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Cell populations must adjust their phenotypic composition to adapt to changing envi-
ronments. One adaptation strategy is to maintain distinct phenotypic subsets within the
population and to modulate their relative abundances via gene regulation. Another strat-
egy involves genetic mutations, which can be augmented by stress-response pathways.
Here, we studied how a migrating bacterial population regulates its phenotypic distri-
bution to traverse diverse environments. We generated isogenic Escherichia coli popula-
tions with varying distributions of swimming behaviors and observed their phenotype
distributions during migration in liquid and porous environments. We found that the
migrating populations became enriched with high-performing swimming phenotypes
in each environment, allowing the populations to adapt without requiring mutations
or gene regulation. This adaptation is dynamic and rapid, reversing in a few doubling
times when migration ceases. By measuring the chemoreceptor abundance distributions
during migration toward different attractants, we demonstrated that adaptation acts
on multiple chemotaxis-related traits simultaneously. These measurements are con-
sistent with a general mechanism in which adaptation results from a balance between
cell growth generating diversity and collective migration eliminating underperforming
phenotypes. Thus, collective migration enables cell populations with continuous, mul-
tidimensional phenotypes to flexibly and rapidly adapt their phenotypic composition
to diverse environmental conditions.

collective behavior | non-genetic diversity | bacterial chemotaxis | population-level adaptation |
microbial ecology

Cell populations use various mechanisms to adapt their phenotypic distribution to new
environments. One approach is to acquire mutations, such as in bacterial efflux pumps
(1, 2) or the binding sites of EGFR (3) in cancer cells, to evade stressors. These processes
typically occur over tens of generations (4—6). Another common approach is to regulate
gene expression or switching between discrete phenotypic states (7, 8). A classic example
of phenotypic switching is persister formation, where bacteria (9—11) or cancer cells (12)
transition between antibiotic-resistant and chemotherapy-tolerant states (13, 14).

Here, we examined whether and how a migrating bacterial population regulates its phe-
notypic composition according to the environments it encounters. Groups of Escherichia
coli cells collectively migrate by consuming attractant cues in their environment and chasing
the traveling gradient that they create (15, 16). Individual cells with the same genotype
exhibit varying tumble biases (TB) (Fig. 14), chemoreceptor abundances (Fig. 1B), and
other chemotaxis-relevant phenotypes, leading to differences in the speeds at which they
climb the attractant gradients (17). These cells can travel together by spatially organizing
within the migrating group such that their gradient-climbing abilities match the local steep-
ness of the attractant gradient (15) (Fig. 1C). However, this spatial sorting mechanism is
imperfect: Cells at the back, or the low performers, slowly fall behind the migrating popu-
lation because the attractant concentration falls below the detection limit of their receptors
(15). To maintain migration, the lost cells must be replaced through cell divisions (18, 19).

A recent theoretical model proposed that a dynamic balance between loss of
low-performing phenotypes due to migration and production of new phenotypes by
growth might be sufficient to adapt the population’s composition to new environments
(18). These two processes would balance out such that the traveling population becomes
enriched with “fitter” phenotypes—those with higher chemotactic performance—increas-
ing its expansion speed (15, 18). Since the demands of migration are different in different
environments, which phenotypes are enriched should depend on the environment the
population traverses (18) (Fig. 1D). This proposed mechanism does not require
environment-dependent mutations or gene regulation. However, this model has never
been experimentally tested.
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Fig. 1. Isogenic populations of bacteria exhibit diversity in behavioral and sensory phenotypes while performing collective migration. (A) In an isogenic population

of E. coli, there is diversity in swimming behaviors, which can be quantified, for example, by measuring tumble bias in Escherichia coli RP437 (N,

rep = 31 Neetis = 9,417).

(B) There is also diversity in sensory ability, which correlates with variations in Tsr levels (as measured in E. coli MG1655, N, = 3, Negs = 1,695). (C) Under
nutrient-replete conditions, cells consume attractants and collectively migrate using the resulting traveling attractant gradients (20). During this process, cells
spatially organize based on their ability to climb the traveling gradients (15). Cells with higher chemotactic performances lead at the front, while cells with lower
chemotactic performances travel at the back and eventually fall behind the migrating group. In such nutrient-replete conditions, cells continue to divide and
generate diversity by replenishing phenotypes. (D) Theory predicts (18) that the balance between environment-dependent cell loss and growth enables the
migrating isogenic population to dynamically tune its phenotypic composition to the environments it traverses.

Here, we experimentally demonstrate this adaptation mecha-
nism. By measuring the distribution of swimming behaviors and
chemoreceptor abundances during migration in distinct environ-
ments, we observed that migrating E. coli populations tune their
own distributions of chemotactic behaviors, without relying on gene
regulation or mutations. Adaptation relies on the balance between
the differential loss of low-performing phenotypes and the genera-
tion of diversity by growth during migration in each environment.
The relaxation from the adapted distribution to the standing batch
distribution occurs in approximately two generations. More broadly,
migration and other collective behaviors when combined with
growth may generally provide rapid and flexible ways for diverse
populations to adapt to changing conditions.

Results

Collective Migration Tunes the Population’s Distribution of
Swimming Phenotypes. First, we investigated whether the TB
distribution of an E. coli population can be adapted during
collective migration with growth. Given that some swimming
phenotypes are better at navigating than others (15, 17), we
expected the TB distribution of a population, regardless of its
starting point, to enrich for higher performing TBs during
collective migration. To test this hypothesis, we compared the
TB distributions of populations grown to exponential phase
in batch cultures to those of populations migrating at constant
speed on agarose swim plates containing excess nutrients. Excess
nutrients ensure that cells in the migrating front are experiencing
exponential growth (20, 21).

Populations with different batch TB distributions were gener-
ated by controlling the expression levels of the phosphatase CheZ

https://doi.org/10.1073/pnas.2423774122

using an inducible promoter in cells lacking the endogenous cheZ
gene, as previously described (15, 22) (Methods). Growing this
strain with a high concentration (16 ng/mL) or low concentration
(2 ng/mL) of the inducer anhydrotetracycline (aT¢) resulted in a
population with low average TB or high average TB, respectively
(SI Appendix, Fig. S1). The TB distribution of wild-type (WT)
E. coli falls between these two extremes (Fig. 14).

