-16

and Supplementary Table 1). These temporal changes in concentra-
tion were two to three orders of magnitude larger than those in the
Taylor-Aris dispersion experiments, indicating that spatial sensing
isrobust to large temporal changes in concentration, such as the ran-
dom fluctuations that arise from twitching cell’s jerky movementrela-
tive to a chemical gradient. Last, we note that twitching P. aeruginosa
cells always show a basal level of reversals even in the absence of
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chemical gradients®, which means that a proportion of incorrect
repolarization events are expected, albeit at a lower frequency than
correctones (Figs. 4d,eand 5d).

The temporal changes did produce interesting trends, however.
We observed morerepolarizationeventsin cells thatexperienced asud-
dendecreaseinsuccinate concentration compared to those experienc-
inganincreaseinconcentration (Extended DataFig. 8). These findings
arebroadly consistent with previous work showing that the likelihood
of responding to a stimulus increases when the background levels of
that stimulus are lower (for example, a prediction of Weber’s law or
receptor saturation kinetics®*°). In our alternating gradient experi-
ments, we observed that more cells responded to the new gradient
directionwhenthey were experiencing alower absolute concentration
of succinate. We observed asimilar patternin our standard chemotaxis
assays; that is, for a given gradient strength, cells are more likely to
undergo correct reversals (and less likely to undergo incorrect rever-
sals) when the absolute concentration of succinate was lower (Extended
DataFig.9). However, while background concentrationinfluences the
response, we still found that correct repolarization events outnum-
bered incorrect repolarization events regardless of the background
concentration that cells were exposed to. Specifically,in the alternating
gradient experiments, correct reversals outnumbered incorrect ones
by approximately tenfold when the concentration was decreasing,
whereas an approximately fourfold difference was observed when
the concentration wasincreasing (Extended DataFig. 8). These results
suggest that cells can correctly identify the direction of the spatial
gradient across the lengths of their bodies across a range of absolute
concentrations and regardless of the sign of the temporal gradient.
Taken together, our data suggest that P. aeruginosa cells can robustly
navigate chemoattractant gradients using spatial sensing.

Discussion

We find that surface-attached P. aeruginosa cells can directly measure
differences in concentration over the length of their bodies. By con-
trast, the signal transduction systems that guide chemotaxis in diverse
swimmingbacteria, including P. aeruginosa, use temporal sensing?***%,
The use of spatial sensing was previously thought to be confined to the
sophisticated signal transduction systems of eukaryotic cells®*. Eukary-
otic spatial sensing is regulated by a molecular ‘compass’ composed
of intracellular chemical gradients. These gradients are generated
from competition between rapid excitatory signalling generated by
chemoeffector-chemoreceptor binding and slower, cell-wide inhibi-
torysignalling, known as localized excitation, global inhibition or LEGI
interactions®*'. It has recently been demonstrated that twitching P. aer-
uginosa cells are able to sense differences in mechanical stimuli across
thelengths of their bodies viathe two response regulators of the Pil-Chp
chemotaxis-like system (PilG and PilH, which may prove comparable to
the eukaryotic-like LEGI system*). We find here that PilG is also required
for twitching chemotaxis towards succinate (Extended Data Fig. 10),
anditistherefore possible that similar LEGlinteractions could facilitate
spatial measurements of chemical gradients in P. aeruginosa. We also
note that the putative chemoreceptor of the Pil-Chp chemosensory
system (Pil]) localizes to both cell polesin P. aeruginosa®’, which could
potentially facilitate spatial measurements.

Bacteriacommonly live on surfaces, where they often experience
strong and stable chemical gradients generated by a combination
of molecular diffusion, nutrient consumption and the secretion of
compounds from both nearby groups of bacteria and other organ-
isms®>"*%, For example, it has recently been demonstrated that
P. aeruginosa cells use pili to navigate towards compounds produced
by nearby Staphylococcus aureus microcolonies and subsequently
inhibit S. aureus growth®. Our results show that the well-established
paradigm of bacterial chemotaxis, based on measuring changes in
concentration over time, does not hold for surface-based movement
in P. aeruginosa. Instead, we find that cells navigate on surfaces using

spatial information. This mode of sensing is well suited to the slow
movement and steep chemical gradients associated with living on
surfaces and, relative to temporal sensing, it likely would allow twitch-
ing cells to measure larger changes in concentration, enhancing their
ability to discriminate chemical gradients from stochastic noise (Fig. 1,
Supplementary Information and refs. 21,27,70). Indeed, our experi-
ments show that even stationary cells can use spatial information
to sense chemical gradients. This observation raises the possibility
that static bacteria living in mature biofilms could use the multiple,
opposing chemical gradients that often form within biofilms” to guide
biofilm development.

Methods
Bacterial strains and culturing
Wild-type P. aeruginosa PAO1 (Kolter collection, ZK2019) was used
as the model organism for this study. To visualize the localization of
PilT within cells, we sought to express a fluorescently labelled copy of
PilT from the native promoter of pilT on the chromosome. However,
we were not able to detect any fusion protein using this approach
with epi-fluorescentimaging, presumably because the native expres-
sion levels of pilT were too low. We therefore sought an alternative
solution. First, we generated a pilT mutant lacking the first portion of
the gene’s coding region in our model PAO1 strain using a previously
published plasmid kindly gifted to us for this study (pJB203°; we refer
to this mutant as ApilT). We then generated a PilT-YFP protein fusion
expressed from alow-expression promoter (BG35) previously charac-
terized in Pseudomonas putida’. Briefly, pilT was amplified from the
chromosome of PAO1 using two primers that were complementary to
the sequenceimmediately downstream of the pilT start codon (PILT_F)
and ~100 base pairs downstream of the pilT stop codon (PILT_R; see
Table1for primer sequences). The coding sequence of YFP was ampli-
fied fromthe plasmid pEYFP-N1(Clontech) using an upstream primer
(YFP_F) thatadditionally introduced the BG35 promoter immediately
upstream of aribosome binding site (designed using automated meth-
odology described by ref. 73) and a downstream primer (YFP_R) that
introduced a rigid linker™ to separate the functional domains of the
two amplified proteins (YFP and PilT). These two amplified fragments
were then combined by secondary PCR, ligated into the linearized
vector pGEM-T (Promega) and transformed via electroporation into
E.coliS17-1,abroad-host-range donor strain. We then used a previously
established protocol for using a mini-Tn7 systemtoinsert our pil T-yfp
constructinto the chromosome of our ApilT strain at its single attTn7
site (ref. 75; ApilT attTn7::pilT-yfp). Doing so restored the motility of
our ApilT strain to wild-type levels, thus confirming that our PilT-YFP
fusion proteinis functionalwhenexpressed from the BG35 promoter at
the chromosomal attTn7 site (Extended DataFig. 7). The final construct
was confirmed by sequencing.

Allstrains were grown from frozen stocks overnightin Luria-Ber-
tani (Lennox) broth (Fisher, 37 °C, 250 r.p.m.) and sub-cultured (1:30
dilution) in tryptone broth (TB, 10 g I, Bacto tryptone) for 2.5h to
obtain cells in exponential phase. Cells were then diluted to an opti-
cal density at 600 nm of either 0.15 (experiment shown in Fig. 2 and
Extended Data Figs. 2-5) or 0.5 (all other experiments) in TB media
before being used to inoculate microfluidic experiments.

