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Aggregation Temperature of Escherichia coli
Depends on Steepness of the Thermal Gradient

Chih-Yu Yang,' Michael Erickstad,' Loic Tadrist,' Edward Ronan,' Edgar Gutierrez," Jéréme Wong-Ng,"""
and Alex Groisman'
"Department of Physics, University of California, San Diego, La Jolla, California

ABSTRACT Bacterial chemotaxis, the directed migration of bacteria in a gradient of chemoattractant, is one of the most well-
studied and well-understood processes in cell biology. On the other hand, bacterial thermotaxis, the directed migration of bac-
teria in a gradient of temperature, is understood relatively poorly, with somewhat conflicting reports by different groups. One of
the reasons for that is the relative technical difficulty of the generation of well-defined gradients of temperature that are suffi-
ciently steep to elicit readily detectable thermotaxis. Here, we used a specially designed microfluidic device to study thermotaxis
of Escherichia coliin a broad range of thermal gradients with a high rate of data collection. We found that in shallow temperature
gradients with narrow temperature ranges, E. colitended to aggregate near a sidewall of the gradient channel at either the lowest
or the highest temperature. On the other hand, in sufficiently steep gradients with wide temperature ranges, E. coliaggregated at
intermediate temperatures, with maximal cell concentrations found away from the sidewalls. We observed this intermediate tem-
perature aggregation in a motility buffer that did not contain any major chemoattractants of E. coli, in contradiction to some pre-
vious reports, which suggested that this type of aggregation required the presence of at least one major chemoattractant in the
medium. Even more surprisingly, the aggregation temperature strongly depended on the gradient steepness, decreasing by
~10° as the steepness was increased from 27 to 53°C/mm. Our experiments also highlight the fact that assessments of thermal
gradients by changes in fluorescence of temperature-sensitive fluorescent dyes need to account for thermophoresis of the dyes.

SIGNIFICANCE A difference between thermotaxis and other types of directed cell migration is that, in their search for
optimal conditions, cells are expected to nearly equally avoid both low and high temperatures and to aggregate at an
intermediate temperature. Relatively few experimental studies of thermotaxis have been performed, partly because of
technical difficulties of exposing live cells to controlled thermal gradients. Here, we designed and used a microfluidic
experimental setup, imposing various thermal gradients on motile Escherichia coli cells. When exposed to a sufficiently
broad temperature range and steep gradient, E. coli cells aggregated at an intermediate temperature. Surprisingly, the
aggregation temperatures significantly decreased with the steepness of the thermal gradient, an effect that was neither
predicted nor observed before, to our knowledge.

INTRODUCTION of smooth swimming and tumbling, which are tied to two
different states of cellular flagellar motors. During smooth
swimming streaks, a cell keeps swimming in a certain direc-
tion, whereas tumbling results in a change in the swimming
direction. When a cell moves up the gradient of an attrac-
tant, the concentration of the attractant around the cell in-
creases with time, making the intervals of smooth
swimming longer and the tumbling events less frequent
(1,2). The resulting migration of a cell can be reasonably
modeled by a biased random walk, with the bias being pro-
vided by the gradient of attractant and increasing with steep-

Motile bacteria are capable of sensing and responding to a
variety of environmental cues. A paradigm for such re-
sponses is the chemotaxis of Escherichia coli in spatial gra-
dients of soluble chemoattractants, a behavior guiding
E. coli toward regions with greater concentrations of various
nutrients and, hence, improved growth conditions. E. coli
chemotaxis is physically achieved through a combination
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ness of the gradient (3,4). The frequency of tumbling is
controlled through histidine kinase CheA, whose activity
is inhibited when the concentration of attractant increases

ccccccc
uuuuuuu


mailto:jeromewongng@gmail.com
mailto:agroisman@ucsd.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2020.02.033&domain=pdf
https://doi.org/10.1016/j.bpj.2020.02.033

in time (5-7). CheA phosphorylates the response regulator
CheY, which, in its active phosphorylated state, tends to
induce tumbling. Dephosphorylation of CheY by the phos-
phatase CheZ, which is usually constitutively active, leads
to smooth swimming. The fact that chemotaxis of E. coli de-
pends on temporal changes in the local concentration of
attractant, as experienced by a moving cell, has greatly facil-
itated studies of the underlying molecular signaling net-
works. Instead of setting up spatial gradients of an
attractant and observing the migration of E. coli cells in
them, cells are tethered to a substrate by a single flagellum
and exposed to stepwise changes in the concentration of the
attractant, and the resulting changes in the dynamics of rota-
tion of the flagellum are monitored. In addition, E. coli cells
have been immobilized on substrates, and their responses to
stepwise changes of attractant have been monitored using
Forster resonance energy transfer (FRET) microscopy and
fluorescently labeled CheY and CheZ, with a stronger
FRET signal indicating a higher level of activity of CheY
(8).

Other major types of directed migration of E. coli (and
many other bacteria) toward regions with better growth con-
ditions are aerotaxis (oxygen taxis), pH taxis, and thermo-
taxis that, respectively, occur in response to gradients of
oxygen tension, pH, and temperature. Aerotaxis is similar
to chemotaxis in gradients of nutrients in the sense that it
is largely unidirectional because both greater nutrient con-
centration and greater oxygen concentrations are usually
beneficial (E. coli is repelled from oxygen concentrations
above the atmospheric level of ~21% (9), but there is no
clear evidence of repulsion from physiological levels of ox-
ygen (10)). Both pH taxis and thermotaxis are essentially
different, however. E. coli favor a near-neutral pH of ~7.5
and are repelled by excessively acidic or alkaline pH envi-
ronments that are detrimental for E. coli growth (11,12).
The optimal temperature for E. coli growth is usually
considered to be 35—40°C. The E. coli growth rate (in rich
medium) is very low below 10°C, gradually increases to
~25% of the maximum at room temperature, reaches the
maximum at 35-40°C, and precipitously drops above
42°C to as little as 10% of the maximum at 47°C and to
nearly zero at 50°C.

Given the pH preferences of E. coli, it is reasonable to as-
sume that, if placed into a spatial gradient of pH, E. coli
would aggregate at pH ~7.5. The FRET biosensor data on
the responses of immobilized E. coli to stepwise changes
in pH are suggestive of such aggregation. It has not been
shown directly, however (there is direct evidence of aggre-
gation of Serratia marcescens, another motile Gram-nega-
tive bacteria, at intermediate pH in a spatial gradient of
pH (13)). Similarly, it is reasonable to assume that, if placed
in a temperature gradient, E. coli would aggregate at 35—
40°C. The responses of tethered E. coli (in terms of changes
in the direction of flagellum rotation) to short 3°C positive
pulses of the ambient temperature indicated that E. coli
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are thermophilic (warm-seeking) at temperatures below
37°C and cryophilic (cold-seeking) above 37°C (14). This
result suggests that in a temperature gradient, free-swim-
ming E. coli should aggregate at ~37°C.

Nevertheless, until recently (15) there has been no clear
experimental evidence of aggregation of E. coli at an inter-
mediate temperature in a gradient by means of thermotaxis,
and studying E. coli thermotaxis has proved to be difficult
in general. One of the reasons is that the two receptors that
are commonly considered to be primarily responsible for
temperature sensing in E. coli, Tsr and Tar (15-19), are
methyl-accepting chemotaxis protein (MCP) chemorecep-
tors, which are most abundant in E. coli, have strong affin-
ities to serine and aspartate, respectively, and are also
sensitive to a variety of other chemoattractants. As a result,
the response of Tsr and Tar to temperature changes
strongly depends on the concentrations of serine and aspar-
tate in the medium and can be completely suppressed or
even reversed (in terms of the effect of temperature
changes on the smooth swimming time), when the concen-
tration of attractants is increased (15,18). At a given tem-
perature and medium composition, the responses of the
Tsr and Tar receptors to a temperature change may be
opposite (with one enhancing the activity of CheA and
the other suppressing it), and the outcome may be decided
by the relative abundance of the two receptors. This rela-
tive abundance is generally variable, and, for E. coli grown
in an exponential culture, the Tar/Tsr ratio has been re-
ported to increase by as much as an order of magnitude be-
tween ODgqo of 0.1 and 0.5 (15,18). Hence, the results of a
thermotaxis experiment depend on the stage of growth
reached by cells used in the experiment, and to make the
results consistent, it is essential to always grow and prepare
cells in the same way. In addition, temperature sensitivity
has also been reported for two other MCP receptors, Trg
and Tap (20), as well as for Aer (21), which is primarily
responsible for aerotaxis.

