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It is commonly believed that bacterial chemotaxis helps cells
find food. However, not all attractants are nutrients, and not
all nutrients are strong attractants. Here, by using microfluidic
experiments, we studied Escherichia coli chemotaxis behavior
in the presence of a strong chemoattractant (e.g., aspartate or
methylaspartate) gradient and an opposing gradient of diluted
tryptone broth (TB) growth medium. Our experiments showed
that cells initially accumulate near the strong attractant source.
However, after the peak cell density (h) reaches a critical value
he, the cells form a “escape band” (EB) that moves toward the
chemotactically weaker but metabolically richer nutrient source.
By using various mutant strains and varying experimental con-
ditions, we showed that the competition between Tap and Tar
receptors is the key molecular mechanism underlying the for-
mation of the escape band. A mathematical model combining
chemotaxis signaling and cell growth was developed to explain
the experiments quantitatively. The model also predicted that
the width w and the peak position x, of EB satisfy two scaling
relations: w/I~ (h/hc)~1/%2 and 1 — xp /I ~ (h/h)~1/2, where |
is the channel length. Both scaling relations were verified by
experiments. Our study shows that the combination of nutrient
consumption, population growth, and chemotaxis with multiple
receptors allows cells to search for optimal growth condition in
complex environments with conflicting sources.
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hemotactic bacteria are capable of sensing and migrating

toward favorable locations for survival and growth in com-
plex environments. As one of the most studied model systems
in biology, Escherichia coli chemotaxis is relatively well under-
stood (1-5). E. coli can sense different external chemical signals
by using five different types of chemoreceptors: two abundant
receptors (Tar and Tsr) and three minor receptors (Trg, Tap,
and Aer). These receptors can bind to different ligands either
directly or indirectly through periplasmic binding proteins (6).
Binding of a ligand molecule triggers conformational changes of
receptors and affects the autophosphorylation activity of the his-
tidine kinase CheA that forms the core signaling complex with
the receptors and the adapter protein CheW. The signal is then
transmitted to the flagellar motor by a response regulator Che'Y
to control the flagellar motor’s tumbling frequency.

While the molecular mechanism of bacterial chemotaxis has
been investigated extensively, the relationship between chemo-
taxis and metabolism remains unclear. Early pioneering work
by Adler and colleagues (7, 8) showed that not all nutrient
molecules (amino acids and sugars) are attractants and not all
attractants are good nutrients. In the classical swarm plate exper-
iments (9, 10), the attractant gradient and the nutrient gradient
are in the same direction. Thus, by following the attractant gra-
dient, cells in the swarm rings migrate to locations with higher
nutrient concentrations. However, in a more complex environ-
ment, these two gradients may not be in the same direction. For
example, there can be two (or more) spatially separated sources:
One source has a high concentration of a strong attractant, which
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may be only weakly or not consumable; the other has a high
concentration of nutrient, which contains only weak attractants.
Between the two sources, the attractant gradient is opposite to
that of the nutrient. In complex environments, either geomet-
rically (11-13) or chemically with multiple conflicting cues, the
questions on whether and how chemotaxis guides cells toward
locations with favorable conditions remain unanswered.

To address some of the questions raised above, we study bacte-
rial chemotaxis behaviors in an attractant gradient and an oppos-
ing nutrient field that changes with time due to consumption,
by combining microfluidic experiments and quantitative model-
ing. We show that the interplay among bacterial chemotaxis in
opposing gradients, nutrient consumption, and cell growth leads
to traveling shape-preserving cell density bands. These traveling
bands allow cells to escape from traps near strong attractant but
poor nutrient sources.

