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CELL BIOLOGY

Morphogenesis of bacterial cables in

polymeric environments

Sebastian Gonzalez La Corte’, Corey A. Stevens?, Gerardo Cércamo-Oyarce2'3, Katharina Ribbeck?,

Ned S. Wingreen®**, Sujit S. Datta®°*

Many bacteria live in polymeric fluids, such as mucus, environmental polysaccharides, and extracellular polymers
in biofilms. However, laboratory studies typically focus on cells in polymer-free fluids. Here, we show that interac-
tions with polymers shape a fundamental feature of bacterial life—how they proliferate in space in multicellular
colonies. Using experiments, we find that when polymer is sufficiently concentrated, cells generically and revers-
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ibly form large serpentine “cables” as they proliferate. By combining experiments with biophysical theory and
simulations, we demonstrate that this distinctive form of colony morphogenesis arises from an interplay between
polymer-induced entropic attraction between neighboring cells and their hindered ability to diffusely separate
from each other in a viscous polymer solution. Our work thus reveals a pivotal role of polymers in sculpting prolif-
erating bacterial colonies, with implications for how they interact with hosts and with the natural environment,
and uncovers quantitative principles governing colony morphogenesis in such complex environments.

INTRODUCTION

Many bacteria live in polymeric fluids, such as mucus that lines the
airways, gut, and cervico-vaginal tract in the body (I, 2), exopoly-
mers in the ocean (3), and cell-secreted extracellular polymeric sub-
stances (EPSs) that encapsulate biofilms (4). However, laboratory
studies of bacteria typically focus on cells in polymer-free fluids. As
a result, despite their prevalence, how extracellular polymers influ-
ence bacterial behavior remains poorly understood.

Recent work hints that interactions with polymers can dramati-
cally alter how individual motile cells swim (5-8) and aggregate with
other cells (9-13). Nevertheless, the possible influence of polymers
on another fundamental characteristic of bacterial life—spatial pro-
liferation in a multicellular colony (14, 15)—remains unknown.
Colony morphology can be biologically important. For example,
studies of bacteria proliferating on planar surfaces show that their
resulting colonies can exhibit a variety of morphologies (14, 16-25),
which in turn can affect cell-cell signaling (26), genetic diversity
(27-30), and colony resilience and susceptibility to external stressors
(9, 31, 32). Hence, we ask: Do interactions with polymers sculpt the
morphology of proliferating bacterial colonies?

Here, we demonstrate that this is indeed the case, and we eluci-
date the underlying mechanisms. In nature, many bacteria are non-
motile or lose motility (33-56), but still continue to proliferate in
colonies; indeed, the loss of flagella is often associated with patho-
genesis and bacterial adaptation to diseased mucosal environments,
such as in cystic fibrosis. Therefore, we focus on the spatial prolif-
eration of rod-shaped, nonmotile mutant cells that lack flagella. By
performing experiments with these bacteria in polymer solutions,
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we find that when polymer is sufficiently concentrated, cells form
large-scale “cables” as they proliferate in a colony—in stark contrast
to forming a random dispersion, as in the conventionally studied
polymer-free case. This characteristic cable morphology arises inde-
pendent of variations in cell type and polymer composition across
three different species of bacteria and seven different polymers, in-
cluding mucins, a key component of mucus in the body. By combin-
ing experiments, theoretical modeling, and agent-based simulations,
we trace the origin of cable formation to an interplay between polymer-
induced entropic attraction between neighboring cells and their hin-
dered ability to diffusively separate from each other after growth and
division in a viscous polymer solution. Our work thus reveals a piv-
otal role of polymers in shaping proliferating bacterial colonies and
provides quantitative principles to predict and control these mor-
phodynamics more broadly.