Another inherent difficulty in the studying of thermo-
taxis is that temperature has major effects on E. coli phys-
iology, affecting their rate of growth, metabolism, and
respiration, as well as the speed of swimming, v, and the
characteristic time between consecutive tumbling events,
7 (22,23). So, when E. coli cells are exposed to a temper-
ature gradient for a long time, especially in a nutrient-rich
medium, their concentration distributions may become un-
even because of the different growth rates at different tem-
peratures. In addition, a temperature gradient may generate
a nutrient gradient by thermophoresis (24,25), and this
nutrient gradient may cause chemotaxis that would mani-
fest as thermotaxis, without involving any direct bacterial
temperature sensing (4,26). Furthermore, spatial variations
in the rates of consumption of nutrients and respiration,
especially at high cell densities, may lead to gradients of
chemoattractants and oxygen, causing chemotaxis and
aerotaxis (26). To avoid or at least minimize these
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secondary effects, it is preferable to perform experiments at
a small cell density, in a motility buffer or minimal me-
dium, and in a setup in which thermotactic response can
be measured within a short time interval (as compared
with the timescale of changes in E. coli physiology or me-
dium composition due to exposure to high and low temper-
atures, nutrient depletion, etc.).

In the absence of directional bias, the movement of
E. coli can be modeled by diffusion with an effective co-
efficient D = 7v° (3,4). Hence, if E. coli are placed in a
compartment with a size w, their spatial distribution is ex-
pected to reach a steady state after a time 7; = wz/(ZD) =
w?/(21v?). The steady-state distribution depends on the
bias in E. coli swimming. However, the time to reach
this distribution is independent of the bias as long as the
bias remains sufficiently small, which is nearly always
the case. Therefore, if the readout of a thermotaxis assay
is the shape of the steady-state spatial distribution of
E. coli in a certain temperature gradient, a time of at least
t,; should be allowed after the exposure of E. coli to the
gradient before reliable measurements of the steady-state
distribution can be taken. Importantly, the time 7, increases
as w’. With the characteristic values of v and 7 at
~20 um/s and ~1 s, respectively, the characteristic value
of D is ~400 ,u,mZ/s, corresponding to f;, of ~2 min,
~20 min, and ~3 h for w = 0.3, 1.0, and 3.0 mm, respec-
tively. The time of 20 min is a physiological scale corre-
sponding to the doubling time of E. coli in an optimal
medium at 37°C. Therefore, to minimize changes in
E. coli physiology in a thermotaxis assay, in which the
readout is the steady-state distribution in a temperature
gradient, it is preferable to limit the size of the compart-
ment with the gradient to L < 1 mm (especially if the
gradient spreads over temperatures around 37°C).

In a number of studies on E. coli thermotaxis (22,26-28),
the temperature gradient profiles spread over lengths on the
order of 10 mm, leading to times 7; on the order of ~30 h
and to relatively shallow temperature gradients in a range
of 2.2-3.5°C/mm. As a result, the distributions of E. coli
concentration across the gradient profile continued evolving
over the course of the experiments (>1 h), and the shapes of
these evolving distributions were, most likely, affected by
factors other than the inherent warm-seeking or cold-
seeking behavior of individual cells. Among those factors
are gradually developing spatial nonuniformity of the
nutrient content and oxygen tension (27) due to different cu-
mulative rates of cellular metabolism and respiration at
different temperatures and different cell concentrations
and due to temperature dependences of the swimming
speed, v, and persistence time, 7. A temperature dependence
of v can lead to an effective directed migration of cells in
thermal gradients (4), which does not require the receptors
Tsr and Tar that are engaged in the classical thermotaxis
(22). When v is position dependent, the steady-state local
density of bacteria is expected to be proportional to 1/v
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(4). The variation of v with temperature depends on compo-
sition of the medium. It can reach a factor of 2 between 20
and 40°C and can lead to a migration of E. coli toward
higher or lower temperatures (22).

Thermotaxis-driven aggregation of E. coli at intermediate
temperatures was recently reported by Yoney and Salman
(15), who generated nonlinear axisymmetric temperature
gradients by heating water in a microchannel with an
infrared laser. The gradients were much sharper than in
the previous literature, with the reported temperature
increasing from 30 to 55°C over 100 um, eliciting rapid
changes in the spatial distribution of E. coli. The experi-
ments were performed in a nutrient-rich M9CG medium
at a relatively high cell density (OD of 0.3), and the aggre-
gation temperature was reported to depend on the density
the cells were grown to in an exponential culture before
the thermotaxis assay (and, hence, the Tar/Tsr receptor ra-
tio) (15). On the other hand, no aggregation at intermediate
temperatures was observed for cells in motility buffer (15).
Therefore, it cannot be completely ruled out that the inter-
mediate temperature aggregation in the M9CG medium
was at least partly caused by chemotaxis that was elicited
by a nutrient gradient generated by thermophoresis in the
temperature gradient.

Another recent study of the E. coli thermotaxis (29) com-
bined intracellular signaling experiments using FRET mi-
croscopy with stepwise changes in temperature in
different media, mathematical modeling, and microfluidic
experiments with an earlier version of the device used in
our article. This study was focused on the signal transduc-
tion through the Tsr and Tar receptors. The main conclusion
of this study was that the thermotactic aggregation of E. coli
at an intermediate temperature in a gradient requires the
presence of both Tsr and Tar, which are largely interchange-
able, and occurs when either one, but not both, of the recep-
tors is stimulated with its specific chemoattractant (serine
and aspartate, respectively). This study also suggested that
thermotactic aggregation cannot occur in a motility buffer
and in the absence of chemoattractants for Tsr and Tar, in
general.

Microfluidic technologies have been successfully used to
study bacterial chemotaxis (30). Notably, Kalinin et al. used
microfluidic devices with microchannels cast in hydrogel to
perform detailed studies of E. coli chemotaxis in a variety of
well-defined linear gradients (31). The studies highlighted
the large range of ambient concentrations of attractant to
which E. coli can adapt and indicated that it is more appro-
priate to interpret E. coli chemotaxis as the sensing of frac-
tional (logarithmic) rather than absolute concentration
changes. A conceptually new type of directed migration
assay enabled by microfluidics is to continuously perfuse
a suspension of swimming cells through a long channel
with a gradient of a migration-eliciting factor applied across
the channel (32). If the cross-channel gradient does not
change with the position along this gradient channel and



the residence time of cells in it is longer than the diffusion
time w2/(2D), where w is the channel width, the cross-chan-
nel distribution of cells at the downstream end of the
gradient channel is expected to represent their steady-state
distribution in the gradient. An advantage of this approach
is that the continuous perfusion makes it possible to collect
data on large numbers of individual cells, with the data
collection done continuously, without changing anything
in the experimental setup.

This type of assay is difficult to implement for chemo-
taxis because cross-channel gradients of the common che-
moattractants are normally set at the beginning (upstream
end) of the gradient channel and gradually change along
the channel because of molecular diffusion (32). On the
other hand, the continuous flow assay was successfully im-
plemented for aerotaxis (10). Stable linear cross-channel
gradients of oxygen were generated by the diffusion of ox-
ygen through the porous microfluidic device between two
parallel gas-filled channels, which flanked the liquid-filled
gradient channel with E. coli and functioned as a source
and sink. A somewhat analogous approach was used to
generate gradients of temperature in a microfluidic device
(33). Warm and cold water were circulated at relatively
high rates through two large-cross-sectional parallel chan-
nels, which served as the source and sink of heat and created
a near-linear gradient of temperature across the strip be-
tween them (cf. Fig. 1; (33)).