Results

The Traveling Escape Band in Opposing Gradients. We study bac-
terial population dynamics in opposing attractant and nutrient
gradients in a microfluidic channel. As shown in Fig. 14, a linear
attractant gradient is set up by maintaining a constant attractant
concentration in reservoir 1 at one end of the channel (14, 15).
For simplicity, we used MeAsp, a nonmetabolizable attractant,
to maintain a fixed attractant gradient. Cells and then diluted
tryptone broth (TB) growth medium were added in reservoir
2 in sequence. Once TB was added at time ¢ =0, it formed an
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Fig. 1. The traveling escape band in a microfluidic channel with opposing
gradients. (A) Schematic diagram of the microfluidic device (15). Reservoir 1
(green) contains 2 mM MeAsp. Reservoir 2 (red) contains 20% TB and bac-
teria. (A, Left) Images of cell density in the channel at different times show
the formation of the escape band traveling toward reservoir 2. (A, Right)
The cell-density profiles along the length of the channel (x axis) at different
times. The cell-density profile is characterized by its peak h, width w, and
peak location x,. (B) The kymograph showing the spatiotemporal dynamics
of the cell-density profile. The initial wave approaching reservoir 1 and the
escape band formed later are highlighted by the yellow and white arrows,
respectively. (C) The rescaled escape-band profiles at different times collapse
onto a single curve. C, Inset shows the dependence of peak width w(t) and
the height h(t) on time (t).

opposing gradient to that of MeAsp by diffusion at ¢ ~ 20 min.
See SI Appendix, SI Materials and Methods and Fig. S1 for details
of the experiments.

The cell density is determined by measuring the fluorescence
intensity of the GFP-labeled cells in the observation window of
the channel. Fig. 1 4, Left shows a series of cell-density images
at different times. Initially, E. coli cells, attracted by MeAsp,
move across the channel to accumulate near reservoir 1, where
the cell population grows as a small amount of nutrient (TB)
reaches them through diffusion from reservoir 2. However, after
the bacteria population grows to a critical density h., a sub-
population of cells form an “escape” band, which moves away
from the strong attractant (MeAsp) source toward the nutri-
ent (TB) source at reservoir 2. By integrating the cell density
across the channel, the cell-density profiles along the channel
(x axis), n(z,t), can be determined quantitatively from the
images at time ¢. As shown in Fig. 1 A, Right, there is clearly an
escape band moving to the right (see Movie S1 for details). The
location and structure of the escape band can be characterized by
the peak location z,(¢), the peak density h(¢), and the width of
the band w(t) defined as the half-maximum width of the profile.

The spatial cell-density profiles n(z, t) at different time ¢ can
be put together in a “kymograph” as shown in Fig. 1B. The
kymograph characterizes the spatiotemporal dynamics of the cell
population, from which the escape band can be easily identi-
fied (highlighted by a white arrow). See Movie S1 for a video
of the full escape-band dynamics and the construction of its
corresponding kymograph.
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From our experimental data (Fig. 1 A and B), we found that
the density profile n(z,t) is shape-preserving. When we scale
the cell density by h(¢) and introduce a scaled distance param-

eter ¢(z,t) = T;T(’lgﬂ , all of the escape band profiles at different
times collapse onto a single curve, as shown in Fig. 1C. This is
remarkable given that both the width w(¢) and the height h(¢) of

the escape band change with time (Fig. 1 C, Inset).

The Onset of Escape Band Depends on the Initial Cell Density and the
Nutrient Concentration. What determines the onset of the escape
band? In Fig. 2, the observed spatiotemporal profiles of cell den-
sity are shown for different initial cell densities characterized by
their optical density (OD) and for different TB concentrations
in reservoir 2. For a small TB concentration (1%), there is no
escape band during our experiments (5 h) as shown in Fig. 2i.
For larger TB concentrations (> 5%), an escape band emerges.
For a smaller initial bacteria density (OD =0.1, Fig. 2 ii—iv), it
takes longer to form the escape band than for a larger initial
density, e.g., when OD =0.35 as shown in Fig. 2 x—xii). These
observations suggest the existence of a threshold cell density for
the formation of the traveling escape band. As indicated by the
yellow arrow in Fig. 2viii, a band is visible during the initial TB
gradient establishment process, and it drifts toward reservoir 1 in
the same direction as TB diffusion for ~ 20 min. After reaching
reservoir 1 and growing there for some time, the escape band
emerges and moves in the opposite direction toward reservoir
2 when the cell density reaches a critical value. The onset time
for the escape band depends on the initial cell density and the
TB concentration in reservoir 2. However, the existence of the
escape band is robust, independent of where cells were loaded
(81 Appendix, Fig. S2 for the case when cells were put in the mid-
dle of the channel) and attractant used (see SI Appendix, Fig. S3
for Asp).