Imaging

In the Taylor-Aris dispersion experiments (Fig. 2 and Extended Data
Figs.2-6), we used aNikon Ti2-Einverted microscope equipped witha
‘Perfect Focus’ system and aHamamatsu Orca-Fusion camera. For the
experiment shown in Extended DataFigs. 1, 7 and 10, we used a Nikon
Ti-E inverted microscope equipped with a ‘Perfect Focus’ system, a
Hamamatsu Flash 4.0 v2 camera and a CoolLED pE-4000 illumina-
tor. For the experiments that quantified the distribution of PilT-YFP
(Figs. 3a-c, 4 and 5 and Extended Data Fig. 8), we used a Zeiss Axio
Observer inverted microscope equipped with a‘Definite Focus’ system,
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a Zeiss AxioCam MRm camera, and a Zeiss HXP 120 illuminator. We
used x20 Plan Apochromat air objectives throughout, except for our
studies of the subcellular localization of our PilT-YFP fusion protein,
which used a x63 Plan Apochromat oil-immersion objective (on the
Zeiss system). Time lapse images were collected using the Zen Blue
2012 (Zeiss) and NIS-Elements AR v4.51.01 (Nikon) software on the Zeiss
and Nikon systems, respectively.

Microfluidic experiments

Our custom-designed devices were cast with polydimethylsiloxane
(PDMS) (Sylgard 184, Dow Corning) using moulds fabricated from SU-8
on silicon wafers (FlowJEM). Holes for tubing were punched through
the PDMS using a Harris Unicore 1.5 mm biopsy tool (Agar Scientific).
The PDMS was then bonded to glass coverslips (50 mm by 75 mm,
number 1.5 thickness, Agar Scientific) using a corona treater (BD-20AC,
Electro-Technic Products), as previously described’.

We plumbed the inlets and outlets of our microfluidic devices
using Tygon microbore tubing (1.5 mm outside diameter) and then
placed the entire set-up in a vacuum chamber for 1 h to reduce the
potential for air bubbles. The devices were then mounted onto the
microscope, and the outlet tubing was connected to a 10 ml plas-
tic syringe (Luer-Lok, Becton Dickinson) using a 23-gauge needle
(PrecisionGlide, Becton Dickinson). The syringe was filled with nutri-
ent media (TB) and mounted onto a syringe pump (PhD Ultra, Har-
vard Apparatus). To remove air from the system, we first injected TB
through the device at aflow rate of 100 pl min™. Exponential-phase cells
(as described above) were then drawn into the device via suction at a
flow rate of 50 pl min™ through theinlet tubing. Once cells reached the
test section of the channel, all inlets and outlets were clamped using
haemostats for 10 min, which allowed cells to attach in the absence of
any flow. After this attachment period, the TB from the syringe was
injected through the device at 100 pl min™ for 10 min to remove any
remaining planktonic cells. Last, the ends of the inlet tubing were
placed into new reservoirs, and fluid was pulled through the device
viasuction for the remainder of the experiments.

The experiments shownin Extended DataFigs.1,7 and 10 were per-
formed using the commercial BioFlux 200 microfluidic system (Fluxion
Biosciences), using protocols that have been previously described®.
We used our previously described model to quantify the chemical
gradients within this device””.

Taylor-Aris dispersion microfluidic experiments

For the experiments shown in Fig. 2 and Extended Data Figs. 2-5, we
used a custom microfluidic device with a single inlet and outlet at
either end of arectangular microfluidic channel (30 mminlength with
acrosssectionl mmwide and 75 umdeep). The inlet was connected to
a2 mlengthof Tygontubing whose other end was placed inareservoir
containing TB mixed with succinate, and the entire system was filled
with this fluid. Subsequently, we moved the end of the tube to another
reservoir, containing a different concentration of succinate. When this
new fluid was drawn into the tube via suction, Taylor-Aris dispersion
mixed the interface between the media containing the two different
concentrations of succinate longitudinally along the length of the 2 m
tube beforeit flowed over the top of the cells. Alternatively, for control
experiments, the end of the inlet tube was inserted into reservoirs that
both contained TB with 1 mM succinate. Thus, cells in these control
experiments did not experience any chemical gradients.

As discussed in the main text, our Taylor-Aris dispersion experi-
ments were designed to expose cells to approximately the same mean
concentration (C) and temporal concentration gradient (dC/d¢) that
cellsexperienced inthe dual-flow experiments where pili-based chemo-
taxis towards succinate was readily observed (Extended DataFig.1and
ref. 33). In these experiments, the static spatial gradient of succinate
had a magnitude of approximately dC/dx=0.02 mM pm™. Individual
twitching cells moved along this gradient with an average speed of

V.=0.2 pm min™ (Extended Data Fig. 1c) and thus experienced a tem-
poral gradient of succinate on the order of dC/d¢ = V. dC/dx = (0.2 um
min™) x (0.02 mM pm™) =0.004 mM min™. Cells in this region of the
device experienced an absolute concentration of succinate of C= 1 mM.

Compared to flagella-based swimming, the motility of
surface-attached P. aeruginosa cells is relatively slow, and reversals
arerelatively rare—on average, a cellreverses direction only once every
several hours®. To ensure that our results were statistically robust,
we aimed to collect as many cell trajectories (and thus reversals) as
possible over the course of a Taylor-Aris dispersion experiment. To
achieve this, we first used an automated microscope stage to simul-
taneously image 6 different fields of view within each microfluidic
channel every minute (a total of 12 different scenes as we imaged in
two channels simultaneously). Second, we aimed to expose cells to
a temporal change in succinate concentration that lasted a period
of approximately 1 h, so that we could detect a sufficient number of
reversals over this period (labelled ¢, in Fig. 2b—d and Extended Data
Figs.4 and5).

The length scale of the succinate gradient that forms along the
length of theinlet tube is set by competition between molecular diffu-
sionin theradial direction and differential advection in the longitudinal
direction of the tube, such that the length scale of the gradient in the
tubeincreases with the flow rate. To obtain succinate gradients with the
correct magnitude, we used previously described theory** to design
our experimental procedure. We first inserted the end of the inlet tube
into the reservoir containing succinate at the higher concentration,
Cuax, and thenfilled the entire microfluidic system with this media via
suction. Then we switched the inlet tube to the reservoir containing
the lower succinate concentration, Cy,y, and pulled this second media
intotheinlet tube atarate of 20 pl min™for 10 min. This formed asuc-
cinate gradient within the tube leading to the microfluidic device. We
then lowered the flow rate on our syringe pump to 2 pl min™ for the
remainder of the experiment. Therecently attached cells were allowed
toadapttothe surface forapproximately 2 h (under a continuous flow
rate of 2 pl min™) before the baseline measurements were recorded
(white region labelled ¢, in Fig. 2b,c).

We observed that the succinate gradient took approximately
7=60 min to pass through the microfluidic channel, as visualized by
using dye (Chicago Sky Blue 6B, 0.5 mg ml™) in each run of the experi-
ment (for example, Fig. 2b). This dye does not affect pili-based chemo-
taxis in P. aeruginosa® and is predicted to have approximately the
same distribution as the succinate given that they both have a similar
molecular weight. We chose Cy;,x =1.16 mM and Cy,y = 0.84 mM, which
yielded a dC/dt = (Cyax — Cun)/T = (1.16 mM - 0.84 mM)/60 min = 0.0
05 mM min™and ensured that cells experienced an average concen-
tration of 1 mM succinate over the course of the experiment, which
also matched the uniform succinate concentration used in control
experiments. Our Taylor-Aris dispersion experiments thus closely
matched the mean temporal gradient and mean concentration of
succinate observedinthe previously described dual-flow experiments
(dC/dt=0.004 mM min™and C=1mM, respectively).