Here, we performed a series of experiments observing
E. coli thermotaxis in various linear gradients of tempera-
ture using a microfluidic device (Fig. 1 A) that combines el-
ements from the devices of (10,33). Two parallel channels
with hot and cold water flank a 500-um gradient channel
through which a suspension of E. coli is slowly perfused,
generating a stable linear gradient of temperature across
the gradient channel. A new element of the device is a
cell motility filter, also known as H-filter (34) (magnified
view in Fig. 1 A), which is added upstream of the gradient
channel and makes it possible to exclude nonmotile cells
from the thermotaxis assays (Fig. S1). Importantly, experi-
ments were performed in a motility buffer with glycerol
as the energy source and at a low cell density (OD
~0.03), and the value of #; across the channel was only
~5 min. This experimental setup was designed to minimize
the secondary chemotaxis effects, effects of the medium
composition upon the thermal responses of the Tsr and
Tar receptors, and long-term temperature-induced changes
in the E. coli physiology. When the temperature gradients
covered sufficiently broad ranges, we consistently observed
distinct peaks in cross-channel distributions of E. coli den-
sity, which appeared in an internal region of the gradient
channel, indicating aggregation at intermediate tempera-
tures. To our surprise, however, as the gradients became
sharper, the aggregation temperatures steadily decreased
from ~40°C for a gradient of 27°C/mm to as low as
~30°C for 53°C/mm.

Thermotactic Aggregation of E. coli
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FIGURE 1 Microfluidic device for experiments on bacterial thermotaxis.
(A) The drawing of the channels shows a network of 100-um-deep intercon-
nected microchannels (shown in black), to which an E. coli suspension is sup-
plied, and two separate 1-mm-deep channels, through which hot and cold
water is circulated (shown in red and blue, respectively). The network of
100-um-deep microchannels has two inlets for a cell suspension and motility
buffer and one outlet. A near-linear temperature profile is generated in the
gradient channel, which is flanked by the two water circulation channels.
A magnified view of another key element of the microchannel network,
the H-filter, which prevents nonmotile cells from entering the gradient chan-
nel, is shown on the right. (B) and (C) show images of E. coli cells at the mid-
plane of the gradient channel near the upstream and downstream end,
respectively. Each of the images resulted from digital subtraction of two
consecutive micrographs taken with an ~133-ms interval. The subtraction
suppresses the static background and emphasizes changes due to moving
cells. Blue arrows point to sharp images of cells (cells within the depth of
field of the video microscope), which are picked up and validated by the
MATLAB code, and red arrows point to blurred images of cells (out of focus),
which are disregarded (because the contrast is below the threshold). Scale
bars, 100 um. The temperatures at the left and right walls of the gradient
channel (7; and T,) are 26 and 43°C, respectively. The total number of cells
at the channel midplane was always smaller at the downstream end, which
was likely due to cell sedimentation and residual sticking of cells to the glass
substrate and to the channel walls. To see this figure in color, go online.

MATERIALS AND METHODS
Bacterial culture

Thermotaxis experiments were performed on an E. coli strain RP437 (with
streptomycin resistance). Cells from a single colony in an LB agar plate
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were grown overnight in TB (10 g/L Bacto Tryptone, 5 g/L NaCl, in H,O)
with streptomycin (100 ug/mL) at 34°C, to prevent contamination. 50 uL of
the overnight culture was then added to 5 mL TB and grown to ODgq of
~0.24 + 0.02 (~2.5 h). Cells were washed three times and resuspended
in a motility buffer (10 mM potassium phosphate, 0.1 mM EDTA,
50 mM glycerol, and 1 uM L-methionine (pH 7.0)) via centrifugation at
3600 rpm for 11 min. The final OD was adjusted to ODgpy ~0.1 = 0.01,
and the suspension was immediately fed to the microfluidic device.

Microfluidics and flow setup

The microfluidic device used in the thermotaxis experiments (Fig. 1) is
made of a microfabricated monolithic polydimethylsiloxane chip sealed
with a #1.5 microscope cover glass. The device has a network of 100-um
deep microchannels and two separate 1-mm deep channels. The 100-um
deep microchannel network has two inlets, a cell inlet and a buffer inlet,
and a single outlet. The main element of this network is a rectilinear
gradient channel, which has a length of 15 mm and a width w = 500 um
and across which the temperature gradients are applied. The bacterial sus-
pension is fed to the cell inlet and is perfused through the gradient channel
toward the outlet at a mean flow velocity v = 30 um/s. Along ~13.5 mm
of its length, the gradient channel is flanked by the two 1-mm deep chan-
nels, which are d = 834 um apart from each other (with 167-um partitions
between them and the gradient channel) and are both 1.6 mm wide. The cir-
culation of cold water, with a temperature 7, through the 1-mm-deep chan-
nel on the left and of hot water, with a temperature 7}, through the 1-mm
channel on the right creates a near-linear temperature profile across the
gradient channel with a slope of ~(7}, — T.)/d. This technique of on-chip
generation of a temperature gradient and this general layout of the device
are adapted from a previous publication (33).

To account for the edge effects at the upstream and downstream ends of
the gradient channel, where the gradient channel is no longer flanked by the
two water circulation channels, we performed three-dimensional numerical
simulations of temperature distribution profiles in Comsol. The simulations
indicated that the temperature gradient across the gradient channel remains
unchanged (within the precision of the simulations or ~2%) along a
gradient channel segment with a length L = 11 mm. The distribution of
E. coli across the gradient channel is expected to reach a steady state after
a time 1, = w?/(2D) = 310 s (where, as before, D = 400 um?/s is the effec-
tive diffusion coefficient of motile E. coli). This time is substantially shorter
than the residence time of bacteria in the segment of the gradient channel
with a constant temperature gradient, #,,, = L/v; = 367 s. Therefore, the dis-
tribution of E. coli across the gradient channel measured near its down-
stream end is expected to represent their steady-state distribution in the
temperature gradient.

The flow through the 100-um-deep microchannel network is driven and
controlled by the application of ~200 Pa differential pressure between the
two inlets and the outlet. To this end, the liquids in the reservoirs connected
to the inlets were held at a level of ~2 cm above the level of the liquid in the
reservoir connected to the outlet (all three reservoirs were modified 1.7 mL
Eppendorf tubes). The experimental setup and microfluidic device are
conceptually similar to those that we previously used to study the aerotaxis
of E. coli (10). However, the thermotaxis device has an additional element,
an H-filter (34), that is a channel with a width w;, = 150 um and length L, =
3.5 mm located upstream of the gradient channel, serving to prevent
nonmotile E. coli from reaching the gradient channel (Fig. 1 A). The left
and right sides of the H-filter inlet (upstream end) are connected, respec-
tively, to the buffer and cell inlets of the device. At the outlet, the left
and right sides of the H-filter channel are connected, respectively, to the
gradient channel and the device outlet, with 1/3 of the stream directed to-
ward the gradient channel and the remaining 2/3 directed toward the device
outlet (through a dedicated bypass channel line). The 1:2 split is set by the
resistance channel. Under normal operating conditions, the motility buffer
and bacterial suspension are fed to the H-filter inlet at a flow rate ratio of
~1:1 (controlled through the pressures at the two inlets). Hence, in the
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absence of bacterial motility (which leads to diffusion-like spreading),
the entire stream of the bacterial suspension is directed toward the bypass
line and does not enter the gradient channel (Fig. S1). The mean flow veloc-
ity in the H-filter channel is v, = 300 um/s, corresponding to a residence
time L,/v, = 12 s, which is comparable to the effective cross-channel diffu-
sion time for motile E. coli, wﬁ/(ZD) = 28 s. Therefore, at the H-filter outlet,
motile E. coli are broadly distributed across the channel, and a substantial
portion of them enter the gradient channel (Fig. S1). An estimate, ignoring
the nonuniformity of the flow velocity over the channel cross section, sug-
gests that when bacterial suspension and motility buffer are fed to the H-fil-
ter at 1:1 ratio, no nonmotile cells and as many as 30% of motile cells are
directed toward the gradient channel. On the way between the outlet of the
H-filter and the inlet of the gradient channel, motile E. coli then become
nearly uniformly distributed across the channel width.