Sensing of dipeptide in TB by Tap is crucial for the escape band.
Which chemoreceptors are responsible for this complex behav-
ior? In TB, aspartate and serine are the main known con-
sumable attractants contributing to the formation of swarm
rings observed in TB agar plate (9). Surprisingly, as shown in
Fig. 3 A, i, the escape band still exists in the Tsr receptor mutant
strain UU2599 (A Tsr). As a control, we verified that the Tar-
only strain UU1624 (A TsrATrgA TapA Aer) did not form the
escape band as shown in Fig. 3 4, ii. This indicates that the under-
lying mechanism for the observed escape band is the competition
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Fig. 2. The kymographs of RP437 for different initial loading densities
given by their OD and different TB concentrations. Each column has a fixed
TB concentration 1%, 5%, 10%, 20%v /v. Each row has a fixed OD: 0.1, 0.15,
and 0.35. viii is the same as shown in Fig. 1B.
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Fig. 3. Spatiotemporal cell density profile (kymograph) for mutants and
WT under different nutrient conditions. (A) Kymograph for different
mutant strains. (A, i) UU2599(ATsr). (A, ii) UU1624 (Tar only). (A, iii)
RP3544(ATsrATap). (A, iv) RP8604(ATsrATrg). (A, v) UU1625(Tar + Tap).
(A, vi) RP3525(ATap). (A, vii) UU1623(Tar + Aer). (A, viii) UU1117(AAer).
(B) Kymograph for strain DYM1 (ADppA) shows no escape band. (C) Kymo-
graph for WT (RP437) with different dipeptide Pro-Leu concentrations
added to 20% TB. The escape band is absent for 1mM Pro-Leu.

between Tar, which is responsible for sensing MeAsp and one of
the minor receptors, Trg, Tap, or Aer.

To determine which minor receptor is responsible for the
escape band, we carried out a series of experiments with different
E. coli mutants. Our experiments showed that the strains RP3544
(A TsrATap) and RP3525 (A Tap) did not form an escape band
(Fig. 3 A4, iii and iv), but the strain RP8604 (A T'sr A Trg) did form
an escape band as shown in Fig. 3 4, v. Therefore, the compet-
ing receptor that senses certain attractant in TB is most likely
Tap. We verified this hypothesis by using a strain UU1625 with
only Tar and Tap, which showed a clear escape band (Fig. 3 A4,
vi). Finally, we excluded the involvement of the oxygen-sensing
receptor Aer by using the strain UU1623 with Tar and Aer,
which did not show a band (Fig. 3 A4, vii), and the strain UU1117
(AAer), which did form a band (Fig. 3 A4, viii).

Our comprehensive mutant experiments identified Tap as the
relevant chemosensor for the escape band. But what does Tap
sense in TB? Tap is known to sense dipeptide through a dipep-
tide transport protein DppA (6, 16) and also pyrimidine (17). To
find the responsible chemoeffector, we used the mutant strain
DYM1 (ADppA) derived from RP437 in our experiments. As
shown in Fig. 3B, no escape band was observed with DYM1,
which shows that sensing of dipeptide in TB by Tap is essential
for the escape band. To further confirm the role of dipeptide, we
repeated our experiments using the WT cells (RP437), but now
with different amounts of dipeptide proline-leucine (Pro-Leu)
added to TB. As shown in Fig. 3C, additional amount of Pro-Leu
delayed the onset of the escape band. For the highest concentra-
tions of added Pro-Leu, the traveling band did not form within
our experiment time (~ 5hrs). The reason is that for a higher ini-
tial Pro-Leu concentration, the consumption driven gradient will
take longer to form and therefore the onset of the traveling band
is delayed or absent (see SI Appendix, Fig. S4 for more details of
the Pro-Leu dose response).