Thecellsin our Taylor-Aris dispersion experiment primarily expe-
rience temporal variations in concentration that result from the spatial
gradient of succinate flowing past them. We note that the speed of cells
in our experiment V. = 0.2 pm min (Extended Data Fig. 1c) is orders
of magnitude smaller than the speed at which the succinate gradi-
ent passes through the device (approximately 27,000 pm min™),so a
cell'smovementrelative to the gradient has no appreciableimpact on
the temporal variation in succinate concentration they experience.
Moreover, the length scale of the succinate gradient when it passes
through the test section of the microfluidic device is approximately
L=(27,000 pm min™) x (60 min) = 1.6 m. Thus, the spatial gradient
of succinate that cells experience across the length of their bodies in
the Taylor-Aris dispersion experiments can be estimated as dC/dx =
(Cyax — Cann)/L = (116 MM - 0.84 mM)/1.6 m = 2.0 x 107 mM pm™, which
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is several orders of magnitude smaller than the spatial gradients that
cells experiencedinthe dual-flow experiments (dC/dx = 0.02 mM pm™).

In summary, the cells in the Taylor-Aris dispersion experiments
experience approximately the same mean temporal stimuli as they
dointhe previous dual-flow experiments, while experiencing spatial
gradients that are only vanishingly smallin comparison.

Tofollow cell motility in these experiments, images were captured
in brightfield at a rate of 1 frame per min. Using Fiji (v2.0.0)"%, we sta-
bilized the time series of brightfield images using the Image Stabiliser
plugin to remove drift in the x, y plane. Next, the background was
made more homogenous using the Normalise Local Contrast plugin,
and the intensity of the background was reduced using the Subtract
Background feature. Finally, a bleach correction plugin was used to
correct for long-term changes in the relative pixel intensity of the
cells in brightfield compared to the background, which varies as the
concentration of dye changes over time”. Cells were then tracked using
the Trackmate (v2.3.0) plugin for Fiji (v1.5.4)%. Finally, to analyse cell
motility and to detect when cells reverse direction, we used animage
analysis pipeline in Matlab (2019b) that we developed previously to
study twitching motility in P. aeruginosa®.

Cell responses to sharp temporal changes in concentration
Twitching motility is characteristically jerky, and cells frequently
undergo rapid displacements caused by the release of single pili, caus-
ing them to briefly move -20 times faster than their average speed***.
While these rapid displacements constitute arelatively small fraction
of a cell’s total movement time, their contribution to a cell’s total dis-
placement is approximately equal to their slower and steadier form
of movement®. As noted in the main text, the temporal gradient that
a cell experiences is linearly proportional to its movement speed
(asdC/dt=V,.dC/dx),and so acellis predicted to experience temporal
gradients that are ~20 times larger during these rapid displacement
events. We thus tested the possibility that twitching cells in the pres-
ence of chemical gradients might employ a temporal sensing modality
that is tuned to respond to these relatively short but steep temporal
chemoattractant gradients.

For these experiments, we used a dual-inlet BioFlux 200 micro-
fluidic system (Fluxion Biosciences) in which one inlet was connected
to TB mixed with alarger concentration of succinate (Cyxx = 1.16 mM),
while the otherinlet was connected to TB mixed with a smaller concen-
tration of succinate (Cy,y = 0.84 mM). Instead of passing fluid through
both inlets simultaneously so they formed a spatial gradient within
the test section®, we instead passed fluid through only one inlet at a
time, which exposes all cells in the test section to the same succinate
concentration. We used computer-controlled software to alternate the
flow between the twoinlets, such that cells sequentially experienced a
rapidincrease insuccinate concentration followed by arapid decrease
in succinate concentration over time. Like the Taylor-Aris dispersion
experiments described in the previous section, we chose these Cyx
and Cy,y values so that the mean succinate concentration that cells
experienced was1 mM, whichwas the concentration where chemotaxis
was observed to peak in the dual-flow experiment where cells where
exposed to a spatial gradient of succinate.

We added Chicago Sky Blue 6B dye (0.5 mg ml™) to the media con-
taining the higher concentration of succinate (Cy,y), Wwhereas the media
containing the lower concentration of succinate (Cy,y) did not contain
dye. By quantifyingthe change indye intensity at the downstream end
of the test section of the device, we observed that cells experienced
asmooth change in concentration between the two different media
over atimescale of 7= 1.5 min (Extended Data Fig. 6). Because the time
period of the temporal gradient (7) in these experiments is relatively
shortand therefore affords less time to observe reversals, we alternated
the flow between the two inlets every 15 min so that we could expose
cellstoatleastsixincreases and decreasesin succinate concentration
over the course of one experiment (Extended Data Fig. 6a). We observe

that the transition between the two succinate concentrations occurs
smoothly and consistently in the test section of the device. We note that
the overall duration of our microfluidic experimentsis limited because
insitu cell divisioneventually crowds the surface, which makes tracking
individual cells difficult.

We can estimate the temporal gradient in these experiments as
dC/dt = (Cyax — Cun)/T = (1.16 mM - 0.84 mM)/1.5 min = 0.2 mM min™;
Extended DataFig. 6b,c), whichis oneto two orders of magnitude larger
than the temporal gradients that cells were exposed to in the Taylor-
Aris dispersion experiments described in the previous section and
is approximately the same strength as the temporal stimuli that we
predictacellin our dual-flow experiments will experience momentar-
ily during pilirelease events®*°, We can estimate the spatial gradients
that form over the length of the test section in these experiments as
dC/dx = (Cyax — Cuin)/(UT) = (1.16 MM — 0.84 mM)/(2,500 pm min™ x
1.5min) =8.5x10”° mM um™, (where Uis the mean flow speed), which
isapproximately 200-fold smaller than the spatial gradients that cells
experienced in the dual-flow experiments (dC/dx = 0.02 mM pm™).

To follow cell motility, two fields of view wereimaged in brightfield
at a higher frame rate of 7.5 frames per min. Using Fiji’®, images were
processed and tracked using the Trackmate plugin®® as described
above. To analyse cell motility and to detect when cells reverse direc-
tion, we once again used our previously developed image analysis
pipeline in Matlab®,

Totestwhether cells cansense and respond to this larger temporal
stimulus, we compared cell reversal rates before, during and after they
experienced atemporal gradientinsuccinate concentrationacross six
increases and six decreasesin succinate concentration (Extended Data
Fig.6b,d). Our statistical analyses found that neither anincreasenora
decreasein succinate concentration elicited cells to change their rever-
sal rate (Extended Data Fig. 6c,e). These experiments thus show that
surface-attached P. aeruginosa cells do not respond to the larger tem-
poral gradients that they would experience during pili release events.

Quantifying PilT-YFP sub-cellular localization

To measure how the localization of our PilT-YFP fusion protein varies
from a cell’s leading pole to its lagging pole, we developed an image
analysis pipeline that automatically tracks cell position, length and
orientation in brightfield and uses this information to quantify the
distribution of YFP using the corresponding epi-fluorescence images.
Brightfield images were captured at aframerate of 7.5 frames per min,
while epi-fluorescence images to visualize YFP were simultaneously
acquired at alower frame rate of 0.5 frame per min. The higher frame
rate for brightfield allowed us to track cell motility with sufficient
accuracy, whereas the lower frame rate for the YFP imaging allowed
usto avoid bleaching and phototoxicity.