In addition to enabling the positive selection for motile E. coli, the H-fil-
ter also makes it possible to adjust the concentration of bacterial suspension
in the gradient channel. When the flow rate ratio between the bacterial sus-
pension and motility buffer at the H-filter inlet is reduced below 1:1, the
concentration of E. coli in the gradient channel is reduced as well (nearly
proportionally). As compared with the E. coli suspension fed to the cell
inlet, the suspension in the gradient channel is normally diluted approxi-
mately threefold (as judged by counting individual E. coli in the field of
view), corresponding to ODggp = 0.03. Another added benefit of the H-fil-
ter is the refreshment of the E. coli medium. As a result of the cross-channel
diffusion of motile cells, >50% of the E. coli medium content is replaced
with fresh motility buffer as shortly as ~30 s before the beginning of the
thermotaxis assay (the time in flow between the outlet of the H-filer and
the inlet of the gradient channel). The refreshment of the medium immedi-
ately before the thermotaxis assays, low concentration of E. coli in the me-
dium, the absence of major chemoattractants and of rapidly metabolized
nutrients in the medium, and the relatively short duration of the assays
(~7 min) were expected to facilitate the establishment of well-defined,
reproducible medium conditions during the thermotaxis assays.

Temperature control and video microscopy setup

The thermotaxis experiments were conducted on an inverted fluorescence mi-
croscope (Nikon TE2000) in an environmental enclosure. The temperature in
the enclosure was set at 7, = 34°C, the same as the E. coli culture growth tem-
perature, and to further standardize the experimental conditions, the reservoir
with E. coli was placed inside the enclosure. In experiments with relatively
steep temperature gradients, corresponding to large temperature differences
between T}, and T, the temperature at the middle of the gradient channel
(average between T}, and T,) was usually close to T,. Therefore, the effect
of the heat exchange between the microfluidic device and the air beneath
the device upon the temperature profile in the gradient channel was minimal.
To circulate cold and hot water through the two 1-mm-deep circulation chan-
nels, we used two separate circulation water baths, which were set to different
temperatures. The flow rates were ~2.0 mL/s. To accurately assess the tem-
peratures inside the circulation channels, the tubing lines connected to their
inlets and outlets had in-line thermistors, which were placed at equal short
distances from the inlets and outlets (and were precalibrated in a tempera-
ture-controlled water bath). The temperature in a circulation channel was
calculated as the average between the temperature readings of the thermistors
upstream of the inlet and downstream from the outlet (33). The largest differ-
ence in the readings between the upstream and downstream thermistors
was ~1.0°C (measured for the line with 7}, = 67°C in the experiment with
T.=7°C).

Micrographs of E. coli in the gradient channel were taken with a 20x/
0.75 Nikon objective (1 mm working distance), 0.55x video coupler, and
a 2/3-inch digital black-and-white CCD camera (Basler a102f) under obli-
que brightfield illumination (to enhance the contrast). The field of view was
550 pum along the gradient channel and covered the entire width of the chan-
nel. The objective was focused at the midplane of the channel (50 um from
the bottom). To detect individual bacteria, two consecutive micrographs



were taken with a short time interval (~133 ms). A certain constant value
was then added to all pixels of the first micrograph, and the second micro-
graph was digitally subtracted from it. In the resulting image, regions
without cells appeared as a uniform gray background (at the level of the
added pixel value with some noise), whereas each cell produced a pair of
a dark and bright spots at positions where the cell was located in the first
and second micrographs (Fig. 1, B and C). Because of the motion of cells
with the flow, these locations were on average ~6 um apart along the
flow direction (the product of the maximal flow velocity of ~45 um/s
and the 133 ms interval). The image was processed with a homemade
code in MATLAB (The MathWorks, Natick, MA) that used smoothing
and thresholding to identify cells and their locations. Because of the rela-
tively large depth of the gradient channel, the defects at the top and bottom
of the channel (and bacteria stuck to the top and bottom) were out of focus
and had little effect on the uniform gray background. The pairs of micro-
graphs were taken with an interval of Az = 5 s, corresponding to an
~150-um average displacement along the flow, which is ~1/3.6 of the
size of the field of view. However, within this interval, cells were expected
to move a distance of as much as v2DA¢ = 60 um in the vertical direction,
much greater than the depth of field of the video microscopy setup (~5 um).
Therefore, a great majority of cells that were identified in the images were
counted only once.

To visualize the temperature profile in the gradient channel at various 7j-
and T,-values, we used a 10-ppm solution of HPTS (8-hydroxypyrene-
1,3,6-trisulfonic acid) fluorescent dye in 50 mM Tris buffer (pH 7.6 at
25°C), which was perfused through the gradient channel. The pH of Tris
buffer decreases with temperature, and HPTS becomes less fluorescent as
the pH of the medium decreases, resulting in a reduction of fluorescence
of the HPTS solution by ~1.7% per 1°C. Fluorescence illumination was
derived from a 455-nm LED. We used a GFP filter and a 20x/0.75 objective
focused at the gradient channel midplane. Fluorescence background was ac-
counted for by taking micrographs of the gradient channel with plain buffer
in it. Flat-field correction was performed by taking fluorescence micro-
graphs of the gradient channel with the HPTS solution without temperature
gradient applied (no water in the circulation channel) and fitting the cross-
channel distribution of brightness with a polynomial. To convert the local
intensity of HTPS fluorescence in the gradient channel into local tempera-
ture, we measured cross-channel profiles of fluorescence at different
spatially uniform temperatures. To this end, both circulation channels
were connected to the same bath (7}, = T,), which was consecutively set
to temperatures of 25, 30, 35, 40, and 45°C. After the proper background
subtraction and flat-field correction, the cross-channel fluorescence profiles
in an ~340-um-wide central region of the channel were practically flat at all
temperatures (fluorescence profiles were distorted near the side walls
because of the combined effects of finite channel depth, relatively large nu-
merical aperture of the objective, and reflections from the channel walls).

RESULTS
Temperature gradients

In our early experiments, the temperature gradients deduced
from the measured cross-channel fluorescence profiles of a
10-ppm solution of HPTS in Tris buffer were as much as
~1.4-fold steeper than the temperature gradients predicted
by our numerical simulations for the same values of T,
and T, (Fig. S2). We assumed it was because the tempera-
ture gradient applied across the gradient channel caused
thermophoresis of HPTS, resulting in reduced concentra-
tions of HPTS at higher temperatures and increased concen-
tration at lower temperatures and in a larger slope of the
fluorescence profile (as compared with the case of a uniform
concentration of HPTS and its local fluorescence affected by
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the temperature only). To test for possible effects of thermo-
phoresis, we first, used the HTPS solution in Tris buffer to
experimentally verify that, as our numerical simulations
indicated, steady-state temperature profiles in the gradient
channel were established very rapidly (within <10 s;
Fig. S3 A). After that, we used a 10-ppm solution of
HPTS in phosphate buffer (pH 7.4 at 25°C), which had a
much lower temperature sensitivity of its pH (0.002 units
per 1°C vs. 0.03 units per 1°C for Tris buffer). Profiles of
fluorescence of this solution were measured at residence
times in the temperature gradient, ¢,.,, ranging from 10 to
320 s (Fig. S3 B). The results showed a cross-channel
gradient of fluorescence gradually building up and
becoming nearly steady at ~4.5% per 300 um or ~0.6%
per 1°C by t,., of ~160 s, with the transition to the steady
gradient 50% complete after ~40 s (Fig. S3 B). Numerical
simulations with the diffusion coefficient of HPTS taken
at 450 um?/s and the effect of thermophoresis represented
by a spatially uniform drift velocity across the gradient
channel, v; = 0.07 um/s, showed a transition from the initial
uniform concentration profile to the experimentally
measured steady-state gradient (~4.5% per 300 um). The
transition was 50% complete after ~52 s, in good agreement
with the experimental data, thus supporting the assumption
that thermophoresis caused a gradient of HPTS concentra-
tion across the gradient channel. The 0.6% decrease in con-
centration of HPTS per 1°C increase in temperature was
close to 4/10 of the decrease in fluorescence of HTPS in
Tris buffer per 1°C (at spatially uniform temperature).
Hence, the experimentally observed ~1.4-fold enhancement
(versus numerical simulations) of the effect of temperature
gradient on the slope of the fluorescence profile of HTPS
in Tris buffer in the gradient channel was, indeed, most
likely due to thermophoresis.