To propagate migrating waves of growing bacteria, we utilized
the classic swim plate assay, in which cells migrate through a
fibrous mesh of 0.14% w/v semisolid agarose supplemented with
excess nutrients (16, 23). We inoculated E. coli populations with
different batch TB distributions at the center of agarose swim
plates, let them migrate for 15 h, collected cells at the edge of the
expanding colonies (“wave”), and measured their TB distributions
by transferring the cells to a liquid buffer and tracking single cells
under a microscope. In parallel, we grew these same populations
with identical inducer concentrations in shaking flasks (“batch”)
until exponential growth phase and measured their TB distribu-
tions (Fig. 24). The inducer aTc degrades over time; therefore, we
aged aTc before adding it to the batch culture growth medium to
mimic the conditions in the migrating wave (SI Appendix, Fig. S2;
Methods). The same experiments were performed with WT cells
in the absence of aTc. By comparing the TB distributions of pop-
ulations that had migrated on the plates with those propagated in
batch culture, we quantified the effect of collective migration on
the populations’ TB distributions.

We found that the TB distribution of the high-TB population
(batch mean TB = 0.31 + 0.01, uncertainties throughout are the SE
of the mean across biological replicates) shifted toward lower TBs
(final mean TB = 0.23 + 0.03) during migration on plates (Fig. 2 £
and H). Conversely, the TB distribution of the low-TB population
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(batch mean TB = 0.10 + 0.01) shifted to higher TBs (final mean
TB =0.18 + 0.01) after migration on the plates (Fig. 2 Cand £). In
both cases, the populations became enriched for cells with interme-
diate TBs of ~0.2, close to the mean TB of WT populations grown
in batch culture (mean TB = 0.22 + 0.03) (8] Appendix, Fig. S3).
Consistent with these observations, the TB distribution of the
migrating WT population (final mean TB = 0.22 + 0.01) was similar
to its batch culture distribution (Fig. 2 D and G). All changes in the
mean TB during migration were statistically significant, as measured
by the two-sided t test, except that of the WT population. Samples
harvested 1 cm behind the migrating populations were marginally
enriched for the low-performing TBs, though the effect was not
significant, possibly because growth also occurred between the
moment when these cells fell behind and when they were harvested

(SI Appendix, Fig. S4).

To quantify how these shifts in phenotype composition affected
migration speed, we measured the expansion radius of the migrating
waves of the three populations on agarose swim plates over time
and calculated the steady-state expansion speed using the slope of
the linear part of the expansion radius profile (Merhods; Fig. 2B and
SI Appendix, Fig. S5). Early time points in migration could not be
measured because the ring was not clearly visible. We found that
the CheZ mutants reached their steady state speeds much later than
the WT, possibly due to the scarcity of high-performing phenotypes
in the batch culture distributions. However, once the CheZ mutants
reached steady state, their migration speeds were close to that of
the WT, illustrating the effectiveness of the adaptation mechanism.
In particular, the WT population (mean steady-state expansion
speed 0.174 + 0.007 mm/min) and the high-TB population (0.170
+0.02 mm/min) expanded the fastest (difference in speed was not
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Fig. 2. Migration in agarose swim plate tunes TB distribution of the population: (A) Experimental design: a swim plate and shaking flask containing the same
amount of inducer are inoculated with the same initial population. TB distributions are measured and compared between batch and the migrating ring (“wave”)
after spending the same amount of time in either condition. (B) Expansion speeds of RP437 wild-type (WT) (mean expansion speed 0.174 + 0.007 mm/min;
uncertainties throughout the paper are the SE of the mean across replicates; here, Ny, = 12, AcheZ (pTet-CheZ) induced with 2 ng/mL aTc (mean 0.170 + 0.02
mm/min; Ny, = 6), and 16 ng/mL (mean 0.150 + 0.02 mm/min; N, = 6) populations on agarose swim plates. The expansion radius over time was measured
laterally and in one direction from the center to the edge of the migrating colony. Two-sided t-tests were performed throughout the text to determine significance
of the difference between pairs of means (throughout, ***P < 0.0005, **P < 0.005, *P < 0.05, and n.s. = not significant). (C) Populations with low initial mean TB
(meanTB=0.10+0.01; Nyg, = 3, Ngys = 21, 897) shift toward a higher mean TB after migration on the plates (0.18 £ 0.01; Ny, = 3, Negys = 5,103). Shaded area on
the TB distribution is the SEM probability in each TB bin. Significance here and throughout the figures refers to change in the mean of the distribution. (D) There
was minimal or no shift in WT population’s TB distribution during collective migration on the plates (0.22 + 0.01; Ny, = 3, Neeys = 15,774) compared to batch
culture (0.22 £ 0.03; Nyg, = 3, Ngys = 9,417). (E) On the other hand, populations with high initial mean TB (0.31 £ 0.01; Ny, = 3, Negyis = 26, 254) shifted toward a
lower mean TB after migration (0.23 £ 0.03; N,g, = 3, Negjs = 6, 951). (F) When low-TB populations migrated on the plates, fold enrichment of cells with high TB is
observed, while cells with low TB are filtered out (N, = 3). Shaded area on the fold-enrichment throughout is the SE of the mean enrichment values within each
TB bin (G). No enrichment and filtering of TB were observed in WT populations (N, = 3). (H) When high-TB populations migrated on the plates, enrichment of
cells with low TB is observed, while cells with high TB are filtered out (N, = 3).
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statistically significant). The low-TB population was slower (0.150
+ 0.02 mm/min; significant to P < 0.005), possibly due to the
presence of very low-TB cells in the adapted population
(SI Appendix, Fig. S3). The growth rates of WT, low-TB, and
high-TB populations were similar (S/ Appendix, Fig. S6), therefore
differences in the steady-state expansion speeds were solely due to
differences in chemotactic performance. Thus, migrating popula-
tions become enriched with high-performing phenotypes, increas-
ing migration speed. In this environment, cells with TB close to
0.22 appear to perform best, which coincides with the average TB
of the WT population in batch culture (S Appendix, Fig. S3).