All preliminary image analysis was conducted in Fiji’®. Brightfield
images were processed as outlined above. Epi-fluorescence images
were processed in the same way as brightfield images, except we addi-
tionally used a Difference of Gaussian filter to enhance the contrast of
the localized accumulations of PilT-YFP.

The cells in these processed images were then tracked using
software called the Feature-Assisted Segmenter/Tracker (FAST v2.1%;
https://mackdurham.group.shef.ac.uk/FAST_DokuWiki/dokuwiki/
doku.php?id=start) which allowed us to track cell position and orien-
tation with greater precision compared to the tracking plugins avail-
able in Fiji. To map how the distribution of PilT-YFP varies along the
cell length and how that distribution changes as cells move, we used
FAST to calculate the cell centroid, length and orientation of each cell
in the brightfield images. We then used this information to calculate
the position of the ‘centreline’ of each cell (that is, a line that passes
through the middle of a cell along its major axis) on the corresponding
YFP epi-fluorescence image. However, PilT-YFP localizations do not
always occur exactly along the predicted centreline—but rather they
were sometimes found slightly to one side of the centreline. Thus, to
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accurately quantify the distribution of the fusion protein, we needed
to develop a method that could detect PilT-YFP localizations even
when they were offset slightly from the cell’s centreline, in addition
to being robust to small amounts of cell movement that occurred in
the time interval between when the brightfield and YFP images were
captured. To account for these factors, we used the Matlab function
‘improfile’ to calculate the YFP fluorescence intensity along a series
of 10 parallel lines with the same orientation and length as a cell but
separated by asmall distance (0.09 pm) from one another so that col-
lectively they spanned a width approximately equal to the width of
the cells (-0.9 pm). We then calculated the maximum YFP intensity at
fixed intervals along the length of these ten lines to obtain the maxi-
mum fluorescence intensity at each position along the cell’s length.
This process was used to record the distribution of PilT-YFP along the
length of each cell at every time point across the three bio-replicate
experiments (n = 52,179 trajectory points).

A small number of cell fragments and other detritus were occa-
sionally observed in the brightfield images we used to segment cells;
however, these generally were not visible on the corresponding YFP
images. To prevent these from inadvertently being included in our
analyses, we measured the mean YFP intensity of all objects using the
segmentations obtained from the brightfield image and removed
trajectories withoutappreciable YFP signal from subsequent analyses.
We also omitted any cells with an aspect ratio smaller than 1.4, which
ensured that our analyses only included cells that were attached to the
surface by both cell poles.

We next quantified the distribution of PilT-YFP fusion protein
withinthe poles of the cells. Because the maximum YFP intensity often
does not occur at the very tip of the pole, we measured the maximum
YFP intensity in the vicinity of the poles. The cell length was measured
using YFP images, and the maximum YFP intensity was calculated in
the two regions at either end of the cell, each corresponding to one
tenth of the overall cell length. To classify the distribution of PilT-YFP
within a cell as nonpolar, unipolar or bipolar (Fig. 3), we normalized
the maximum YFP intensity within each pole by the mean YFP intensity
in the central one fourth of the cell. If the normalized YFP intensity
ina given pole (denoted as /; and /, for pole 1 and pole 2) exceeded a
threshold /,, the protein was considered to have aggregated within
that pole. More specifically, if both /; > I,y and I, > I, the cell was
considered bipolar, whereas if either /, > I,y or I, > Iy, the cell was
considered unipolar. Last, if /; < I,y and /, < Iy, the cell was considered
nonpolar. To determine the value of /, for a given bio-replicate, we
calculated the normalized YFP intensity values (/, and /,) for all cells
in a YFP image, which had been processed as described above. This
allowed us to choose an I,y value by visual inspection that correctly
distinguished cell poles with PilT-YFP localization from those that
lacked PilT-YFP localization.

To increase the accuracy of the automated assignment of cells
as bipolar, unipolar or nonpolar, we also implemented the following
two rules:

« When P. aeruginosa nears cell division, the pili machinery (and
thus the PilT-YFP protein fusion) begins to localize additionally to
the nascent cell poles, which are positioned at mid-cell®’. Insuch
instances, the maximum fluorescence intensity can occur in the
mid-cellregionratherthanat the poles. Aswe areinterested inthe
processes underlying cell motility (rather than cell division), we
excluded cells from our analyses whose average fluorescence in
the middle one fourth of their bodies was larger than that found
ineither of the poles.

« Somecellsthat wereinitially assigned as bipolar (that is, because
the YFP intensity at its two poles, /; and /,, both exceeded /)
were re-assigned as unipolar if the YFP signalin one of their poles
was much stronger than in their opposite pole. To detect such
instances, we plotted the ratio of /;and /,, dividing the larger YFP

intensity by the smaller one, for each cell in our processed YFP
images. We then used the threshold that best distinguished bipolar
cellsfrom unipolar ones by direct visual inspection. This allowed
us to ensure that we assigned cells with strongly asymmetrical
patterns of PilT-YFPlocalization as ‘unipolar’, rather than ‘bipolar..

To compare the distribution of PilT-YFP in stationary and moving
cells, we classified trajectories by their speed (Fig. 3). Due to pixel noise
and the effect of fluid flow, the measured trajectories of non-motile
cells showed afinite velocity. To account for these effects, we classified
cells moving slower than 0.038 pm min™as ‘stationary’, whereas cells
moving faster than this threshold were classified as ‘motile’. To prevent
cells simply jostling back and forth from being considered motile, we
additionally removed trajectories from the motile category whose net
togrossdisplacementratio (NGDR) was less than 0.04. In addition, we
excluded cells that were actively rotating from the motile category
by identifying cells whose bodies had an angular velocity larger than
0.073 radians min™fora contiguous period of longer than 2 min. These
angular velocities were obtained from measurements of cell orienta-
tion that had been smoothed with a first-order Savitzky-Golay filter
(using a 20 min window) to reduce noise. All the parameters used in
these analyses were extensively ground-truthed to ensure that they
had the desired effect.

Generating alternating spatial chemoattractant gradients

To expose cells to a spatial chemoattractant gradient that alternates
in direction by 180°, we used a custom microfluidic device described
in detail previously®. Briefly, the device is composed of a Y-shaped
channelwithfourinlets (twoinletsineach branchofthe Y) and asingle
outlet that was connected to a syringe pump.

Inthese experiments, a steady spatial gradient of succinate forms
along the centreline of the device, where the fluids from two inlets
located in opposite arms of the Y-shaped channel meet one another.
The fluid supplied through one arm contained nutrient media (TB)
supplemented with 2 mM of succinate and Chicago Sky Blue 6B dye
(0.5 mg ml™), whereas fluid from the other arm contained only undyed
nutrient media. Molecular diffusion generated a stable gradient of
succinate across the width of the channel, which could be readily quan-
tified by imaging the dye as they have a similar diffusion coefficient.

The syringe pump pulled media through the device via suction
(5 plmin™) fromreservoirs connected to the four inlets of the device. A
haemostat was used to clamp the tubing connected to two of the inlets
atany given time. To change the direction of the gradient, the haemo-
stat is removed from one pair of tubes and transferred to the other
pair, which contain the same two fluids but in the opposite orientation
(see ref. 33 for details). We changed the direction of the gradient
approximately every 45-60 min, and we monitored cells for repolari-
zationevents for aslongas possible after the gradient swap, before we
needed to pause the imaging to set up the next gradient swap.