The Population Model Based on the Molecular Mechanism of the
Chemotaxis Pathway. To understand the mechanism for the
escape-band formation, we studied the coupled spatiotemporal
dynamics of the cell density n(z, t) and the nutrient concentra-
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tion ¢(z, t) by incorporating the essential molecular mechanism
of bacterial chemotaxis (2, 18, 19) into the phenomenological
Keller-Segel (K-S) equation (20, 21):

%7; =D, V?n — kY (nVf(c, [L])) + ryn, (1]
Jc 2
T D.NV?c—ren, (2]

where D, is the TB diffusion coefficient, D,, is the active cell
diffusion coefficient, k. is the chemotaxis coefficient, and [L] is
the MeAsp concentration.

As shown in our previous work (18, 19), when environment
changes are slower than the intracellular adaption dynamics,
chemotaxis motility is controlled by an effective chemotaxis
potential —f (¢, [L]), which is the free energy difference between
active and inactive states of chemoreceptors due to ligand
binding. Relevant molecular mechanisms are incorporated in
f(e,[L)). In particular, different types of chemoreceptors inter-
act cooperatively within the mixed receptor cluster in bacteria
(22-24), each contributing to f additively (25). For the system
studied here, there are two relevant contributions to f, which
come from bindings of MeAsp to Tar and certain metabolizable
molecule (probably dipeptide) in TB to Tap:

et =t () i (SHE)

where 77, = ngap/n7ar is the ratio between Tap and Tar recep-
tors in the functional receptor cluster and K; and K4 are the
dissociation constants of MeAsp to the inactive (active) Tar
receptor (26); K.r, Kca are the corresponding parameters for
the TB-sensing Tap receptor. Given that Tap binds indirectly
with ligands through binding proteins (BP), K., and K4 are
effective dissociation constants that depend on properties of

m

BP (6). The growth rate takes the form rg(c):rgmaxﬁ
th

that depends on nutrient concentration with a relatively slow
maximum growth rate rgma, a small threshold ¢, and a mod-
est Hill coefficient m =1.5. The nutrient consumption rate

re(c) = rcm,,xcgf% is taken to be proportional to the growth
rate ry.

Model Results Agree with Experiments Quantitatively. We used
the pathway based population model, Egs. 1-3, to simulate the
experimental system with the boundary conditions: ¢(1) = ¢uax,
¢(0) =0, and no flux for n at z =0. To mimic the cell-loading
procedure in experiments, we set n(l) = no for 20 min. (0>t >
—20min.) with ng the initial cell density (OD) introduced in
reservoir 2 and n(l) =0 for ¢ > 0. Most of the model parame-
ters, which are given in SI Appendix, Table S1, are taken from
previous studies.

As shown in Fig. 44, there are three phases (S1-S3) in the
cell-distribution dynamics. Cells move toward the MeAsp side
(z=0) (yellow arrow) and grow there during the initial S1
phase, followed by the formation of an escape band (white
arrow) traveling toward the nutrient side (z =1) during the S2
phase. Subsequently, the cell density near the origin (z = 0) also
increases as some of the cells that grow in the escape band
migrate back to the origin during the S3 phase. The simulation
results shown in Fig. 44 are in quantitative agreement with the
experimental data shown in Fig. 1B (see SI Appendix, Fig. S5
for the simulation-experiment comparison of the w, h, z, dynam-
ics). Moreover, as shown in Fig. 4B, the normalized escape-
band density profiles S(z,t) =n(z,t)/h(t) vs. the shifted and
rescaled coordinate ¢(z,¢) = (z —z,(t))/w(¢) collapse onto a
single curve in excellent agreement with the experimental obser-
vations shown in Fig. 1C. The dependence of the escape band
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Fig. 4. Simulation results from the modified K-S model based on chemo-
taxis signaling pathway dynamics (parameters given in S/ Appendix, Table
S1). (A) Kymograph shows the escape band (white arrow) and the ini-
tial wave (yellow arrow) in agreement with the experiments (Fig. 1A). (B)
The collapsed cell-density profile after rescaling. The dynamics of w(t) and
h(t) are shown in B, Inset. (C) The cell-density profiles (solid lines) and the
corresponding nutrient profiles (dotted lines) at different times.

on the initial cell density and the TB concentration shown in
Fig. 2B are all reproduced in our simulations (SI Appendix,
Fig. S6).