Tuning of Swimming Phenotype Distributions Is Nongenetic
and Occurs Without Changes in cheYZ Expression. What
mechanism enables a migrating bacterial population to tune
its TB distribution? Our recent theory predicts that the tuning
of phenotypic distributions is a dynamic, nongenetic process
mediated by the loss of low-performing chemotaxis phenotypes
(15) and production of new phenotypes through growth (18,
24, 25). However, during our swim plate assays, cells in the
migrating populations could potentially acquire mutations that
permanently altered their swimming behaviors (4-6). If TB tuning
was nongenetic, then we expected that the TB distributions of
cells in the migrating waves would revert to their standing TB
distributions when grown in batch culture.

To distinguish between these possibilities, we isolated cells
from the edge of the low- and high-TB migrating colonies on
agarose swim plates, inoculated them into batch cultures with
aTc, and measured their TB distributions after growth (Fig. 34).
The TB distributions of the migrating populations relaxed to their
standing TB distributions after regrowth in batch culture, sug-
gesting that the cells in the migrating population did not acquire
mutations that permanently altered their swimming behaviors

(Fig. 3 Band C).
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Even without mutations, the observed shifts in TB distribu-
tion during migration could have been due to changes in gene
expression. Chemortaxis is regulated during E. coli growth, lead-
ing to changes in a population’s TB distribution at different
growth phases (24). We verified that, in our conditions, TB and
tumble frequency (TF) did not vary during steady, exponential
growth phase (S Appendix, Fig. S7 and Discussion therein). Still,
if cells experienced different growth conditions as they migrated,
expression of the response regulator CheY and its phosphatase
CheZ could be affected, thus changing TB (15, 17). Given that
there was excess nutrient on the plates, we expected that bacteria
would remain in exponential phase for the duration of the exper-
iment, and therefore that che) and cheZ regulation would be
constant throughout the plate as the population migrates. We
measured the protein expression levels of CheY and CheZ by
fusing them to fluorescent proteins (RFP and YFDP, respectively)
at their native chromosomal loci in a nonmotile strain. This
nonmotile strain acted as a biosensor for detecting in vivo
changes in cheYZ expression. We spread these cells uniformly on
agarose swim plates, initiated migrating waves of motile, unla-
beled WT cells at the center of the plates, and then picked cells
from both the center and the edge of the migrating colonies
(Methods). Fluorescent microscopy measurements (Methods)
revealed no significant differences in CheY and CheZ levels
between cells sampled from the center vs. the edge (S Appendix,
Fig. S$8). This indicated that the expression of cheY and cheZ
remains constant across the entire plate even as the wave migrates.
We confirmed that migrating populations did not experience
catabolite repression (26, 27) during the period of our measure-
ments since catabolite repression effects only appeared at much
longer times (S7 Appendix, Fig. S9).

Together, these observations indicated that the adaptation of
TB distributions was highly unlikely to be mediated by mutations
or gene regulation.
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Fig. 3. Tuning of TB by collective migration is reversible. (A) To determine whether the tuning of TB becomes fixed or remains adaptable, we isolated cells from
the edge of the migrating colonies (“wave”), grew the cells in liquid batch culture until exponential phase, and measured the TB distributions after growth (“wave-
batch”). (B) Black and red are the TB distributions of populations with high initial TB before and after migrating on agarose swim plates (data replotted from
Fig. 2). Blue: TB distribution of cells that migrated (red) after regrowth in batch culture (mean TB = 0.30 + 0.01; N, = 3, Negs = 15,774 ). The TB distributions of
the populations that migrated on agarose swim plates, after growing in flasks, shifted back to the original batch culture’s distributions. (C) Similar to B, the TB
distributions of populations with low initial TB, after growing in flask (blue; 0.13 + 0.02; N,g, = 3, N = 20,403), shifted back to the TB distributions observed
in batch culture (black and red distributions are replotted from Fig. 2C). The mean values of “batch” and “wave-batch” TB distributions in both cases are not

significantly different.
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Tuning of Swimming Phenotype Distributions Adapts the
Population to the Physical Environment. We have demonstrated
that migrating cell populations nongenetically tune their own
phenotypic composition, enriching the population for high-
performing chemotaxis phenotypes. Since the performance of
chemotaxis phenotypes varies in different environments (18),
we expected that the TB distribution during migration would
depend on the environment that the population traversed.
Whereas cells need to tumble to escape traps in semisolid agarose
(18, 23, 28), past work has shown that cells with low TB climb
chemical gradients faster in liquid (17, 29). This suggests that the
highest-performing phenotype in liquid has a lower TB than that
in semisolid agarose, and thus migrating populations would enrich
for lower TBs in liquid than in agarose.

To test this, we measured the TB distributions of migrating
populations after traveling through a liquid environment

(Fig. 44). We again generated populations of E. coli with low
and high average TBs and propagated migrating waves with
these populations, as well as the WT, in capillary tubes filled
with liquid media for 9 h. aTc was preaged so that the total
aging time at the end of the capillary experiments was the same
as in our agarose swim plate experiments. We then isolated cells
from the migrating populations and measured their TB distri-
butions after migration.