Brightfield images were captured ataframerate of 7.5 frames per
minsothatchangesinthe gradient and cellmovement could be tracked
atahightemporalresolution. Epifluorescence images of the cells were
captured ataslower frame rate of 0.4 frame per minto avoid bleaching
ofthe PilT-YFP fusion protein and to prevent phototoxicity. The details
ofhow cells were tracked and how the distribution of the fusion protein
inside them was quantified is outlined below.

Analysing PilT-YFP localizationin stationary cells

Todirectly test whether surface-attached P. aeruginosa cells are capa-
ble of spatial sensing, we exposed our ApilT::pilT-yfp strain to a spatial
gradient of succinate that alternated direction using the microfluidic
deviceoutlinedinthe previous section. To exclude the possibility that
cells could use temporal sensing to determine the orientation of the
new succinate gradient, we only considered repolarization events
thatoccurredinstationary cells (see main text). Because the PilT-YFP
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protein fusion tends to localize to a cell’s leading pole (Fig. 3¢), each
repolarization event can be categorized according to whether the new
leading pole of astationary cellis oriented towards (‘correct’) or away
from (‘incorrect’) increasing succinate concentrations following the
change in gradient orientation (Fig. 4). In addition, we also classified
repolarizationevents according to whether PilT-YFP was initially local-
ized in both poles (bipolar), in only one pole (unipolar) or in neither
pole (nonpolar) before the repolarization event occurred (Fig. 3g-i).

While our other analyses used automated cell tracking to quantify
cell behaviour, we decided to detect and classify these repolarization
events manually for two mainreasons. First, arelatively small number of
repolarization events are observed in these experiments, so we wanted
tofollow the behaviour of every single cell and rigorously ground-truth
all putative repolarization events to confirm that they were not errone-
ous. Secondly, many stationary cells reside in densely packed groups,
which help to stifle movement. However, densely packed cells are
challenging to track using automated methods without occasional
errors, and itis difficult to measure anindividual cell’s Pil T-YFP distri-
bution withoutinadvertently having it contaminated by the YFP signal
produced by neighbouring cells. (Note thatin other experiments that
were analysed using automated cell tracking, we developed filters to
specifically exclude cells that were clustered together.)

We analysed the behaviour of every cell that was visiblein the 16 dif-
ferent fields of view collected over the course of three separate micro-
fluidic experiments (Supplementary Videos 1-16) and classified them
with a detailed set of rules outlined in the following four sub-sections
below. Out of >1,000 cells that were investigated, we identified 171
stationary cells that performed a repolarization event—as defined by
theserules—following the gradient swap. To prevent potential errors,
apreliminary list of repolarization events was independently assessed
by two co-authors (J.H.R.W. and W.M.D.), and any discrepancies were
reconciled before our final analyses. All 171 repolarization events are
labelled in Supplementary Videos 1-16, along with the details of how
each was classified (Supplementary Table1).

Below we describe in detail the rules that were used to define and
classify each putative repolarization event.

Identifying when a repolarization event occurs. We search for poten-
tial repolarization eventsin cells that are stationary after the succinate
gradient changes direction. In many cases, stationary cells first local-
ize PilT-YFP exclusively to their new leading pole before moving off;
however, sometimes cell movement occurs first. A repolarization
event therefore occurs as soon as a stationary cell either (A) develops
a unipolar pattern of PilT-YFP localization that is different from that
of its initial localization of PilT-YFP or (B) moves off in a direction dif-
ferent from that of its initial localization of PilT-YFP. In the first case,
(A), a cell must re-localize PilT-YFP to a single pole in at least two of
four consecutive frames (10 min), whereas in the second case, (B), a
cellmust move offin a consistent direction for at least two frames at a
speed corresponding to at least one cell width per frame.

Following a repolarization event, we define a cell’s ‘new leading
pole’ as the one that either contains the new unipolar PilT-YFP locali-
zation orleadsitsinitialmovement, whichever has occurred first. The
orientation of a cell’s ‘new leading pole’ after the repolarization event
is then used to determine whether it can be classified as a ‘correct’ or
‘incorrect’ repolarization event by comparing its orientation relative
to that of the new succinate gradient (Fig. 4a-c and Supplementary
Tablel).

Importantly, for a repolarization event to have occurred, a cell
must not have previously had a unipolar PilT-YFP localization in the
‘new leading pole’ in either two or more of the four frames (10 min)
that precede the appearance of the new succinate gradient, or within
the frame that immediately precedes the appearance of the new suc-
cinate gradient. Thisrequirement thus ensures that cells have actively
changed their distribution of PilT-YFP following the change in gradient

direction and also prevents short-lived, random fluctuations in the
distribution of PilT-YFP from being erroneously classified as a repo-
larization event.

Defining which cells are considered ‘stationary’. These experiments
aim to analyse the behaviour of stationary cells because motile cells
could potentially use temporal sensing to determine the orientation of
the new succinate gradient. However, cells can sometimes show small
amounts of movement that are unrelated to their motility. For example,
the flowin our experiments tends to push cells downstream while cells
atthe periphery of densely packed cell clusters can get pushed radially
outwards by their neighbours as the cluster grows. As such move-
ments are not under the active control of acell, they could not encode
information about the direction of agradient viatemporal changesin
succinate concentrationin the same way thatactive motility would. In
addition, in our experiments, cells that are pushed a small distance by
flow tend to move inthe direction orthogonal to the gradient and thus
donotexperience appreciable changesin succinate concentration over
time. We therefore monitor a cell’s movement in the direction along
the gradient to ensureitis sufficiently small in the period preceding a
repolarization event.

To determine whether a cell can be considered stationary, we
monitor its movement from the frame after the last frame in which the
initial succinate gradient was present until the frame in which the cell
undergoes a repolarization event. However, as some repolarization
events occur shortly after the gradient has changed direction, we also
monitor cell movement for at least three frames (7.5 min) before any
putative repolarization event. A cell is then considered ‘stationary’
within these time periods provided thatits centroid neither (a) moves
more than half a cell width in the same direction for two consecutive
frames nor (b) moves more than one cell width at any point. All dis-
tances are measured along the direction of the chemical gradient, and
acellwidthis approximately 0.9 pm.

Note that many cells are stationary for a finite period, and so a
cell that is currently stationary will likely have moved at some point
in the past. Our analyses include cells that move while the initial suc-
cinate gradient is still present but subsequently stop moving before
the gradient starts to change direction. This is because such previous
movement could notinforma cell that the orientation of the succinate
gradient will change later in the experiment.

Assigning a cell’s polarity before repolarization events. We catego-
rize repolarization events according to the PilT-YFP localization that
they previously showed (Figs. 3g-iand 4e). For arepolarization event
to be assigned as either nonpolar, unipolar or bipolar, the cell must
have had that polarity mode more frequently than any other in the
four frames (10 min) preceding the appearance of the final gradient
orientation. If two different polarity modes are each present for two
frames apiece, then we assign the polarity mode that occurs in the
frame immediately preceding the appearance of the final gradient
orientation. We note that the ‘initial polarity’ of two cells could not be
resolved in these experiments because one of their poles was initially
in very close proximity to that of their neighbours, which prevented
us from distinguishing the YFP signal that belonged to each cell. Thus,
theinitial polarity of these two cells was classified as ‘not assignable’in
Supplementary Videos 1-16 and Supplementary Table 1.