The model also allows us to study dynamics of the nutrient
concentration c¢(z, t), which cannot be directly measured easily.
As shown in Fig. 4C, starting from its source at x = 1,000 um
toward z =0, the nutrient concentration decreases linearly until
it vanishes near the peak position of the escape band and
remains zero behind the escape band. The characteristics of the
nutrient-concentration dynamics provide key insights for us to
understand the mechanism for escape-band formation and its
scaling properties as we describe below.

The Mechanism and Conditions for the Escape-Band Formation.
Given that cell growth is much slower than the cell motil-
ity time scale: Tgmar < ke/w?, the cell-density profile can be
obtained in our model by using the adiabatic approximation,
i.e., by balancing the leading order motility terms in Eq. 1:
Dn V%S =k.V(SVf(c,[L])), which leads to the solution (19)

S(z) = Soe P’ with Sy a normalization constant.

The compact traveling band structure in the S2 and S3 phases
depends on the balance between the two attractant gradients,
which results in a minimum of the effective chemotaxis poten-
tial —f at =1, >0. From Eq. 3, we derived an equation to
determine z, by requiring % |e=a, = O:

(Ka— K1) . ]
(Ka + [L](2)) (K1 + [L)(2)) ~ dz
_ 'PTap(KcA_KcI) « % [4]
(Kea+ c(zp))(Ker + c(z)) Oz’
where % = —[L]max/1 is the time-independent MeAsp gradient

and % is the nutrient gradient in the opposite direction, which is
time-dependent due to nutrient consumption. Expanding f near
x =z, to the second order, we can also obtain the width of the

"

band w = [— 55 f (z,)] /%
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The mechanism for the band formation is evident from the
balance equation, Eq. 4. The growth-driven consumption of
nutrient (c¢) amplifies chemotaxis toward the nutrient by reduc-
ing ¢ and increasing %. The strength of chemotaxis toward an
attractant is characterized by the prefactor multiplying the gra-
dient (% or %) in Eq. 4, which depends on the difference
between the dissociation constants of the active and inactive
forms of the corresponding receptor, i.e., (K4 — K;) for MeAsp
and (K.4 — K.r) for the nutrient. The existence of the escape
band requires a minimum chemotaxis strength toward the nutri-
ent; otherwise, Eq. 4 would have no solution. We studied the
conditions for the escape-band formation in the parameter space
spanned by K4 and K.; by direct simulations of Egs. 1 and 2. As
shown in Fig. 54, there is a clear phase boundary between param-
eter regimes with and without escape band. The dissociation
constants for dipeptide (Pro-Leu) binding to Tap (filled green
circle) belong to the escape-band regime, so does the galactose
binding to Trg (filled red circle). Indeed, an escape band was
also observed with RP3525 (A Tap) cells by adding galactose to
diluted TB as nutrient (SI Appendix, Fig. S7).

The mechanism of the escape band can be understood
by studying dynamics of the effective chemotaxis potential
—f (¢, [L]). For parameters in the escape-band-forming regime
with a relatively large difference (K.a — K.1), there exists an
onset time ¢, beyond which a second minimum location in —f
emerges besides the one near the origin. Once formed, this
second minimum location is driven by nutrient consumption
toward the nutrient-rich side of the channel, as shown in Fig. 5B
and Fig. 5 B, Inset. However, for parameters in the no-escape-
band regime with a relatively small difference (K.4 — K.r), the
chemotaxis potential only has one minimum near z =0, and
there is no escape band as shown in Fig. 5C and Fig. 5 C, Inset.