The WT population’s TB distribution (batch mean TB = 0.22
+0.03) shifted to lower TB (final mean TB = 0.18 + 0.01) during
collective migration in liquid (Fig. 4 D and G). Low-TB cells
were enriched up to a factor of 10, whereas high-TB cells were
filtered out. When the population with high TB (batch mean TB
=0.31 £ 0.01) traveled through capillary tubes, its TB distribu-
tion shifted lower than it did when traveling on agarose swim
plates (final mean TB = 0.16 + 0.01) (Fig. 4E). The enrichment
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Fig. 4. Tuning of TB distribution is different in liquid environment: (A) Experimental design: A capillary tube and shaking flask containing the same amount
of inducer are inoculated with the same initial population. TB distributions are measured and compared between batch and the migrating cells (“wave”). (B)
Expansion speeds of RP437 WT (mean 0.386 + 0.01 mm/min; N, =9, AcheZ (pTet-CheZ) induced with 2 ng/mL aTc (mean 0.353 £ 0.001 mm/min; N, = 9),
and 16 ng/mL aTc (0.396 + 0.003 mm/min; N,,, = 9) populations in capillary tubes. () In liquid, populations with low initial mean TB (mean TB = 0.10 £ 0.01;
Nrep = 3, Neeis = 21, 891) shift toward a higher mean TB (0.15 £ 0.03; Ny, = 3, Negys = 20,403), but which is slightly lower than the mean TB in agarose swim plates
(0.18 £0.01, as in Fig. 2C). (D) Unlike in agarose swim plates, WT population’s TB distribution (0.22 £ 0.03; N, = 3, Negs = 9,417) shifted toward a lower mean TB
during collective migration in capillary tubes (0.18 + 0.01; N,g, = 3, Ngs = 16, 768). (E) Populations with high initial mean TB (0.31 £ 0.01; Nyg, = 3, Negys = 26,254)
shifted toward a lower mean TB (0.16 + 0.01; Ny, = 3, Ngys = 13,434). The mean TB value is lower than what was observed during migration on agarose swim
plates (0.23 + 0.03, as in Fig. 2D). (F) For the migration of low-TB populations, the fold enrichment is smaller than in agarose swim plates. (Nrep = 3) (G). WT
populations migrating in capillary tubes were enriched for low-TB cells (N, = 3), unlike what we observed when they migrated on agarose. (H) For high-TB
populations, fold enrichment was stronger in capillary tubes compared to migration in agarose swim plates (N,g, = 3). More low-TB cells are enriched during
migration in capillary tubes than on agarose plates.
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of low-TB cells and filtering out of high-TB cells were much
stronger in the capillary tubes (Fig. 4H) compared to the agarose
swim plates (Fig. 2H). The TB distributions of the low-TB pop-
ulation (batch mean TB = 0.10 + 0.01) shifted to a slightly higher
mean TB when traveling through capillary tubes (final mean TB
= 0.15 + 0.03), but the shift was not statistically significant
(Fig. 4C). In this case, the enrichment of high-TB cells and fil-
tering out of low-TB cells was weaker in the capillary tubes
(Fig. 4F) compared to agarose swim plates (Fig. 2F).

As in agarose, the position of migrating waves in capillary tubes
increased linearly after they had propagated a few centimeters,
indicating that their expansion speeds had reached steady state at
the time we measured TB (S/ Appendix, Fig. S10). Adaptation
enabled the CheZ mutants and WT population to reach similar
steady state migration speeds. The low-TB population had the
fastest expansion speed (mean expansion speed 0.396 + 0.003
mm/min). Its TB distribution shifted the least during migration
in capillary tubes, suggesting that its standing TB distribution was
better adapted for migration in liquid than the WT and high-TB
populations (Methods; Fig. 4B). The expansion speed of the WT
population was statistically indistinguishable from this (0.386 +
0.01 mm/min). Finally, the high-TB population expanded slower
than the other two populations (0.353 + 0.001 mm/min).

Together, these results established that shifts in TB distribution
during collective migration of E. coli enriched for phenotypes with
highest chemotaxis performance in the environment being traversed.

We also tested whether environment-dependent adaptation of
TB distributions by collective migration occurred in other WT
E. coli strains, including: 1) HE205, a NCM3722 derivative from
the Cremer and Hwa labs (20), 2) AW405, a K-12 strain origi-
nated from the Berg lab (23), 3) MG1655, a common K-12 lab
strain (30), and 4) TW09231, or Escherichia sp. TW09231, a wild
isolate from Lake Michigan (31). In all cases, migration in liquid
resulted in populations enriched with lower TB cells than when
migrating in agarose (SI Appendix, Fig. S11), consistent with
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adaptation by collective migration. These results demonstrate
environment-dependent tuning of TB distributions across a wide
range of both lab E. coli strains and a wild isolate, highlighting
the universality of this adaptation mechanism.

Adapted TB Distribution Rapidly Relaxes Back to Batch
Distribution. How quickly does the adapted phenotypic
distributions of a migrating population reverse back to the
standing batch distribution? To quantify this, E. coli populations
were isolated from capillary tube assays and reinoculated into
batch cultures. TB distributions were measured every 15 to 30
min throughout the growth period (Fig. 54). We fitted the mean
TB values over time to an exponential model to determine the
characteristic timescale on which the mean TB returns to the level
observed in batch culture (Methods). For WT RP437, it took
about 2 doubling times for the TB distributions to return to those
observed in batch cultures (Fig. 5B). The relaxation time scale
of the mean was 7 = 65.2 + 1.6 min and the doubling time was
68.8 + 1.5 min. The result was similar for an E. coli strain with
slower growth rate, HE205. Its TB distribution also relaxed within
approximately 2 doubling times (Fig. 5C). The relaxation time
scale of the mean was 7 = 106.1 + 6.3 min and the doubling time
was 92.3 + 3.4 min. These results demonstrate that adaptation
by collective migration is rapidly reversible, requiring only a few
generations of growth.

Collective Migration Tunes the Population’s Distribution of
Sensing Phenotypes to Adapt to the Chemical Environment.
Numerous phenotypic traits, in addition to tumble bias, affect
a bacterium’s chemotactic performance. One such trait is the
cell’s sensing capability, which correlates with the abundances of
its chemoreceptors (32, 33). E. coli express five chemoreceptor
species, of which ~90% are either Tar, which binds preferentially
to L-aspartate, or Tsr, which binds preferentially to L-serine
(34-36). Notably, Tsr is expressed separately from the chemotaxis
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Fig. 5. Adapted TB distribution relaxes back to the standing batch distributions within a few generations. (A) Experimental design: E. coli RP437 and HE205
populations were inoculated in capillary tubes and let to migrate for 9 h. Migrating populations were isolated and grown in batch cultures. TB measurements
were taken from the batch culture over the course of growth every 15 min (RP437) or 30 min (HE205). (B) In ~2 generations (growth rate = 0.604 + 0.01 h™";
Tdoubling = 68.8 £ 1.5 min; errors are the SE of the mean growth rates and doubling times; N, = 3), the mean TB of migrating populations returns back to the
mean TB of populations observed in batch culture (the mean TB of the batch culture is represented as a horizontal dashed line). The gray dots are the mean TB
of individual biological replicates. The red dots are the means across replicates (calculated from more than 30,844 trajectories for each time points; N, = 5),
and the error bars are the SE of the mean. The means and SE across replicates were fitted with an exponential model, and a characteristic relaxation timescale
7 and its error were determined using maximum likelihood estimation (Methods). The black line is the model fit, and the shaded area is the SD of the model.
7 for RP437 is 62.5 + 1.6 min—the error is the SD of the estimated z. (C) Same as B, but for HE205. The blue dots are the means across replicates (calculated