We also observed asmall number (n=13) of repolarization events
in newly divided cells. If a cell that is stationary (as defined above)
dividesshortly after the change in gradient orientation, one or both of
the resulting daughter cells could in theory undergo a repolarization
event (asdefined above). In these cases, the distribution of PilT-YFPis
assigned as nonpolar, unipolar or bipolar (Figs. 3g-iand 4e) according
to the most frequent localization pattern in the frames between the
cell division event and the subsequent repolarization event. We did
not consider PilT-YFP localizations at the midpoint of the mother cell

Nature Microbiology | Volume 9 | September 2024 | 2308-2322

2319


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-024-01729-3

before cell division in our analyses, because they are not necessarily
related to motility and can be asymmetrically divided between the two
daughter cells during septation®.

Assigning temporal changes in succinate concentration. Asabove,
we used Chicago Sky Blue 6B dye to visualize the alternating succinate
gradient. When the gradient changes orientation by 180°, cells ini-
tially situated in regions of low succinate concentration (C < Cyax/2,
as determined by the dye intensity) experience a temporal increase
in succinate concentration, whereas those initially in regions of high
succinate concentration (C> Cyy/2) experience atemporal decrease
insuccinate concentration. By following changes in the dye intensity,
we were able to group repolarization events according to whether they
occurredin cells that had experienced an overallincrease or decrease
in succinate concentration (Extended Data Fig. 8). However, it was
very difficult to distinguish the small temporal changes in succinate
concentration (and thus dye intensity) experienced by cells situated
closetothecentreline of the spatial gradient. These cells (n =10) were
therefore excluded from the analyses that compared the response of
cells experiencing astep-up in succinate concentrationto astep-down
in succinate concentration. The ‘temporal change in [succinate] of
these cellsis marked as ‘not assignable’in Supplementary Videos 1-16
and Supplementary Table 1.

Methods used toillustrate repolarization events

We used automated cell tracking software (Trackmate plugin, Fiji’**°)
tofollow cell movement across four exemplar repolarization eventsto
quantify changesin cell speed and to map changes in succinate concen-
trationatthelocationof each of the four cells (Fig. 5a-d). To ensure that
we could obtain trajectories that spanned the entire length of experi-
ment, the cells of interest were cropped out frame by frame using the
‘Brush Tool’ included with Fiji (v2.0.0). This left us with only a single
cellvisiblein the entire time series ofimages, ensuring the automated
tracking was not influenced by the presence of neighbouring cells. We
used the resulting curated trajectories to calculate a cell’s position
relative to the chemoattractant gradient (grey lines in Fig. 5a-d). The
concentration of succinate that a cell experienced over time (blacklines
in Fig. 5a-d) was quantified using the Chicago Sky Blue 6B dye, which
was mixed with the 2 mM succinate solution. The distribution of dye
was imaged using brightfield microscopy, and separate experiments
showed alinear dependence between the pixel intensity and dye con-
centration, allowing us to easily estimate the succinate concentration
atthe position of each cell within the device.

Statistical analyses

Totest whether cells use temporal chemoattractantgradients to guide
pili-based motility, we developed statistical methods to determine
whether cells alter their reversal rate in response to temporal gra-
dients of succinate in comparison to control conditions where the
concentrations of succinate were constant. Our Taylor-Aris disper-
sion experiments (Fig. 2 and Extended Data Figs. 3-5) are ~3 h long,
and the total number of cells changes over this timescale due to cell
detachment from and attachment to the surface, as well as continued
cell division (Extended Data Fig. 2 and ref. 46). Furthermore, even in
the absence of any chemical gradients, reversal rates change over time,
likely driven by cells undergoing physiological adaptation following
surface attachment (refs. 47,48) (Extended Data Fig. 3). To take these
temporal trendsinto account, we divided our datasetsinto three time
bins corresponding to before, during and after the cells experienced
atemporal gradient of succinate (see t;, t,and t;in Fig. 2 and Extended
DataFigs.4and5).

Our Taylor-Aris dispersion experiments imaged six different
fields of view simultaneously at a frame rate of 1 frame per min, yield-
ing several thousand trajectories at each time point (Extended Data
Fig. 2a-c). However, reversals are relatively rare—on average a cell

reverses directiononly once every several hours. Our datasets therefore
consist of avery large number of time points at each of whicha cell can
either carry on moving in arelatively straight line or, with alow prob-
ability, reverse direction. We therefore assume that reversals are Pois-
sondistributed, allowing us to calculate the confidence intervals of our
reversal rate estimates. Using this assumption, we also used the exact
Poisson test (using the ‘poisson.test’ function (v3.6.2) inR (v4.2.3)) to
test for differencesinreversal rates between control and experimental
conditions (Fig. 2 and Extended Data Figs. 4 and 5).

Asimilarapproachwas used to generate confidence intervals for
our estimates of reversal rates for cells moving either up or down spatial
chemoattractant gradients (Extended DataFigs.7 and10). However, in
these analyses, we calculated the mean reversal rate using data from
the entire experiment (rather than subdividing it into different bins
in time), because in these experiments, the gradient was present for
the entire duration.

Strain availability
The bacterial strains used in this study are available from the corre-
sponding authors uponrequest.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Image data (-650 GB) is
available fromthe corresponding authors uponrequest. All other data
that support the findings of this study can be accessed at https://doi.
org/10.15131/shef.data.25800409.

Code availability
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Extended DataFig. 1| Surface-attached P. aeruginosa cells climb spatial
succinate gradients by actively changing the rate at which they reverse
direction. (a) A dual-inlet BioFlux microfluidic device was used to expose cells
to aspatial gradient of succinate (Cy;y = 0 mM, Cyax =2 mM) with a characteristic
length-scale of 100 pm, and an automated algorithm was used to detect when
cells reversed their movement direction®. Reversals were classified as either
‘correct’ or ‘incorrect’. Correct reversals (green square) occur in cells that were
initially moving away from the source of succinate, whilstincorrect reversals
(black square) occur in cells that were initially moving towards the source of
succinate. (b) The rate of correct reversals is significantly greater than that
ofincorrect reversals, which drives chemotaxis towards succinate. Crosses
("X’) mark the mean of five separate TB-only control experiments, six separate
succinate-only control experiments, or eleven separate succinate gradient
experiments. In TB-only experiments, TBis passed through bothinlets at the
same time, whilst in succinate-only experiments, media containing succinate
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is passed through both inlets at the same time. Controls were processed in