RESULTS

Nonmotile bacteria proliferating in polymer solutions form
long multicellular cables across different species and
solution compositions

We use confocal microscopy to directly visualize nonmotile bacteria,
constitutively expressing green fluorescent protein (GFP) in their cy-
toplasms, as they proliferate in nutrient-rich solutions with polymers
added at a defined mass concentration c. To start, we use Escherichia
coli as a model bacterium and mucus obtained from human primary
transverse colon cells (57) as the polymer solution. In polymer-free
solution, the cells continually grow, divide, separate from each other,
and thermally diffuse apart, eventually forming a random dispersion
(Fig. 1A and movie S1). Colony morphogenesis is completely differ-
ent in the mucus solution: Cells pack side-by-side up to a limited
bundle size and then remain oriented end-to-end for subsequent di-
visions, eventually forming an intertwined network of long, serpen-
tine, multicellular cables (Fig. 1B and movie S2). This phenomenon
is not dependent on the source of the mucus: We observe similar
colony morphologies using purified native porcine intestinal mucin
(Muc2) atc = 0.5%w /v (fig. S6 and movie S3), which is also repre-
sentative of human intestinal mucus (1, 2).
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Fig. 1. Nonmotile E. coli generically form cables as they proliferate in polymer solutions. (A) Time sequence of nonmotile E. coli proliferating in nutrient-rich polymer-
free fluid; the cells form a random dispersion. (B, C, E, and F) Same as in (A), but with added (B) mucus (0.5% w/v), (C) PEO 100 kDa (1% w/w), (E) Ficoll 400 kDa (5% w/w),
or (F) NaCMC 250 kDa (0.1% w/w); in these polymeric fluids, cells form large, serpentine cables. Full dynamics can be seen in movies S1 to S6. (D) Three-dimensional ren-
dering of a small volume of the colony shown in (C) after 843 min from the initiation of imaging, showing the internal structure of cables.

To explore the generality of cable formation, we repeat this ex-
periment, but replacing the mucins—which are known to adsorb to
bacterial cells (58-62)—with 100-kDa polyethylene oxide (PEO), a
chemically inert, uncharged, nonadsorbing, synthetic polymer (63-
66). For sufficiently concentrated PEO solutions, we again observe
cable formation, as exemplified by the confocal micrographs in Fig.
1C and movie $4, indicating that cable formation does not require
specific biochemical interactions with mucins (63, 67, 68). A three-
dimensional (3D) reconstruction of the final colony is shown in Fig.
1D, illustrating that the transverse cross section of each cable has
multiple cells packed side-by-side, all nematically aligned along
their long axis. This network of cables extends into the bulk of the
sample away from the solid boundaries, and similar cable morphol-
ogies arise for continuously rotated samples for which cells do
not settle, but remain in the bulk (fig. S7)—indicating that cable
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formation is not strongly influenced by the presence of boundaries
in the experiments.

To further test the generality of cable formation, we repeat this
experiment, but using an even broader range of different polymers:
PEO of three different molecular weights; Ficoll, a highly branched,
uncharged polysaccharide; and sodium carboxymethyl cellulose
(NaCMCQ), a linear, anionic polysaccharide. In all cases, we observe
cable formation when the polymer solution is sufficiently concen-
trated, as exemplified by Fig. 1 (E and F) and movies S5 and S6.
Thus, cable formation arises independent of variations in polymer
chemistry, molecular weight, molecular architecture, and charge. As
a final test of the generality of this phenomenon, we perform the
same experiment using nonmotile strains of two other species of
bacteria that also inhabit polymeric environments: Vibrio cholerae, a
gut pathogen, and Pseudomonas aeruginosa, a lung pathogen. We
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again observe cable formation in both cases (Fig. 2), indicating that
this phenomenon arises across different cell types. Together, these
results demonstrate that nonmotile bacterial colonies proliferating
in sufficiently concentrated polymer solutions generically form large,
serpentine, multicellular cables.