To minimize the effect of thermophoresis on the fluores-
cence of HTPS in Tris, we used the fact that the time of
establishment of a stable temperature gradient across the
gradient channel is only ~1 s (based on our numerical sim-
ulations), which is much shorter than the characteristic time
of cross-channel thermophoresis (~100 s). We measured
profiles of fluorescence of HTPS in Tris at 7,,; = 10 s (we
first started flow through the gradient channel at a very
high speed, then stopped the flow and waited for 10 s),
such that the temperature gradient was expected to be fully
established, whereas the nonuniformity of concentration of
HTPS was expected to be minimal (cf. Fig. S3 B). The
measurements were performed for three sets of the 7,.- and
T)-values: 19 and 59°C, 14 and 54°C, and 14 and 64°C
(Fig. 2). In all cases, the temperature profiles in the 340-
um-wide central region of the channel were nearly linear
with slopes, 47/4x, proportional to the difference 7;, — T,
AT/ Ax = a(Ty, — T,), with the prefactor a = 0.89 mm ' in
a good agreement with the numerical simulation prediction
of a = 0.89 mm! (Fig. S2). Therefore, we adopted the
formula 47/4x = a(T, — T.) with a = 0.89 mm~"' for
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FIGURE 2 Temperature of a solution of HPTS in Tris buffer in the
gradient channel as a function of the distance, x, from the left (cold) wall
at three different combinations of temperature of water in the cold and
hot circulation channels, 7. and T},. The values of 7. and T}, were, respec-
tively, 19 and 59°C (blue squares), 14 and 54°C (black triangles), and 14
and 64°C (red circles). The temperature was calculated from the local inten-
sity of fluorescence of HPTS, using cross-channel fluorescence profiles of
the same solution at spatially uniform temperatures for calibration. The co-
lor-matching straight lines are linear fits to the experimental data, T(x) =
Ty + a(T), — T,)x, with the coefficients a of 0.90, 0.90, and 0.88 mm™!
for the blue, black, and red lines, respectively. The average value of a for
the three data sets was 0.89 mm ', in good agreement with a =
0.89 mm ™! as predicted by the numerical simulations. To see this figure
in color, go online.

calculations of temperature gradients in our thermotaxis ex-
periments. In what follows, we report cross-channel temper-
ature profiles in terms of the temperatures 7; and 7, at the left
and right wall of the gradient channel, which are adjacent to
the cold and hot circulation channel, respectively. Based on
our numerical simulations (Fig. S2), we calculated these two
temperatures as 7; = T, + 0.28(T, — T.) and T, = T}, —
0.28(T), — To).

Thermotaxis in shallow, narrow-range gradients

We first studied the thermotaxis of E. coli in two shallow
thermal gradients with 47/4x = 8.9°C/mm, one with T; =
36°C and 7, = 40°C and the other one with 7, = 39°C
and 7, = 43°C (Fig. 3). The distributions of E. coli across
the gradient channel were assessed at the downstream end
of the channel (11 mm from the beginning). The experi-
ments were run for ~30 min after E. coli suspension was
first fed into the microfluidic devices, with an average of
5000 cells analyzed per experiment. Each of the two exper-
iments was performed three times (N = 3). An obvious
feature of both distributions is that they are relatively flat,
with only approximately twofold difference between the
highest and lowest cell densities across the gradient channel.
Nevertheless, there is a clear bias toward higher tempera-
tures in the 36-40°C gradient, implying thermophilic
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FIGURE 3 Distributions of E. coli cells across the gradient channel in two
shallow gradients, both with 47/4x = 8.9°C/mm, with 7, =36°C and 7, =
40°C (blue circles and blue line) and with T; = 39°C and T, = 43°C (black
circles and black line). Relative frequencies of occurrence over a cross-chan-
nel distance, 4x, of 20 um are plotted versus distance from the left (cold) wall
of the gradient channel. For each set of conditions, each data point is an
average over three separate experiments (N = 3), with cross-channel posi-
tions of 30005000 cells analyzed in each experiment. Error bars are the stan-
dard deviation for the three experiments. To see this figure in color, go online.

behavior of E. coli in this temperature range. The tempera-
ture bias in the 39—43°C gradient is weaker but still statisti-
cally significant, suggesting cryophilic behavior of E. coli in
this temperature range. This reversal of behavior from ther-
mophilic to cryophilic appears to be reasonable in view of
the fact that the E. coli growth rate (in a rich medium)
sharply drops at temperatures above ~43°C. It is also worth
noting that there was no sign of aggregation of E. coli at any
intermediate temperatures in either of these shallow
gradients.

Thermotaxis in steep, wide-range gradients

We studied thermotaxis of E. coli in steeper temperature
gradients, with temperature profiles in the gradient channel
covering relatively broad ranges both below and above the
putative aggregation temperature of 37°C. We performed
four different experiments (with N = 3 repeats of each)
with the values of T; and T, of, respectively, 32 and 46°C,
30 and 48°C, 28 and 50°C, and 24 and 50°C (Fig. 4). The
temperature gradients were AT/4dx = 27, 36, 45, and
53°C/mm, respectively. The salient features of cross-chan-
nel distributions of E. coli in all of these experiments
are well-pronounced single peaks and large ratios
between the maximal and minimal local densities of cells,
clearly showing that in these gradients, E. coli aggregate
at certain intermediate temperatures. To our surprise,
however, we found that the aggregation temperatures
(temperatures at the peaks of the distributions) were not
the same for different gradients, but rather monotonically
decreased as the gradient became steeper: from ~40°C at



T T T T T
Q
2
0 0.16 o T T
o ® 2
S 012} 85,4, |
o [o¥=3
> SE
) * 2 30l ) )
o 0.08F 0.03 0.04 0.5
=] T gradient (°C/um)
o
o
o 0.04
£ {
e ol - ey

25 30 35 40 45 50

temperature (°C)

FIGURE 4 Distributions of E. coli cells across the gradient channel in
four steep gradients, with the values of 7}, T,, and AT/4x of, respectively,
32, 46, and 27°C/mm (black circles and line); 30, 48, and 36°C/mm
(cyan circles and line); 28, 50, and 45°C/mm (red circles and line); and
24, 50, and 53°C/mm (magenta circles and line). Relative frequencies of
occurrence over a cross-channel distance, 4x, of 25 um are plotted versus
local temperature. For each set of conditions, each data point is an average
over three separate experiments (N = 3), with cross-channel positions of
3000-5000 cells analyzed in each experiment. Error bars are the standard
deviations for the three experiments. Color-matching horizontal bars at
the top show the ranges of temperature in the four gradients. The inset
shows the aggregation temperature (temperature at the peak of the distribu-
tion) versus slope of the temperature profile, 47/4x, at the four sets of
experimental conditions. Straight line is a linear fit with a slope of
—0.35 mm [—0.35°C/(°C/mm)]. To see this figure in color, go online.

AT/ Ax = 27°C/mm to ~37°C at 36°C/mm, to ~33°C at
45°C/mm, and to ~30°C at 53°C/mm.