the same way as for succinate gradients, but since no gradient was actually
present, the ‘correct’and ‘incorrect’ rates shown are arbitrary. p-values were
obtained from two-sided paired ¢-tests of the null hypothesis that the measured
incorrect and correct reversal rates come from the same distribution. (c) Cell
speed is significantly higher in the presence of succinate gradients compared
toboth control experiments and is significantly higher in succinate-only
controls compared to TB-only controls (one-way ANOVA, p=2.22 x10™). The
analysis in panels Band C only includes trajectory time-points that occurred
before 5 h, after which the cell density becomes too high to reliably track cells
inthese experiments. The succinate gradient datasets additionally only include
trajectory time-points above aminimum gradient strength of 0.0006 mM pm™
to ensure that cells within regions of the device where there is a very small
spatial gradient were notincluded in our analysis. Source data provided as a
Source Datafile.
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Extended Data Fig. 2| The effect of succinate on cells in our Taylor-Aris
dispersion experiments. (a) Thin lines show the number of cell trajectories that
were imaged in each of the six simultaneously imaged fields of view that were
used in our Taylor-Aris dispersion experiments, whilst the thick lines show the
mean. We observed that the number of cellsincreased gradually over the course
of our approximately 3 hlong experiments, regardless of whether cells were
exposed to a decrease in succinate concentration over time (red lines) ortoa
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constant concentration of succinate C=1mM in control experiments
(blacklines). (b) Cell speed remained approximately constant both in controls
(blacklines) andin cells exposed to decreasing succinate concentration
(redlines). (c, d) Similar trends were observed for cells exposed to anincrease
(greenlines) in succinate concentration over time when compared to their
respective controls (black lines). The data shown here is representative of both
bio-replicates. Source data provided as a Source Data file.
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Extended Data Fig. 3| Cell reversal rate decreases over time in our Taylor-Aris
dispersion experiments and in their respective controls. (a) In experiments
thatexposed cells to atemporal increase in succinate concentration (blue bars),
cellreversal rate decreased over the time course of the experiments. A similar
decrease was observed in the corresponding controls (green bars) where cells
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were observed in a second bio-replicate of this experiment (b) and in two
bio-replicates where cells were exposed to a temporal decrease in succinate
concentration (c, d). Source data provided as aSource Datafile.
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Extended Data Fig. 4| A temporal increase in succinate concentration
does notinduce achemotacticresponse in surface-attached P. aeruginosa.
(a, b) Using the approach outlined in Fig. 2, cells were exposed to temporal
increases in succinate concentration (Cy,y=0.84 mM, Cyax=1.16 mM; blue
line). This generates mean temporal concentration gradients approximating
the gradient experienced by cells moving towards increasing succinate
concentrationsin the dual-inlet chemotaxis experiments (Extended Data
Fig.1), but with16,000-fold smaller spatial gradients. If cells can sense these
temporal stimuli, the temporal increase in succinate concentration would

be predicted to suppress reversals. (c) In the 1 h period before the succinate
gradient entered the microfluidic device (interval ¢,) cell reversal rates were
statistically indistinguishable between experiment (white bar, blue outline)
and control (white bar, green outline; one-sided exact Poisson test (Methods)
yielded p=0.762). Similarly, the reversal rates in the presence of atemporal
succinate gradient (interval ¢,; light grey bar, blue outline) and in the 1 h period
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after the gradient had cleared the microfluidic device (interval ¢;; dark grey bar,
blue outline) were statistically indistinguishable from the reversal rates during
the same time periods in the control (p = 0.342 and p = 0.872). The number of
reversals observed was n,=2709 and 2980 across n, = 636,364 and 709,607
trajectory points in the control and experimental conditions respectively. Error
bars show 95% confidence intervals about the estimated reversal rates assuming
that reversals follow a Poisson distribution (Methods). (d, e, f) A second bio-
replicate confirmed that when comparing between experiment and control,
reversal rates were indistinguishable during time periods ¢, (white bars, p=1),

t, (lightgray bars, p=0.077) and ¢; (dark gray bars, p = 0.468). p-values were
obtained from a one-sided exact Poisson test (Methods); n,=2101and 2034
across n.=536,892 and 504,264 trajectory points in the control and experimental
conditions respectively. Error bars show 95% confidence intervals about the
mean reversal rates, assuming that reversals follow a Poisson distribution
(Methods). Source data provided as a Source Datafile.
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Extended Data Fig. 5| A temporal decrease in succinate concentration
does notinduce achemotacticresponse in surface-attached P. aeruginosa.
(a, b) Data shown come from a biological repeat of the experiment outlined
inFig. 2, where cells were either exposed to atemporal decrease in succinate
concentration over time (blue lines) or to a control with a constant succinate
concentration C=1mM (dashed greenlines). (c) Using automated reversal
detection, we first confirmed that the reversal rate in the 1 h period before the
succinate gradient entered the microfluidic device (time interval ¢;; white bar,
blue outline), was statistically indistinguishable from the reversal rate during
the same time period in a simultaneous control experiment where a constant
concentration of succinate was maintained throughout (white bar, green
outline). Specifically, a one-sided exact Poisson test (Methods) did not reject
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the null hypothesis that these two reversal rate measurements come from the
same Poisson distribution, p = 0.800. Similarly, the reversal rates in the presence
of atemporal succinate gradient (time interval ¢,; light grey bar, blue outline)
andinthelhperiod after the gradient had cleared the microfluidic device

(time interval ¢;; dark grey bar, blue outline) were statistically indistinguishable
from the reversal rates during the same time periodsin the control (p =0.289
and p=0.859). The total number of reversals observed in our six simultaneously
imaged fields of view was n, =772 and 1072 across a total of n,= 259,301

and 370,801 trajectory points in the control and experimental conditions
respectively. Error bars show 95% confidence intervals about the mean

reversal rates assuming that reversals follow a Poisson distribution (Methods).

Source data provided as a Source Datafile.
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Extended DataFig. 6 | Steep, rapid temporal chemoattractant gradients do
not cause surface-attached P. aeruginosa cells to change their reversal rate.
(a) Twitching is characteristically jerky and cells could have evolved to detect
thelarge but ephemeral temporal changes in chemoattractant concentration
caused by these intermittent displacements. To test this hypothesis, we used a
microfluidic setup that exposed surface-attached cells to rapid temporal
changesin succinate concentration (see Methods). We used dye to quantify
temporal changes in succinate concentration (purple line) and the temporal
succinate gradients (blue line) that cells experienced in these experiments.

In this experiment, cells are repeatedly exposed to both increases and
decreases in succinate concentration. (b) To analyse cells’ response to these
different stimuli, we first split reversal data around eachincrease in succinate
concentrationinto three time-bins ¢, t,, and ¢; corresponding to the 4 min
intervals before, during and after the temporal gradient. (c) Reversal rates were
pooled across time windows ¢, and ¢;, corresponding to time periods without
any succinate concentration gradients, and compared to the reversal rates

during the temporalincreases in succinate concentration, time-bin ¢,. The mean
reversal rate measured during the temporal increase in succinate concentration
(large black - marker) was statistically indistinguishable from that when the
succinate concentration was constant (a two-tailed, paired ¢-test of the null
hypothesis of no difference in reversal rates yielded p = 0.991, 0.467 and 0.661 for
three independent bio-replicates). Mean reversal rates were averaged across six
subsequentincreases in succinate concentration (see (A)) each imaged across
two independent fields of view (the 12 circular markers are colour-coded to show
pairs of datarecorded in each of the 12 fields of view, see Methods). (d, e) Similar
results were obtained when comparing reversal rates between the presence (t,)
and absence (¢;and ¢;) of temporal decreases in succinate concentration (a two-
tailed, paired t-test of the null hypothesis of no difference in reversal rates yielded
p=0.820,0.164 and 0.437 for three independent bio-replicates). Error bars show
mean reversal rates plus and minus standard error. Source data provided asa
Source Datafile.
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Extended Data Fig. 7 | The PilT-YFP fusion protein complements motility