Scaling Properties of the Escape Band: Theory Predictions and Exper-
imental Verification. In our microfluidic experiments with a rela-
tively short channel, the consumption of nutrient is much slower
than the supply of nutrient by diffusion across the channel.
Therefore, nutrient concentration field can be approximated by
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— Phase Boundary -120-150-180-210-240
o Pro-Leu e Galactose 0.8r=07 t,
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Fig. 5. Conditions for the escape-band formation. (A) Phase diagram
spanned by the dissociation constants K.4 and K of the nutrient molecule.
The filled (open) circles represent parameters when escape band can (can-
not) form. The green dot represents the case of Pro-Leu binding to Tap
(6). The red circle represents the case for galactose binding with Trg (6).
(B) Spatial profiles of the effective potential —f(c, [L]) at different times
in the escape-band-forming regime. There exists an onset time t. beyond
which a second minimum location of the chemotaxis potential —f (blue
dots) emerges and starts to move to the right toward the nutrient side of
the channel. B, Inset shows the dynamics of the minima of —f. (C) In the
no-escape-band regime, the chemotaxis strength of the nutrient molecule
is too weak to generate two minima in the chemotaxis potentials needed
for a traveling escape band.
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Fig. 6. Scaling behaviors of the traveling escape band. (A) In six experi-
ments with different initial cell density (OD) and different growth rate, both
(1 —xp/I) and w/l scale with h as (h/h()*”2 consistent with theory predic-
tions. (B) In experiments with different channel length L, the dependence
of (1 —x,//) on time collapses for different L. B, Inset shows that the aver-
age escape-band velocity increases with /. (C) The width increases with L,
& =xp/l. (D) The critical cell density h, decreases with L as ~ =2 consistent
with prediction.

a piece-wise linear form at the leading order: c(z) = co(z) =
maz (0, 4 (z — x0)), where ao(t) is the inflection point slightly
behind the peak of the band where (almost) all nutrients are con-
sumed (c(z < @) = 0) (ST Appendix, Fig. S8). By using the linear
MeAsp profile [L](z) =[L]max(1 — z /1) and this piece-wise lin-
ear form of ¢y(z) in the chemotaxis balance equation, Eq. 4,
we obtain a relationship between z, and w. Another relation
among h, w, and z, is obtained by balancing the cell growth
and the nutrient supply. Taken together, we have the follow-
ing simple scaling relations among the three variables, z,, A,

and w: —1/2
()

where h, is the critical cell density and « is a system-specific con-
stant. We note that the scaling relations are only quantitatively
valid in the log-sensing regime, where K; < [L] < K4, outside of
which the relationships remain qualitatively true, but the expo-
nents deviate from those given in Eq. 5. Dynamics of the peak
cell density h(¢) can be solved by integrating Eq. 1 over space
(z): h(t) = hc exp[2r,(t — t.)], where the effective peak growth
rate is 2r,, and ¢, is the onset time for the escape band. See
SI Appendix for detailed derivation of the scaling relations and
expressions for different constants.

Next, we tested the scaling properties of the escape band pre-
dicted by Eq. 5. For six separate experiments with different initial
cell densities (OD) and growth rates (r3,), we measured the struc-
tures and dynamics of their escape bands (S Appendix, Fig. S9A4).
Both (1 —x,/1) vs. h/h. and w/l vs. h/h. collapsed onto the
same scaling form for all six experiments with an exponent ~
—1/2 as shown in Fig. 64 in agreement with Eq. 5.

Besides the scaling relationships among z,, w, and h, our
theory also predicts that in the slow growth (or short channel)
limit when 7gne < ke/w?, both w and z, scales with the chan-
nel length I, and the critical cell density A, scales as I~ 2. These
predictions are tested by measuring dynamics of the escape band
in channels with different lengths [ =1.36,2.17,3.06,4.68 mm
(SI Appendix, Fig. S9B). As shown in Fig. 6 B and C, the scaled
peak position (1 — z,/1) collapsed for different channel lengths
and w/(1 — z, /1) goes up roughly linearly with /, consistent with
Eq. 5. Finally, the measured h. shown in Fig. 6D decreases with |
as ~ |72 consistent with our scaling prediction (see SI Appendix
for details).
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Summary and Discussion