from more than 5,920 trajectories each time points; N, = 5). It takes ~2 generations (growth rate = 0.45 + 0.01 h™ Tdoubling = 92.3 £ 3.4 min; Ny, = 3) for the TB
distributions to relax back to the batch culture. = for HE205 is 106.1 + 6.3 min.
6 of 11  https://doi.org/10.1073/pnas.2423774122 pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2423774122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423774122#supplementary-materials

A B
~15
<
Ba};h + Aspartate Wave E .
/ ///,7&;\\‘\ - Y S E
/ = \N ) -
(=) (= 3 ! i
&) S 7\ , @ =
— NS [oR
72}
+ Serine c -
1 —— — 205 ey
—17= N c
[Qo | (& S
\o / X
~— - K o
Aspartate Serine
C D
100u:M Aspartate ] 100.:M Aspartate
0.03 10
\ ns —Batch -~
—Wave é
& 0.02
g S
= c
o (o)
o 0.01 k=)
[e]
L
0 107!
0 50 100 150 200 0 50 100
Tsr-mYFP/cell area (1/;Lm2) Tsr-mYFP/cell area (1//¢m2)
E F
100.M Serine ; 100.:M Serine
0.03 10'F
—Batch -
‘; —Wave S
& 0.02 £
E S
s £
h )
a 0.01 o
S
w
0

0 50 100 150 200
Tsr-mYFP/cell area (1/um?)

0 50 100
Tsr-mYFP/cell area (1/;¢m2)

Fig. 6. Collective migration tunes the chemoreceptor levels depending on the attractants. (A) Experimental design: E. coli MG1655 WT with YFP-labeled Tsr was
inoculated on swim plates supplemented with 100 uM aspartate or 100 uM serine. The fluorescence of single cells was measured in populations at the edge of
the migrating colonies (“wave”) and in populations growing in batch culture. The single-cell fluorescence divided by the cell area is used as a proxy for receptor
concentration. (B) The expansion speeds of the migrating populations in agarose swim plates supplemented with 100 pM aspartate (0.52 + 0.1 mm/h; N, = 3)
or 100 pM serine (0.88 + 0 05 mm/h; N, = 3). (O) Black is the distribution of Tsr levels of populations grown in batch culture with added aspartate (mean Tsr
|ntenS|ty 23.7+ 0.4 pm"™ N,ep =3, N5 = 2,076), and blue is the distribution of Tsr levels of the migrating populations that chased aspartate (27.2 + 3.8 pm™

Nrep =3, Neeys = 1,617). Shaded areas on the Tsr intensity distributions are the SE of the mean probabilities in each bin of intensity value. (D) When chasing aspartate
the distributions of Tsr levels in migrating populations remained close to that in batch cultures, with only a weak fold increase in cells with intermediate Tsr levels
and a weak fold decrease in cells with high Tsr levels. Shaded area on the fold-enrichment throughout is the SE of the mean enrlchment values within each bin of
Tsr intensity value. (F) Black is the distribution of Tsr levels of populations grown in batch culture W|th added serine (29.6 £ 2.9 pm"~ N,e =3, Nys = 1,695), and
blue is the distribution of Tsr levels of the migrating populations that chased serine (53.6 £ 6.5 pm™ N,ep = 3, Nes = 675). (F) During coIIectlve migration on swim
plates supplemented with serine, there was a strong enrichment of cells with higher Tsr levels, wh|Ie cells with lower Tsr levels were filtered out.

We compared the average mYFP fluorescence in single cells picked
from the edge of the migrating colonies versus those grown in batch

operon—which includes, among other genes, Tar, CheY, and
CheZ (37)—allowing its abundance to vary independently
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of other chemotaxis genes affecting chemotaxis performance.
Therefore, we predicted that Tsr could be enriched in a migrating
wave that chases its cognate ligand L-serine.

We measured the Tsr protein expression levels in populations of
E. coli migrating on agarose swim plates with 100 pM L-aspartate
or 100 uM L-serine as attractants, and no other amino acids
(Fig. 6A4). As a carbon source, we used glycerol because it is not an
attractant (38). To measure single-cell Tsr levels, we fused #57 on its
native locus with mYFP (Methods). We used MG1655 as the parent
strain here because, unlike RP437 (37, 39), it is not restricted by
auxotrophic limitation and can grow in minimal media in the
absence of amino acids. The expansion speed of the population was
faster in serine (0.88 + 0.05 mm/h) than in aspartate (0.52 + 0.1
mm/h) (Fig. 6B) consistent with previous reports (20).

PNAS 2025 Vol.122 No.8 2423774122

cultures supplemented with the same concentration of either
L-aspartate or L-serine (Methods). When aspartate was the chemoat-
tractant, distributions of Tsr levels within the migrating populations
on swim plates were similar to those grown in batch cultures, with
the mean Tsr level statistically indistinguishable from batch culture
(Fig. 6C; mean intensities (Tst)p, ., =23.7 £ 0.4pm~2 and
(Tst)yave = 27.2 + 3.8um™2). We observed a slight enrichment of
intermediate Tsr levels (Fig. 6D), possibly because of the assistance
Tsr provides to the adaptation of Tar (CheR and CheB can meth-
ylate and demethylate neighboring Tar receptors when bound to
the pentapeptide of Tsr) (40, 41). In contrast, collective migration
led to strong enrichment for cells with high levels
of Tsr when the population chased serine (Fig. 6 £ and F
(Tst)paeh = 29.6 + 2.9um =2 and (Tsr),,,. = 53.6 + 6.5pm™2).