Polymer-induced entropic attraction between cells is
required for cable formation

Why do cables form? Given that cable formation does not require
specific biochemical interactions, we hypothesize that it instead
arises from some other physicochemical influence of polymers on
cells. For example, could it be that when polymers are sufficiently
concentrated, they form a mesh-like network that entraps the indi-
vidual cells, retaining them in the end-to-end configuration after
division and thereby promoting cable formation? Our data indicate
that this is not the case: Across all the different conditions tested, we
find no correlation between the threshold polymer concentration at
which cables begin to form and c*, the concentration at which the
different polymer molecules begin to overlap and form an intercon-
nected network (table S1). Similarly, we find no correlation between
the onset of cable formation and the solution viscosity n (table S2),
indicating that cable formation does not arise solely because of the
reduced ability of cells to diffusively separate from each other after
division in a viscous polymer solution.

Another possibility is that the osmotic pressure I, exerted by
the polymers alters how the individual cells grow, somehow causing
them to proliferate in cables. As shown in table S1, however, cable
formation arises at osmotic pressures as low as about tens of
pascals—far lower than the pressure at which bacterial physiology is
typically altered, ~100 kPa (69-75), arguing against this possibility.

A PAO1 AfliC ApilA

210 min 420 min

210 min c=0% w/w 420 min

Growth curves measured for shaken cultures show no appreciable
differences upon polymer addition (fig. S8). Moreover, the osmotic
pressure at which cables begin to form varies across different poly-
mers (table S1), indicating that osmotic pressure does not solely
control cable formation.

However, the osmotic pressure of a polymer solution can influ-
ence proliferating cells in another way: by inducing attractive inter-
actions between them. Consider two microscale particles—e.g.,
adjacent cells (green in Fig. 3A)—in a polymer solution (pink). The
centers of the surrounding polymer chains are excluded from a
small region surrounding each particle (light gray), referred to as its
excluded volume. When the particles are close enough to each other,
their excluded volumes overlap and surrounding polymers are de-
pleted from this overlapping region of volume V., (dark gray). This
depletion of polymers gives rise to an osmotic pressure difference
I, across the particles, pushing them together, as schematized in
Fig. 3A(i). It is well documented in colloidal science that this entro-
pic effect forces passive, nonproliferating particles to stick together,
and can be modeled as an attractive “depletion” interaction between
pairs of particles. The magnitude of this depletion interaction ener-
gy isUgep =l Ve (76, 77), where Il is determined by the poly-
mer size and concentration (78) and V,, is also determined by the
polymer size and concentration, as well as the particle sizes, shapes,
and orientations (79). (When the polymer can adsorb to the surface
of the particles, such as in the case of mucins, the particle size is
slightly enlarged by the adsorbed surface layer.) Could this polymer-
induced depletion attraction between cells somehow cause them to
proliferate in cables?

One way to test this idea is to examine the reversibility of cable
formation: Given the entropic nature of the depletion attraction, we

B C6706 ApomA ArbmA Abap1 ArbmC AvpsL

135 min c=1%w/w 303 min

303 min.

Fig. 2. Nonmotile P. aeruginosa and V. cholerae form cables as they proliferate in polymer solutions. (A) Time sequence of nonmotile P. aeruginosa proliferating in
nutrient-rich fluid with (top) or without (bottom) 1% w/w PEO 1 MDa. (B) Same as in (A) but with nonmotile V. cholerae. The time indicates the duration elapsed after the
96-well plate containing the samples is inserted into the static incubator. The images were taken at different positions of the same well at the different time points.
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Fig. 3. Polymer-induced entropic attraction between cells is required for cable formation. (A) (i) Schematic of polymer (pink)-induced attraction between cells
(green); the shaded gray regions show the excluded volume around each cell that is inaccessible to the centers of the polymer chains. As cells approach each other, their
excluded volumes overlap (dark shaded regions), causing polymer to be depleted from the interstitial space. The osmotic pressure exerted by the surrounding polymers
(arrows) drives the cells together, thereby resulting in attraction between cells. (ii) The overlapping excluded volume, and therefore the magnitude of the depletion inter-
action potential, is smaller for cells arranged end-to-end (top) versus side-by-side (bottom). (B) Schematic of experiments in which E. coli cables formed in polymeric fluid
are gently flushed with polymer-free fluid. (C) Time sequence showing E. coli cables disintegrating when polymers are removed from their surroundings; polymer-free
solvent is introduced att = 0. The cells still appear to be held together in smaller side-by-side aggregates after polymer removal, likely due to the influence of other weak
attractive interactions between the cells, such as those imparted by surface adhesins (707, 108), that can arise after the cells are initially brought together by the polymer-
induced depletion interaction. Full dynamics can be seen in movie S7. (D) Nonproliferating cells of E. coli (i) remain as a random dispersion in polymer-free fluid but (ii)