In this work, we studied E. coli chemotaxis behavior in an
environment with two competing gradients: a strong but noncon-
sumable attractant at =0 and a high concentration of nutrient
at z =1[. We found three distinctive phases, as shown in Fig. 7.
In the early phase (S1), cell density increases near =0 due to
chemotaxis-driven accumulation and the subsequent cell growth
fueled by nutrient consumption. When the cell density near z =0
reaches a critical value h., the supply of nutrient is no longer
enough to sustain the population growth. This leads to the S2
phase when the escape band is formed and moves slowly toward
the nutrient-rich side of the channel (z =[). After the onset of
the S2 phase, cell growth only occurs within the moving escape
band. However, new cells originally born in the escape band
can move back to the origin =0 by crossing a “chemical”
barrier (27) between z =1z, and z =0. As a result, cell popu-
lation near the origin starts to increase again, which is defined
as the S3 phase of the dynamics; see SI Appendix, Fig. S10 for
details.

The mechanism for this rich set of spatiotemporal phenom-
ena is due to the interplay between cell metabolism/growth and
chemotaxis in competing gradients. The sharp (“soliton”-like)
structure of the escape band, especially the trailing edge (Figs. 2B
and 4B), is determined (shaped) by the two competing gradi-
ents. It is qualitatively different from the cell-density profile in
the classic swarm-ring experiments, which has a wider width and
a more diffused trailing tail (28, 29). The two opposing gradi-
ents also explain the much slower migrating speed of the escape
band (~0.1um/s) in comparison with the band speed observed
recently in systems with only one nutrient gradient ( 1.8um/s
in ref. 30 and 3-10 pm/s in ref. 29). The traveling escape band
observed here is also different from E. coli chemotaxis behav-
ior in two competing stationary chemoattractant gradients, e.g.,
MeAsp vs. serine gradients as studied in Kalinin et al. (31),
where cells accumulate and stay near the source of one of the
two attractants, depending on the chemoreceptor ratio (Tar:Tsr)
in the cells. Here, cells first accumulate near the strong attrac-
tant source as in ref. 31. However, the continuous consumption
of nutrient amplifies the chemotactic effect of the nutrient, and
eventually an escape band is formed, which moves away from
the strong attractant but poor nutrient source toward the rich
nutrient source, despite the fact that it only serves as a weak
attractant.

The escape band is a general phenomenon not limited by
specific chemoattractants or receptors, and it should be physi-
ologically relevant, as it enhances the fitness of the population by
avoiding being trapped by nonmetabolizable or weakly metab-
olizable attractants, such as AI-2 in the biofilm (32, 33) and
DHMA for commensal bacteria in the gut microbiota (34, 35).
Indeed, our model showed that the overall population growth

x=0 x=[
s1ELY
MR =
Umm— |
Escape band Normalized
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Fig. 7. |lllustration of the formation and dynamics of the escape band
during the three phases (S1-52-S3) of population behaviors in competing
gradients: a strong attractant source at x =0 vs. a rich nutrient source at
x=1.
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rate increases as the system changes from the no-band-forming
regime to the band-forming regime (SI Appendix, Fig. S11).
Besides growth, another condition for the escape band is the
cell’s ability to sense some components of the nutrient. Here,
we have identified Tap as the key receptor, which senses dipep-
tide in TB. The combined effects of growth and multiple
chemosensors—FE. coli has five different types of chemorecep-
tors that can sense a diverse set of different amino acids, sugars,
oxygen, and other nutrient molecules—allow cells to find favor-
able conditions in complex environments with multiple nutrient
sources and conflicting sensory cues.

Materials and Methods

All E. coli strains used in our experiments were from the Parkinson labora-
tory except DYM1 (AdppA), which was derived from RP437. All strains were
transformed with GFP plasmid expressing ampicillin resistance. Attractant
stocks used here were 2 mM a-methyl-DL-aspartic acid (Sigma) solubilized
in chemotaxis buffer (CB; 1x PBS, 0.1 mM EDTA, 0.01 mM L-methionine, and
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10 mM DL-lactate). Bacteria were grown overnight in TB, shaking at 200
rpm and incubating at 32°C. The overnight cultures were diluted in fresh
TB (1:200) and cultured for 5 h. Cells were harvested at midlog phase OD
= 0.1-0.4 by centrifugation at 500 x g for 5 min. The harvested cells were
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