‘wave
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While the distribution of Tsr changed significantly depending on
the attractant the population was chasing (S/ Appendix, Fig. S12
for a direct comparison), the distributions of TB were similar across
attractants, with only a mild adjustment in serine (SI Appendix,
Fig. S13), suggesting that adaptation of these two traits is nearly
independent.

To confirm that the shift in the distribution of Tsr levels was
not due to gene regulation, we employed an analogous strategy to
the one described above for CheY and CheZ (87 Appendix,
Fig. S7A), here using a nonmotile strain expressing fluorescently
labeled Tsr from its native locus (S/ Appendix, Fig. S14A). There
were no differences in the Tsr levels between nonmotile cells har-
vested at the migrating edge and at the center of the plate, sug-
gesting that 57 gene expression changes negligibly during collective
migration (S/ Appendix, Fig. S14 B and C). Tsr levels were not
regulated by serine or aspartate consumption (when these amino
acids were present in batch cultures at the same concentrations as
in the swim plates) (SI Appendix, Fig. S15), nor were TB distri-
butions (87 Appendix, Fig. S16). This further indicated that the
receptor enrichment that we measured after migration on swim
plates was not caused by altered gene expression or metabolic
effects due to the presence of amino acids.

Taken together, these observations demonstrated that adapta-
tion by collective migration generalizes to sensory phenotypes:
Migrating populations nongenetically adapted their distributions
of receptor abundances, depending on the attractants they were
chasing. Thus, collective migration combined with growth can
enrich for multiple, continuous phenotypic traits and nongenet-
ically adapt migrating populations to diverse environmental
conditions.

Discussion

Here, we investigated how a population of cells adapts its distri-
bution of phenotypes to migrate effectively in multiple environ-
ments. We found that migrating populations of E. co/i can tune
their distributions of swimming behaviors and sensing capabilities
based on the physical and chemical properties of their environ-
ment. This tuning occurs dynamically and is explained by a model
in which loss of low-performing chemotaxis phenotypes from a
migrating front (15) balances the production of new phenotypes
by growth (18, 25). This mechanism, which we demonstrated in
multiple E. coli strains, can act on preexisting variability in gene
expression but does not require de novo changes in gene expres-
sion or mutations. By rapidly and reversibly enriching for fitter
individuals based on the demands of the current environment,
this mechanism increases the population’s expansion speed across
a wide variety of potential environments.

We examined two phenotypes that impact chemotaxis perfor-
mance: tumble bias and receptor abundance. In liquid, low tumble
bias cells are known to climb a fixed gradient faster (17). Consistent
with this WT RP437 populations enriched for low-TB cells when
migrating in liquid. When migrating on agarose, however, the TB
distribution did not change from the standing batch distribution.
Furthermore, both CheZ-inducible populations, with high or low
initial mean TB, shifted toward the standing batch distribution
of the WT RP437 (SI Appendix, Fig. S2). This suggests that the
standing batch TB distribution of WT RP437 is already adapted
for navigation in agar/agarose. Indeed, RP437 is a standard labo-
ratory strain that has been used to study motility for decades (39,
42) and was originally selected for motility on agar swim plates.
In all the strains we tested, the tumble bias distribution when
migrating in liquid was enriched for lower TB cells than when
migrating on agarose (Fig. 5 A and B and SI Appendix, Fig. S9).

https://doi.org/10.1073/pnas.2423774122

This is consistent with previous findings that tumbling slows
migration in liquid (17, 29), but that tumbles are needed to escape
traps in porous environments (23, 43, 44). More broadly, we
expect that any phenotypic trait that contributes to chemotaxis
performance can be enriched during collective migration. For
example, standing variation in FliC expression can lead to varia-
tion in swimming speed (45), and migrating fronts have been
shown to be enriched with cells with higher FliC expression (21).
This observation could be due to adaptation by collective migra-
tion, possibly in tandem with gene regulation. Finally, it is always
possible for one of the countless strains of bacteria in nature to
encounter an environment in which its phenotype composition
is poorly adapted. In these cases, we expect nongenetic adaptation
to have large effects on its traveling phenotype distribution.

We also found that the adapted TB distributions relaxed back
to the batch culture distribution in about two generations, indi-
cating some degree of nongenetic inheritance. This is consistent
with a previous study which showed that swimming traits of indi-
vidual E. coli cells are partially and nongenetically inherited across
multiple generations (25). While nongenetic inheritance of chem-
otactic traits (25), and other traits like antibiotic resistance (46),
sporulation (47), iron metabolism (48) were studied previously,
the molecular mechanism of how these traits are inherited remains
to be explored further. Indeed, nongenetic inheritance of chem-
otactic traits may involve partitioning of chemoreceptors, flagellar
components, and other regulatory elements from the mother to
daughter cells during cell division.

Recent research emphasizes the crucial role of emergent spatial
structures during collective migration in enhancing genetic diver-
sity within bacterial communities (49). In traditional well-mixed
environments, resource competition leads to the extinction of
species with lower relative growth fitness (50). However, during
collective migration, species with lower relative growth fitness can
coexist by competing for spatial territories rather than resources
(4, 49), and avoid extinction by colonizing specific habitats within
the migrating colony. Furthermore, recent experiments demon-
strate the evolution of mutants with different navigation capabil-
ities from isogenic migrating populations (4), suggesting that the
emergent spatial organization of phenotypes could contribute to
genetic diversity (15, 20, 51, 52). Together with our observation
that environment determines the specific distribution of pheno-
types that is enriched, these results suggest that relative spatial
arrangements of phenotypes within migrating groups may play
an important role in ecoevolutionary dynamics.