To verify that the aggregation in the temperature gradi-
ents is not a transient effect depending on the residence
time in the gradient channel, #,.;, we repeated the experi-
ment with the steepest gradient, 24-50°C (47/4x = 53°C/
mm), while measuring the cross-channel distributions of
E. coli at two different positions: near the end of the gradient
channel (the regular position), with ¢,,; = 360 s, and at two-
thirds of the way from the beginning to the end, with #,,;, =
240 s. The two distributions (Fig. S4) were similar, both
having peaks at ~30°C, indicating that the aggregation
around this temperature is stable, once established, and per-
sists for at least 120 s.

To test the effect of the H-filter upon distributions of
E. coli in the temperature gradients, we repeated experi-
ments with the least steep gradient (7; = 32°C, T, =
46°C, and A4T/4x = 27°C/mm) with a modified setup in
which the H-filter was effectively disabled. The cross-chan-
nel distribution of E. coli observed in these experiments
(Fig. S5) had a peak at a temperature of ~38.5°C, nearly
the same as the aggregation temperature of ~39.5°C in
the experiments with the functional H-filter (black symbols
in Fig. 4). With the disabled H-filter, however, the ratio of
the E. coli concentration at the peak to their average
cross-channel concentration was lower than with the func-
tional H-filter. This change in the distribution was consistent
with the expected effect of the presence of nonmotile cells.

Thermotactic Aggregation of E. coli

As another control, we repeated the experiments with the
least steep gradient (now with the regular functional H-fil-
ter) with cells of a AcheA line of E. coli, which are not
capable of chemotaxis because of the deletion of the gene
encoding for the CheA kinase. The cross-channel distribu-
tion of E. coli from this cell line (Fig. S6) did not exhibit
a peak at an intermediate temperature, indicating that the ag-
gregation at intermediate temperatures observed with
RP437 E. coli (Fig. 4) depended on the chemotaxis signal
transduction pathway and was not a result of temperature
dependence of the swimming velocity.

Next, we tested whether the aggregation temperature of
RP437 E. coli depends on the steepness of the gradient (a
local property of the temperature field) or on the entire range
of temperatures that E. coli are presented with and are al-
lowed to explore. To this end, we first performed another
experiment with 47/4x = 36°C/mm (cf. Fig. 4), but with
the interval T,-T, shifted down by 5°C, from 30 to 48°C
to 25 to 43°C. When plotted in the coordinates of the fre-
quency of occurrence (density of bacteria) versus tempera-
ture, the two distributions had peaks at temperatures that
differed by ~1°C (Fig. 5 A). On the other hand, when the
abscissa was changed to the distance from the left (cold)
channel wall (Fig. 5 B), the two distributions had peaks as
far as 120 um apart (~0.25 of the channel width). Next,
we performed an additional experiment with A7/4x =
45°C/mm (cf. Fig. 4), but with the interval 7,-7, shifted
down by 5°C, from 28 to 50°C to 23 to 45°C. Again,
when plotted in the coordinates of the frequency of occur-
rence versus temperature, the distributions of E. coli had
peaks at temperatures that differed by only ~1°C (Fig. 5
(). On the other hand, when the abscissa was changed to
the distance from the left channel wall (Fig. 5 D), the peaks
of the two distributions were ~100 um apart. It is worth
noting, however, that there appears to be systematic shifts
between the two distributions in Fig. 5 A and the two distri-
butions in Fig. 5 C at temperatures away from their peaks.
Conversely, the distributions in Fig. 5, B and D somewhat
converge toward the channel sidewalls, with bacterial den-
sities tending to reach zero at the physical boundaries (chan-
nel walls) rather than at certain temperatures. The results of
these two experiments indicate that, in the temperature
ranges we explored, the aggregation temperatures of
E. coli strongly depend on the steepness of the gradient,
although depending relatively weakly on the total range of
temperatures that cells are allowed to explore. On the other
hand, the detailed shapes of the distributions of E. coli in
temperature gradients relatively strongly depend on the
range of temperatures in the region of space that cells are
confined to.

DISCUSSION

We used a microfluidic device to study thermotaxis of
E. coli in a variety of linear temperature gradients, which
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FIGURE 5 Distributions of E. coli cells across
the gradient channel in cross-channel temperature
profiles with identical slopes, 47/4x, but different
temperature ranges, 77,. (A) and (B) AT/4x =
36°C/mm with 7; = 25°C and 7, = 43°C (red cir-
cles and line) and with T; = 30°C and 7, = 48°C
(blue circles and line). (C) and (D) AT/4dx =
45°C/mm with T; = 23°C and T, = 45°C (red cir-
cles and line) and with T; = 28°C and 7, = 50°C
(blue circles and line). In (A) and (C) relative fre-

quencies of occurrence over a cross-channel dis-

tance, 4x, of 25 um are plotted versus local
temperature. In (B) and (D) the same relative fre-
quencies of occurrence as in (A) and (C), respec-
tively, are plotted versus the distance, x, from the
1 left (cold) channel wall. For each set of conditions,
each data point is an average over three separate ex-
periments (N = 3), with cross-channel positions of
3000-5000 cells analyzed in each experiment. Er-
ror bars are standard deviation for the three exper-
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spanned nearly an order of magnitude in steepness, from
9 to 53°C/mm, and were all generated across the same
500-um-wide channel. The microfluidic device and
experimental setup have a number of features that facilitate
carrying out consistent, reproducible, and informative ther-
motaxis experiments. The arrangement with continuous
flow of an E. coli suspension through a long channel with
a cross-channel temperature gradient and with the assess-
ment of the E. coli distribution at the channel end makes
it possible to analyze a large number of cells per experiment,
even when the cell density is relatively low (ODggo = 0.03).
Low cell density leads to low rate of global changes in the
medium composition caused by cellular metabolism and
also minimizes cell-to-cell interactions mediated by the
local uptake and secretion. Because of the low cell density
and high gas-permeability of the microfluidic chip (which
is made of polydimethylsiloxane), E. coli respiration is
not expected to cause any substantial reduction in the oxy-
gen tension in the gradient channel (35). To further reduce
the effects of changes in the medium composition during
the thermotaxis assays, we had E. coli suspended in motility
buffer without major chemoattractants or rapidly metabo-
lized nutrients, with glycerol as the energy source. In our
tests, we could not detect any growth of E. coli strain
RP437 in this motility buffer.

The proposed experimental setup, with a relatively deep
gradient channel, 7 = 100 um, also makes it easy to visu-
alize and detect E. coli cells without fluorescent markers
by taking two brightfield micrographs at the midplane of
the channel with a short time interval and digitally subtract-
ing the second micrograph from the first one. We note that
the ~18-s time of passage of bacterial suspension through
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the field of view of the video microscopy setup (flowing at
30 um/s across 550 pum) is longer than the characteristic
time of the diffusion-like motion of E. coli along the channel
depth, #*/(2D) = 12.5 s, making it possible to sample nearly
all cells passing through the gradient channel. In our exper-
iments, consecutive pairs of micrographs were taken with an
interval of 5 s, which is much longer than the characteristic
time of motion of bacteria through a horizontal layer with
the thickness of the depth of field of the optical setup, 4z
~ 5 um (the layer at the channel midplane, where the im-
ages of bacteria were sharp enough to enable their reliable
identification). Therefore, each pair of micrographs pro-
vided data on a sample with a subpopulation of bacteria
that was largely different from subpopulations in all other
samples. On the other hand, the entire population of bacteria
in the 550-um-long segment of the channel is equivalent to
about h/4z = 20 samples, whereas we only sampled it ~3.6
times during the ~18-s time of passage through the field of
view. Hence, in our experiments, the population of bacteria
in the gradient channel was undersampled by a factor of
~5.5.