aggregate side-by-side upon addition of PEO 100 kDa (0.1% w/w). Micrograph shows cells end-on, revealing the hexagonal symmetry of the side-by-side stacks.

expect that after a cable has formed, removing polymer from the
solution around it should allow the cable to disintegrate via random
thermal motion of the cells. This is precisely what we observe upon
flushing a suspension of cables with polymer-free liquid (Fig. 3, B
and C, and movie S7).

Support for the depletion attraction idea also comes from close
inspection of the initial dynamics of cable formation. As exemplified
in movie S8 and fig. S9 obtained using fast imaging, an initial
“founder” cell grows and divides, giving rise to a pair of cells ori-
ented end-to-end (fig. S9A). Next, instead of thermally diffusing
apart, the cells quickly lock in side-by-side (fig. S9B). This prefer-
ence for initially being arranged side-by-side versus end-to-end is
directly predicted by the physics of the depletion interaction: The
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overlapping excluded volume V,, and therefore the magnitude of the
depletion potential Uy, are larger for a pair of cells when they are
arranged side-by-side versus end-to-end (13, 80), as schematized in
Fig. 3A(ii). Thus, in the absence of other constraints, over timescales
shorter than the cellular doubling time ¢, the polymer-induced de-
pletion interaction causes pairs of cells to preferentially pack side-
by-side. As a more direct test of this prediction, we culture cells in
nutrient-free polymer solution, in which proliferation is arrested
(t; & o0). Under these conditions, the cells indeed aggregate side-
by-side, consistent with previous observations (9, 10, 12), forming
hexagonally ordered clusters (Fig. 3D). Taken altogether, these ob-
servations establish that depletion attraction induced by polymers
plays a key role in cable formation. However, after an initial pair of
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cells has packed side-by-side, subsequent divisions typically lead to
a persistent end-to-end configuration—thus resulting in the growth
of cables. Why do these subsequent divisions not lead to side-by-
side packing? We find the answer to this question using agent-
based simulations.

Agent-based simulations of a proliferating bacterial colony
recapitulate cable formation in polymeric fluids

What biophysical features of proliferation in a polymer solution are
essential for cable formation? We address this question using 2D
agent-based Brownian dynamics simulations, detailed in the Sup-
plementary Materials. Each simulation begins with a dilute disper-
sion of cells, just as in the experiments, that proliferate in a polymer
solution with a prescribed polymer size, viscosity, and osmotic pres-
sure. The simulations incorporate four key features, schematized
in Fig. 4A:

1) The individual cells continually elongate exponentially, sepa-
rating into two progeny after a doubling time ¢,

2) Adjacent cells have a short-ranged elastic repulsion that push-
es them apart and keeps them from overlapping.

3) Cells are subject to thermal agitation and undergo both trans-
lational and rotational diffusion in the viscous polymer solution,
with corresponding diffusivities that are determined by the polymer
solution viscosity and cell size/shape.

4) Cells are subject to the polymer-induced depletion attraction given
by the pairwise interaction potential of magnitude Uye, = Iog, Veys
where I, is a characteristic of the polymer solution to be tested and
V., is set by the polymer size and cell sizes and orientations.