Collective migration is not exclusive to bacteria; it also occurs
in eukaryotic systems where cells consume or degrade attractants
to form and chase self-generated gradients, a mechanism observed
in various contexts including cancer and development (53, 54).
Some examples are the migration of lateral line of zebrafish
embryos (55), neural crest cells in Xenopus laevis (56), and mela-
noma cells (57). The tuning of phenotypic distributions during
collective migration only requires that some cells, due to their
specific traits, are more adept at navigating than others, therefore
creating a “leader—follower” structure. Thus, adaptation by col-
lective migration may be a general strategy for cell populations to
colonize diverse environments effectively.

Adaptation mechanisms such as stochastic switching (7, 9, 58)
and regulating gene expression are fast (~1 generation) but are
limited to the adaptation of a few phenotypic traits and often
require dedicated pathways to implement. Adaptation by genetic
mutations avoids these limitations but is slow (~10 generations)
(4-6). In contrast, standing variation in numerous phenotypic
traits among individual cells is ubiquitous. Our findings demon-
strate that when collective behaviors create selection pressures
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which shape that variation, cell populations can reversibly adapt
multiple traits with a level of speed and flexibility that is difficult
to achieve via classical mechanisms.

Methods

Strains, Media, and Growth Conditions. Most experiments were performed
with E. coli K12 RP437 and MG 1655 derivatives. Other strains used in this study
are £. coli HE205, AW405, and wild-isolate TW09231 (Escherichia sp. TW09231).
To tune tumble bias distributions, we utilized E. coli RP437 AcheZ and HE205
AcheZ strains that carry an aTc-inducible cassette of cheZ that is integrated in
the chromosome at the attB site (RP437 AcheZ pTet-cheZ and HE205 AcheZ
plet-cheZ).To measure single-cell Tsr receptor abundances, we utilized an E. coli
MG1655 AfliC:FLP mutant (gift from Victor Sourjik) that has tsr translationally
fused with monomeric YFP (A206K) on its native chromosomal locus (MG1655
AMliC:FLR, tsr-mYFP). To modulate motility in the previous strain, we transformed
an arabinose-inducible plasmid expressing WTFliC (pBad-fliC, gift from Howard
Berg) into MG1655 AfliC:FLP, tsr-mYFP, and induced it with 0.005% w/v arab-
inose. RP437 AfliC with CheY and CheZ translationally fused with mRFP and
mYFP, respectively on their native chromosomal loci (RP437 AfliC cheY-mRFP
and cheZ-mYFP) was used as a biosensor to measure expression of the cheY and
cheZ genes in the swim plate assays. MG1655 AfliC:FLP, tar-mCherry, tsr-mYFP,
was used as a biosensor to measure expression of the tsr gene. To insert genes
on the native loci of the E. Coli chromosome, we employed the phage A Red
recombination system.

RP437-derived strains were stored as —80 °C freezer DMSO-based stocks, and
MG1655-derived strains were stored as glycerol-based stocks at the same tem-
perature. M9 buffer supplemented with casamino acids, glycerol, and MgSO, (1x
M9 salts, 0.4% v/v glycerol, 0.1% v/v casamino acids, 1 mM MgSO,; pH 7.0) were
used to grow RP437-derived strains, AW405, and TW09231. HT minimal salts
medium (MMH1: 50 mM KPO,, 0.5 mM MgS0,, 7.6 mM (NH,),50,, 1.25 uM
Fe,(SO,)s; pH 7.0) supplemented with 0.5% v/v glycerol and 0.01% w/v thiamine
hydrochloride was used to grow MG1655-derived strains. MOPS glycerol media
(8.37 g/L MOPS adjusted to pH 7.0 with KOH, 0.712 g/L tricine adjusted to pH
7.0 with KOH, 0.00278 g/LFeSO, 7H,0,0.0481 g/LK,S0,, 0.0000555 g/L CaCl,,
0.106 g/LMgCl, 6H,0,2.91 g/LNaCl, 0.0230 g/LK,PO,, 2 mM NH,Cl, and 4 mL/L
glycerol) were used to grow HE205 derived strains. To grow overnight cultures,
small inoculants from the freezer stocks were added into test tubes containing
2 mL of media (with appropriate concentrations of inducers and antibiotics) in
a shaking incubator at 30 °C rotating at 250 RPM. To grow day cultures for cell
tracking experiments, RP437-derived strain overnight cultures were diluted
100-fold and regrown in 5 mLof the appropriate media until exponential phase
(ODggo = 0.20). For receptor quantification experiments, MG1655-derived strains
were diluted 200-fold and regrown in 10 mL of the appropriate media until
exponential phase (ODyy = 0.30). For cell tracking experiments, chemotaxis
buffer (1x M9 buffer, 0.4% v/v glycerol, 0.0170 mM methionine, 0.1 mM EDTA,
and 0.1% v/v PVP-40) was used to wash and dilute cells. For receptor quantifica-
tion experiments, minimal chemotaxis buffer (10 mM KPO, and 0.1 mM EDTA;
pH 7.0) was used to wash and dilute cells. For the TB measurements in batch
cultures, RP437 AcheZ pTet-cheZ cells were grown in media supplemented with
alcthat was aged for 15 h.

Growth Rates Measurements. Growth measurements were done using a
microplate reader (BioTek Epoch 2 microplate spectrophotometer). Overnight
cultures were diluted 100-fold into fresh media supplemented with appropriate
inducer concentrations. 200 pL of diluted cells were aliquoted into each well of
polystyrene 96-well plates (Falcon 96-wells REF 353072), and the plates were
loaded into the plate reader. The plates were incubated at 30 °C while continu-
ously shaking linearly at 567 cpm. The OD,q, of each well was measured every 7
min for 36 h.To extract the growth rates of each sample, the slopes of the linear
region (atthe mid-exponential growth phases) of the natural log of 0D, versus
time (hours) curves were calculated.