Another important feature of the experimental setup is the
microfluidic H-filter (34) upstream of the gradient channel.
This filter does not allow any nonmotile E. coli cells (e.g.,
cells with flagella damaged during centrifugation and resus-
pension) to enter the gradient channel, thus improving the
consistency and reproducibility of the experimental results
and increasing the visibility of the peaks of cell density dis-
tribution. Notably, in all experiments with E. coli aggrega-
tion at intermediate temperatures, the ratios between the
maximal and minimal cell densities were >10 (Figs. 4
and 5), whereas in the experiments on E. coli aerotaxis



(29), in which no H-filter was used, cell densities at peaks of
the distributions were never more than fivefold greater than
the minimal densities. The H-filter also enables real-time
adjustment of the concentration of E. coli in the gradient
channel, and last, but not least, it exchanges >50% of the
content of the medium to that of fresh motility buffer as
shortly as 30 s before the beginning of the thermotaxis assay.
This refreshment of the medium (together with the fact that
it is a defined minimal medium with a low nutrient con-
sumption rate), the low concentration of E. coli in the me-
dium, the high oxygen permeability of the device, and the
relatively short residence time of E. coli in the gradient
channel (~6 min) all contribute toward the establishment
of well-defined conditions during the thermotaxis assays.

Rapid circulation of temperature-controlled water
through two deep, closely spaced parallel channels
(Fig. 1) is a flexible and versatile way to generate tempera-
ture gradients. Temperature gradients in the gradient chan-
nel always have the same, near-linear shape (Fig. S2), and
both the steepness of the gradient and the range of temper-
atures that cells are presented with can be varied in broad
ranges. Moreover, they both are linear functions of the tem-
peratures of the circulated cold and hot water, T, and 7j,: AT/
Ax=0.89mm ' x (T}, — T.) and from T, = T + 0.28(T), —
T,)to T, =T, — 0.28(T, — T,), respectively. Hence, all pa-
rameters of the temperature gradients can be readily calcu-
lated from the measured values of 7. and 7j, and the
gradients do not need to be calibrated for each individual
thermotaxis experiment. In addition, the temperature gradi-
ents in the gradient channel are largely one-dimensional,
with relatively little temperature changes along the channel
depth. (Our numerical simulations indicated that a tempera-
ture change along the channel depth, A, is always <12% of
the temperature variation along the same distance of 100 um
in the cross-channel direction).

We believe that for the purposes of experiments on ther-
motaxis, this temperature gradient generation technique
compares favorably with the temperature gradient genera-
tion using an infrared laser emitting light with a wavelength
of ~1480 nm that is absorbed by water. In this latter tech-
nique, the temperature profiles are always nonlinear, and
variations of temperature along the channel depth may be
comparable with temperature variations in the direction of
the main gradient, which is along the radius of the laser
beam, making the temperature gradients effectively three-
dimensional (from numerical simulations; data not shown;
the laser-generated temperature profiles can also be viewed
as two-dimensional along the r- and z-directions in the cy-
lindrical coordinates). In addition, this technique is incom-
patible with the continuous perfusion setup used in our
study, thus only enabling a relatively low data collection
rate, especially in experiments with low cell densities.

Our measurements of the cross-channel temperature pro-
files showed that, whereas the assessment of spatially uni-
form temperature using a solution of temperature-sensitive
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fluorescent dye is straightforward, the results of measure-
ments of temperature gradients with such a fluorescent solu-
tion may be misleading because of the dye thermophoresis.
Specifically, our experiments with HPTS in phosphate
buffer (which has a very weak dependence of pH on temper-
ature) indicate that thermophoresis across the 500-um-wide
gradient channel generates a gradient of HPTS concentra-
tion of ~0.6% per 1°C gradient of temperature. The inten-
sity of fluorescence of the solution of HPTS in Tris buffer,
which we used to visualize temperature profiles across the
gradient channel, decreases by ~1.7% per 1°C (when tem-
perature is spatially uniform). After an HPTS gradient
driven by thermophoresis is fully established, the ~0.6%
per 1°C change in fluorescence due to thermophoresis is
added to the ~1.7% per 1°C change due to the inherent tem-
perature dependence of fluorescence. As a result, the fluo-
rescence gradient becomes ~1.4-fold steeper than the
gradient measured before the thermophoresis is allowed
time to change the local concentrations of HPTS. It is worth
noting that we only discovered this effect because the
disagreement between the temperature profiles obtained
from our numerical simulations and the fluorescence pro-
files of HPTS in Tris measured in our early tests (with
~300 s allowed for thermophoresis) was too large to be ex-
plained by experimental errors.

We further note that, if the measured effect of thermopho-
resis in temperature gradients on spatial distributions of con-
centration of HPTS, 0.6% per 1°C, is similar to its effect on
spatial distribution of nutrients (which are also small mole-
cules), steep gradients of temperature are expected to
generate appreciable gradients of nutrients. For example,
when the temperature across the gradient channel varies
by 27°C, as in one of our experiments, the concentration
of nutrients in the medium would vary by ~16% across
the 500-um channel width. If some of those nutrients are
major chemoattractants (e.g., glucose and amino acids pre-
sent in reach media), such concentration gradients may
cause considerable chemotaxis.

In our thermotaxis experiments, we used a motility buffer,
which was a minimal medium with glycerol added as an en-
ergy (and carbon) source. Whereas spatial gradients of glyc-
erol can cause E. coli chemotaxis (36), potential effects of
the thermophoresis-driven gradients of glycerol on spatial
distributions of E. coli are reduced by the virtue of glycerol
being a relatively weak chemoattractant. Moreover, when
added to a minimal medium at a concentration of 50 mM
(the concentration in our thermotaxis medium), glycerol
has been reported to have an effect of a repellant rather
than attractant (37). There are very few literature data on
thermophoresis of glycerol in water, but one would gener-
ally expect the gradient of glycerol concentration to be pro-
portional to the temperature gradient and to be largely
unchanged by shifts of the mean temperature (e.g., when
T~T, is shifted from 28 to 50°C to 23 to 45°C). That is,
the glycerol concentration would always be higher at the
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cold (or hot) wall of the gradient channel and thus driving
the chemotaxis of E. coli toward the cold (or hot) wall,
regardless of the mean temperature. In our experiments,
we observed that the temperatures at which E. coli distribu-
tions have peaks are only weakly independent of the mean
temperature in the 7T, profile, whereas the locations of
the peaks with respect to the gradient channel shift as the
mean temperatures change (Fig. 4). This observation sug-
gests that the measured distributions of E. coli are not
affected by thermophoresis of nutrients or by chemotaxis
that might result from the thermophoresis.

Our study has two major biological results. The first result
is that in linear temperature profiles that span sufficiently
broad ranges of temperature (|7, — 7j| > 14°C) and are suf-
ficiently steep (47/4x > 27°C/mm), thermotaxis in a
motility buffer leads to aggregation of E. coli at intermediate
temperatures. Aggregation of E. coli at an intermediate tem-
perature in a thermal gradient chamber was reported in a
1976 study by Maeda et al. (27). The evidence for aggrega-
tion presented in that study was a bright band in a micro-
graph of an ~10" cells/mL suspension of E. coli in
phosphate buffer in an ~10-mm-long thermal gradient
chamber taken 2 h after the application of a gradient of
2.2°C/mm. It is not completely clear, however, whether
this bright band, which had a width of ~1 mm and appeared
in a region with a mean temperature of 34°C, was directly
related to thermotactic migration of E. coli. Net migration
of E. coli in a thermal gradient can result from temperature
dependence of the cell swimming speed (4,22), and after 2 h
in a medium without energy sources, the swimming speed of
E. coli was expected to substantially change, most likely in a
temperature-dependent way. The authors noted that the
bright band moved with time toward lower temperatures
and that it was likely due to an oxygen gradient (27). One
could expect such a gradient to result from the temperature-
and cell-density-dependent cumulative respiration of E. coli
in the gas-tight gradient chamber and to lead to some oxy-
gen taxis and, potentially, contribute to the formation of
bright band (high cell density region) on the micrograph.