and chemotaxis phenotypes of a Apil T mutant. (a) Surface-attached

P. aeruginosa cells within dual-inlet microfluidic devices (scale bars =100 um)
were exposed to succinate gradients by flowing TB through one inletand TB
media supplemented with succinate (Cyxx =2 mM) through the other. WT cells
(white) undergo chemotaxis and accumulate at high succinate concentrations
(¢=10h). (b) P. aeruginosa cells lacking pilT (ApilT) have impaired twitching
motility* and distribute equally across the device (¢=10 h). (c) Our Pil T-YFP
translational fusion restores motility and chemotaxis when expressed in the
ApilT strain (ApilT::pilT-YFP, t =10 h). Images representative of two bio-replicates.
(d) A probability density function of cell speed (first 300 min, when cells exhibit
highest motility) confirms that the ApilT strain (blue line) has impaired twitching
motility, which s restored by our PilT-YFP translational fusion (pink line).
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inthe y-dimension as cells are pushed slightly by fluid flow in the x-direction
shown from left-to-right in panels A-C. (e) WT cells move up succinate gradients
(white bars) faster than they move down them (grey bars), a trend also observed
inour ApilT::pilT-YFPstrain (pink bars). However, this trend is lacking in a ApilT
mutant, which has greatly reduced overall cell speeds. All bars show median cell
speeds. (f) WT and our ApilT::pil T-YFPstrain deploy ‘correct’ reversals (white
bars) more frequently than ‘incorrect’ reversals (grey bars, see Extended Data
Fig.1; aone-sided exact Poisson test (Methods) yields p=0.0005and p = 0.033
across a total of n=89 and n=156 reversals). We could not measure reversal rates
for our ApilT strain because of its general lack of motility. Error bars show 95%
confidence intervals centred on the mean reversal rates, assuming that reversals
follow a Poisson distribution (Methods). Data shown is representative of two
bio-replicates. Here, tryptone broth is ‘TB’ and succinate is ‘Succ’. Source data
provided as a Source Datafile.
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Extended Data Fig. 8 | Stationary cells are more likely to undergo
repolarisation events when they have recently experienced arapid decrease
in chemoattractant concentration. In the alternating gradient experiments
(Figs. 4 and 5), cells are exposed to large temporal changes in succinate
concentration. We observed a larger number of repolarisation events in cells that
experienced atemporal decrease in succinate concentration (68% of the total)
than those that experienced a temporal increase (32% of the total). Specifically,
we rejected the null hypothesis that the proportion of repolarisation events
thatoccurredin cells experiencing a temporal decrease in succinate
concentrationis equal to the proportion of those experiencing a temporal
increase, (p=3.83 x107%, two-tailed hypothesis test, assuming a binomial
distribution with n=161trials with probability of 0.5 in each trial). This suggests
that the chemotactic response depends in part on the absolute chemoattractant
concentration experienced by cells” . Inboth cases, ‘correct’ repolarisation

events (green bars) were significantly more abundant than ‘incorrect’ ones
(magentabars). Specifically, we rejected the null hypothesis thatincorrect

and correct repolarisation events occurred with equal frequency when the
concentration was increasing (p =1.98 x10™*, one-tailed hypothesis test assuming
abinomial process with n=>51trials and probability of 0.5 in each trial) and for
when the concentration was decreasing (p =8.01x 1072, one-tailed hypothesis
test assuming a binomial distribution with n=110 trials and probability of
0.5ineach trial). Lastly, we note that cells experiencing a decrease in succinate
concentration were significantly more likely to perform correct reversals than
those experiencing anincrease in succinate concentration. This analysis used
atwo-tailed Fisher’s exact test to reject the null hypothesis that there was no
association between the sign of the temporal succinate gradient and whether the
repolarisation event was correct or incorrect (p = 0.024). Source data provided as
aSource Datafile.
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Extended Data Fig. 9 | The chemotactic response of twitching cells is
strongest at lower absolute concentrations. Theoretical predictions suggest
that the chemotactic response magnitude will increase with gradient strength
(which we have previously observed for twitching cells*,) and decrease with
absolute concentration (see main text, and see’>?). Using datasets from
twitching cellsin our standard dual-flow chemotaxis assays (see Extended Data
Fig.1), we binned up cell trajectories according to whether they were in the

low (0 <C<1m, black markers; squares represent individual bio-replicates) or
high (1< C<2mM, red markers) concentration region of the gradient. The ‘x’
symbols show the mean of each across all bio-replicates. Note that because the
gradient is symmetrical about C=1mM, the cells in these two regions experience

X Low concentration
(0<[C]<1 mM)

% High concentration
(1 <[C]<2mM)

equivalent gradient strengths. Despite being exposed to equivalent gradient
strengths, the cells in the higher concentration region have a significantly higher
rate of incorrect reversals and a significantly lower rate of correct reversals than
cellsinthe lower concentration region, (p-values show the results of two-sided
paired t-tests). As in Extended Data Fig. 1b, this analysis only includes trajectory
time-points that occurred before 5h (that is, before the cell density becomes too
high toreliably track cells in these experiments) and above a minimum gradient
strength of 0.0006 mM pm™ to ensure that cells within regions of the device
where thereis a very small spatial gradient were not included in our analysis.
Source data provided as a Source Datafile.
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Extended Data Fig.10 | Cells lacking the response regulator, PilG, retain
some degree of motility in microfluidic experiments™, but reverse ata
lower rate than WT cells and can no longer bias reversals towards succinate.
(a, b, ¢, d) Surface-attached P. aeruginosa cells (shown in white) within dual-
inlet microfluidic devices (scale bars =100 um) were exposed to controls with
aconstant succinate concentration (C=2mM, A,B) or to succinate gradients
(Cyax=2mM, C,D) for t=10 h.In gradients, WT cells undergo chemotaxis and
accumulate at high succinate concentrations, whilst this accumulation is absent
inno gradient controls. P. aeruginosa cells lacking pilG (images with yellow
outline) cannot respond to succinate gradients and do not accumulate in either
the succinate gradient or in the control. (e) In gradient free controls, ApilG cells
(yellow outline) reverse direction less frequently than WT cells (black outline),
but both WT and 4pilG cells were equally likely to reverse direction no matter
ifthey were initially moving ina downwards (‘incorrect’ reversals, grey bars) or
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upwards (‘correct’ reversals, white bars) direction. A one-sided exact Poisson test
(Methods) yielded p=0.93 and p=0.87 across a total of n =129 and 38 reversals
for WT and 4pilG cells respectively. However, in the presence of a succinate
gradient, WT reversal rates were significantly larger when cells were initially
moving towards decreasing succinate concentrations (‘correct’ reversals, white
bars; p=0.00072, n =218, see also Extended Data Fig.1). In contrast, the reversal
rates of ApilG cells that were initially moving up or down the succinate gradient
were not significantly different (p =1, n=50). Error bars show 95% confidence
intervals centred on the mean reversal rates assuming that reversals follow
aPoisson distribution (Methods). Data is representative of three biological
repeats. As in Extended Data Fig. 1b, this analysis includes trajectories from cells
that were exposed to asuccinate gradient >0.0006 mM pm™ to exclude cells
exposed to only very small spatial succinate gradients. Here tryptone broth is ‘TB’
and succinate is ‘Succ’. Source data provided as a Source Data file.
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Sample size For the manual analyses of repolarisation events (Fig. 4, S8), the number of repolarisation events was determined by the total number of cells
present across the sixteen different fields-of-view. For analyses that used automated cell tracking (all other figures), the number of cells that
were analysed in each bio-replicate was determined by the cell tracking software.

Data exclusions  No data were excluded from the study.

Replication Due to the technically challenging nature of microfluidic devices, some attempted experiments did not yield usable data. For example, some
experiments ended prematurely because air bubbles inadvertently passed through the microfluidic channels and detached bacteria from the
surface. In addition, other experiments had unavoidable imaging artefacts (e.g. shadows cast by parts of the microfluidic system outside the

depth of field) that prevented cell segmentation and tracking.

We note that our automated cell tracking datasets each contain thousands of trajectories enabling within-experiment statistical analyses.

Randomization  Randomization was not relevant in this study because all experiments were performed on bacteria grown from frozen stocks under identical
growth conditions.

Blinding The authors were blind to each other's initial manual classification of intracellular reversals (Fig. 4, S8).
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