Formation of Propagating Waves and Expansion Speed Measurements
Using Swim Plate and Capillary Tube Assays. For the swim plate assay,
3 plL of cells in exponential phase was inoculated at the center of semisolid aga-
rose plates for RP437-derived strains or 10 pL of cells in exponential phase for
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MG1655-derived strains. For RP437-derived strains, the semisolid agarose plates
were made using M9-based media, as described above, supplemented with 0.14%
agarose (American Bioanalytical Agarose GPG/LE) and appropriate concentrations of
alc. Similarly, for MG1655-derived strains, the semisolid agarose plates were made
using H1 minimal media, as described above, supplemented with 0.14% agarose.
The plates were incubated at 30 °Cfor 15 h (RP437-derived strains) or at 33.5 °Cfor
48 h (MG1655-derived strains). The edges of the migrating colonies were picked
using pipette tips and diluted into chemotaxis buffer (for RP437-derived strains) or
minimal chemotaxis buffer (for MG1655-derived strains) for subsequent tracking
and imaging analyses. To measure the expansion speeds of bacterial populations
in swim plates, images were taken with a Canon DS126291 camera every 30 min.
The diameters of the expansion rings as a function of time and expansion speeds
were extracted from the images using a customized MATLAB code.

For the capillary tube assay, the protocol was adapted from previous work (14).
Overnight cultures were inoculated 100-fold into 5 mLof media with appropriate
inducers and grown at 30 °C until 0D, = 0.2. Cells were concentrated to an
0Dy = 6. A 12-inch capillary tube was filled with growth media (M9 glycerol
with casamino acids, MgS0,, and PVP-40) and 6-h aged aTc, and one side of the
tube was plugged by stabbing the tube into a plate filled with solidified agar
(1.5%agarin distilled water). The concentrated cell mixture was filled on the other
side of the tube using a 1 mLsyringe, and another agar plug was added into that
side. Both sides of the tube were then plugged with clay. The tubes are incubated
horizontally at 30 °C for 9 h.To isolate the wave, a 3-cm section of the tube that
contained the wave was fractionated, and the mixture inside the 3-cm section was
diluted into chemotaxis buffer for subsequent tracking analysis. To measure the
expansion speeds of bacterial populations in capillary tubes, images were taken
with a Canon DS126291 camera every 10 min. Positions of the populations as a
function of time and expansion speeds were extracted from images using ImageJ.

Microfluidic Device Preparation. To track single-cell swimming behavior, we
utilized a rectangular channel microfluidic device (0.5 mm wide, 30 mm long,
and 60 pm deep). The device was constructed from PDMS with standard lithog-
raphy methods. To cast the device, a preprepared mold was coated with a 5-mm
thick layer of degassed 10:1 PDMS-to-curing agent mixture (Sylgard 184, Dow
Chemical).The mold was then baked at 70 °C for 12 h. Devices were cut out of the
mold, and a hole was punched using a 20-gauge blunt-tip needle on each side of
the channel. The device was rinsed with isopropanol, methanol, and water. A 22
mm x 50 mm glass coverslip was rinsed with acetone, isopropanol, methanol,
and water. The coverslip and device were then treated inside a plasma cleaner for
1 min and bonded together. The bonded device was heated at 80 °C for 15 min
and cooled to room temperature before cells were injected inside.

Tracking Single Cells and Tumble Detection. Washed cells were diluted with
chemotaxis buffer to an 0Dy, = 0.0005. The diluted mixture was injected inside
the microfluidic device using a T mL syringe. To prevent evaporation, holes on
both sides of the microfluidic device were taped. The device was placed on an
inverted microscope (Nikon Eclipse Ti-U) equipped with a custom environmental
chamber (50% humidity and 30 °C). A custom MATLAB script was used to record
3-min phase contrast videos at 4X magnification and 20 frames-per-second.
Video recordings were stored as .bin files.

Custom MATLAB code was used to detect tumble and extract tumble bias of
single cells, as previously described (59). Only trajectories longer than 10 s were
considered for analysis. Each tumble bias distribution was generated from four
3-min videos that contained ~1,000 total trajectories. The analyzed trajectory
data were stored as .mat files.

Measuring the Time Scales of Relaxation of TB Distribution to the
Sstanding Batch Distribution. E. coli RP437 or HE205 were grown to early-
exponential phase (0D, = 0.2) and put to migrate in capillary tubes for 9 h, as
mentioned above. The sections of the capillary tubes containing the migrating
bacterial populations were fractioned, and the cells were added into 1 mL of
growth media. For every 15- or 30-min during growth in the batch cultures, the
TB distributions of the populations were measured. The mean of TB distributions
normalized by the trajectory lengths were determined for each time points.
The equation to model for the relaxation of meanTB is:

_t
TB(t) = TByyh — (TBowen —TBo )€™ 7,
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where TB(t) is the mean TB over time, Ty, is the mean TB of the batch culture,
TB,is the mean TB during collective migration in the capillary tubes, and z is the
relaxation timescale. To estimate =, we fitted the means of the mean TBs across
replicates and the SE of the means across replicates to the equation using maxi-
mum likelihood estimation. To estimate the error of 7, we sampled the posterior
distribution using Markov Chain Monte Carlo to get 100 sampled parameter
values and then calculated the standard deviation of those samples.

Protein Expression Measurements in Swim Plates. Nonmotile MG1655-
derived cells expressing labeled Tsr or nonmotile RP437-derived cells expressing
labeled CheY and CheZ used as biosensors for gene expression were grown as
described above. Subsequently, cells were mixed with the appropriate media
and 0.14% liquefied agarose to a final OD,q, = 0.01. Swim plates were left to
solidify at room temperature for 2 to 3 h, and afterward, 10 pL of 0D, = 0.01
motile WT MG1655 (labeled Tsr experiments) or motile WT RP437 (labeled
CheYand CheZ experiments) cells were inoculated in the center of the plate. The
motile population of cells shapes the gradient of the plate and ensures that the
nonmotile biosensor strain experiences the same local environment as motile
cells. After a colony of migrating cells has formed, cells from the center and the
edge of the colony are picked and diluted into minimal chemotaxis buffer for
subsequentimaging.

Single-Cell Protein Copy Number Quantification Using Fluorescent Micro-
scopy. Washed cells were diluted 10-fold and plated on agarose pads (3% aga-
rose in minimal chemotaxis buffer). The cell suspension was left to dry for 10 min,
and cells were immediately imaged afterward. Imaging was performed using an
inverted microscope (Nikon Eclipse Ti-E) equipped with an oil immersion 100
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