Thermotactic aggregation of E. coli at intermediate tem-
peratures was reported in two recent publications (15,29).
Nevertheless, in both cases, the medium contained at least
one of the two strong E. coli chemoattractants, serine and
aspartate (or its analog MeAsp), which are chemoeffectors
for the two most abundant receptors of E. coli, Tsr and
Tar. Moreover, both articles explained the thermotactic ag-
gregation of E. coli in terms of the combined effect of che-
moattractants and ambient temperature upon changes in the
methylation state of these two receptors in response to tem-
perature changes. In (15) the case is made that the two re-
ceptors are essentially different and that Tsr always
mediates thermophilic response but loses its sensitivity at
high temperatures, whereas Tar mediates thermophilic
response at low temperatures and cryophilic response at
high temperatures. Therefore, whereas the aggregation
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was only shown in a nutrient-rich medium (M9CG), it
was also predicted to occur in a motility buffer. Neverthe-
less, an experimental test in a temperature gradient in
motility buffer with a A¢sr line of E. coli, in which the entire
thermotactic response was expected to be due to Tar
receptor, did not reveal any clear intermediate temperature
aggregation or switching from thermophilic to cryophilic
behavior at intermediate temperatures (15).

In contrast, the extensive data on the intracellular
signaling in E. coli in response to stepwise changes in tem-
perature (obtained using FRET with fluorescent CheY and
CheZ) in (29) indicate that the temperature responses of
Tsr and Tar are surprisingly similar, both without chemoat-
tractants and at equivalent concentrations of serine and
MeAsp (when normalized to the sensitivity of the respective
receptors to these chemoattractants). Based on these data, a
detailed model was built in which the inversion of the
response of E. coli from thermophilic to cryophilic (an
essential element for the aggregation at an intermediate tem-
perature) can only occur in the presence of either serine or
aspartate (or MeAsp). However, the aggregation is not ex-
pected to occur in the absence of both chemoattractants or
when they both are present at equivalent concentrations
(29). Therefore, the observed aggregation of E. coli at inter-
mediate temperatures in a motility buffer (without either of
the two major chemoattractants) is a somewhat surprising
result that cannot be readily explained in the framework
of the model from (29). It is worth noting that our findings
are consistent with the result of an experiment from (29) on
E. coli in motility buffer in a temperature range of
~27-33°C with 47/4x of ~18°C/mm (Figs. 2 and S2 A
in (29)), which is steeper than the gradients in Fig. 3 but
less steep than any of the gradients in Figs. 2 E and 4 of
(29). That experiment showed no aggregation peak and a
maximum cell density at the highest accessible temperature
of ~33°C, whereas we found thermal aggregation at ~40°C
in a gradient of ~27°C/mm spanning the range of 32-45°C
(the least steep gradient of those in Fig. 4; black circles).

The second major biological result of the study is that the
temperature at which E. coli aggregate strongly depends on
the gradient steepness, decreasing by as much as 10°C (from
40 to 30°C) as the gradient steepness increases twofold
(from 27 to 53°C/mm). This dependence of the aggregation
temperature on the gradient steepness was neither experi-
mentally found nor theoretically predicted before, to our
knowledge, making it very much surprising. To verify that
this aggregation temperature shift is not an experimental
artifact, we performed additional experiments in which we
changed the ranges of temperature in the gradient channels
while maintaining the gradient steepness unchanged
(Fig. 5). Despite the temperature range shifts, the tempera-
tures at which the distributions of density of E. coli peaked
changed relatively little, by ~1°C (on average) for 5°C
range shifts, whereas the physical locations of the density
peaks moved across the gradient channel by as much as



120 um (~0.25 of the gradient channel width). Therefore,
our experimental results indicate that the reduction of the
aggregation temperatures in steeper gradients is a real
phenomenon.

‘We note that the thermal gradients of 27-53°C/mm in the
experiments in which E. coli aggregation at intermediate
temperatures was observed (Fig. 4) were all steeper than
thermal gradients that E. coli cells are likely to encounter
in their natural (or laboratory) environment. However, we
believe this aggregation to be a manifestation of the well-
documented behavior of avoidance of excessively high
and low temperatures (14,29) that serves the purpose of
finding optimal growth conditions and that E. coli has
evolved for. Therefore, we consider the application of the
steep gradients as an experimental tool to observe the natu-
ral behavior of E. coli under better controlled conditions
(relatively short aggregation time of ~5 min) and with
higher clarity (sharper aggregation peaks). On the other
hand, given the low likelihood of E. coli encountering the
gradients of 27-53°C/mm, we believe the observed reduc-
tion of the aggregation temperature with the gradient steep-
ness to be a byproduct of the existing wiring of the
temperature sensing (and swimming) signal transduction
network rather than a type of behavior E. coli has specif-
ically evolved for.

Unfortunately, we have not been able to propose a plau-
sible mechanism explaining the reduction of the aggregation
temperature with the steepness of the thermal gradient. It is
worth noting, however, that in both experiments with tem-
perature range shifts (Fig. 5, A and C), the temperatures of
the density distribution peaks were lower for temperature
ranges shifted down. Moreover, away from the peaks, the
cell density distributions for different temperature ranges
(and same gradient steepness) increasingly diverged when
plotted against the temperature (Fig. 5, A and C) and
converged when plotted against the position across the
gradient channel (Fig. 5, B and D). Most conspicuously,
cell densities near the gradient channel sidewalls (positions
of 0 and 500 um) were close to zero in all cases (Fig. 5, B
and D). Notably, this dependence of the shapes of the cell
density distributions is not readily reproduced by simple
models, in which the motion of E. coli across the gradient
channel is a biased random walk with a drift velocity that
solely depends on the local temperature and temperature
gradient (Fig. S7). These experimental observations and re-
sults of mathematical modeling suggest that the distribu-
tions of density of E. coli across the gradient channel do
not solely depend of the steepness of temperature gradient
but are also influenced by some physical effects of the chan-
nel sidewalls and, possibly, by the range of temperatures that
cells are presented with and allowed to explore.

A plausible effect of the channel sidewalls is the loss of
cells from the layer near the channel midplane, where cells
are imaged and counted. This loss could be because of the
sticking of cells to the sidewalls or some more intricate ef-
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fect related to a different flow velocity pattern near the side-
walls as compared with the internal region of the channel,
where the flow velocity is uniform over horizontal planes
and has a parabolic profile along the vertical direction. To
account for the cell loss, we repeated the numerical simula-
tion of biased random walk toward the aggregation temper-
ature (cf. Fig. S7) while changing the boundary conditions
from zero flux (impermeable boundaries) to an outwards
flux with a rate proportional to the concentration of cells
at the boundaries. This new model (Fig. S8) qualitatively re-
produced several major trends of the experimental data
(Fig. 5) that were not captured by the model with imperme-
able walls (cf. Fig. S7). Specifically, for identical gradients
and different temperature ranges, cell density distributions
peaked at different temperatures (lower aggregation temper-
atures for temperature ranges shifted down; cf. Fig. 5, A and
() and converged toward the sidewalls when plotted against
the position across the channel (cf. Fig. 5, B and D). It is
worth noting that the assumption of the model about the
cell loss is consistent with the experimental observation
that the number of cells in the midplane of the gradient
channel is reduced approximately threefold at the end of
the channel as compared with the beginning of the channel.

To summarize, we used a specially designed microfluidic
device and experimental setup to perform extensive series of
experiments on thermotaxis of E. coli suspended in a
motility buffer in a stable linear temperature profile across
a microchannel. The experiments revealed the aggregation
of E. coli at intermediate temperatures away from the side-
walls of the microchannel with the temperature gradient.
Surprisingly, the aggregation temperatures decreased for
steeper temperature gradients, an effect that we have not
been able to find a plausible explanation for. Moreover,
when plotted both against temperature and against position
across the channel, the shapes of distributions of cell density
in the temperature gradients changed when the range of tem-
peratures was shifted, whereas the steepness of the gradient
was left unchanged. These changes in the cell density distri-
butions were not reproduced by a simple model with biased
random walk. Taken together, our results indicate that
E. coli thermotaxis is a complex phenomenon, which, in
addition to the temperature gradient itself, is likely influ-
enced by the range of temperatures that cells are allowed
to explore, the geometry of the chamber that cells are
confined to, and the flow pattern in the chamber.
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