Each simulation can then be parameterized by two dimension-
less quantities: t,, / t4, which compares the characteristic timescale
for cells to rotationally diffuse to their doubling time, and U, / k3 T,
which compares the magnitude of the depletion potential for cells
arranged in the initial end-to-end configuration after doubling [Fig.
3A(ii)] to the characteristic thermal energy k; T, where kg is Boltzmann's
constant and T is temperature.

Remarkably, these four key biophysical features are sufficient to
recapitulate the experimental observations. An example is shown in
Fig. 4B. In the absence of the depletion interaction (U, =0 kT,
top row), cells continually grow, divide, separate, and thermally dif-
fuse away, forming a random dispersion as in the experiments
(movie S9 and Fig. 1A). By contrast, when the polymer-induced
depletion interaction is incorporated (U,, = 15.55 kT, bottom row),
the cells quickly lock in side-by-side and then continue to proliferate
end-to-end, forming a large, multicellular cable just as in the ex-
periments (movie S10 and Fig. 1, B to E). While cables are initially
two cells wide, sideways mergers between distinct cables (movies S2
and S4) or different segments of the same cable (movies S6 and S10)
can produce even thicker cables at long times.

Simulations reveal that the depletion interaction holds cells
in a metastable end-to-end state after division, causing
cables to form
Having demonstrated that the simulations can recapitulate cable
formation, we next use them to address the question: Why exactly
does the polymer-induced depletion attraction cause cells to prolif-
erate in cables? Close inspection of the incipient stage of cable for-
mation provides a clue: As shown in the initial frames of Fig. 4B
(bottom) and movie S10, a cable grows from an initial cluster of four
cells, with two initially arranged in the energetically preferred side-
by-side configuration, but with their progeny retained end-to-end
in an interdigitated configuration—as exemplified by the leftmost
insets in Fig. 5A. We call this configuration a “proto-cable” Given
that the most energetically favorable configuration is for all cells to
pack side-by-side (13, 80), we hypothesize that this interdigitated
end-to-end proto-cable is a metastable state, enabled by the strength
of the depletion interaction, that keeps the cells kinetically trapped
in a cable.

Simulations of four nonproliferating cells initially arranged both
end-to-end and side-by-side, as shown by (i) in Fig. 5 (B and C), sup-
port this hypothesis. The cells quickly lock in to the interdigitated
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Fig. 4. Agent-based simulations recapitulate cable formation in polymeric fluids. (A) Schematic of the four key biophysical features incorporated into the agent-
based simulations: (i) Cells are growing spherocylinders that exponentially elongate, divide, and separate, (ii) cells are stiff and elastically repel each other, (iii) cells are
subject to translational and rotational diffusion due to thermal agitation, and (iv) polymers induce a depletion attraction whose interaction potential depends on the
geometry and relative orientation of adjacent cells. (B) Time series of simulation results showing that in the polymer-free case, cells form a random dispersion, whereas
with added polymer, proliferating cells form elongating cables, as in the experiments. Full dynamics can be seen in movies S9 and S10.
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Fig. 5. The depletion interaction holds cells in a metastable end-to-end state after division. Panels show the results of model and simulations (detailed in the Supple-
mentary Materials) of four nonproliferating cells initially arranged in a proto-cable as labeled (i) in (B) and (C). Cells quickly lock in to the interdigitated configuration la-
beled (ii). (A) When the depletion attraction is strong (red), cells remain in this interdigitated configuration, whereas when the depletion attraction is weaker (blue), cells
transition to the most energetically preferred side-by-side configuration. Curves show the time series of the depletion potential, given by minus the product of the os-
motic pressure and the overlapping excluded volume of a given configuration; the negative sign indicates an attractive interaction. (B) Color map shows the landscape of
the maximum possible depletion potential between four cells in different orientations for the case of U,. = 0.97kgT. Two cells are fixed in the side-by-side configuration
oriented along the x axis, with their diameters spanning 0 < ycou < 1and 1 < ycom < 2. The Xy and ycoy coordinates describe the center of mass of the other two cells
that can translate and rotate, again in the side-by-side configuration. The insets show 10 distinct configurations at (Xcow Ycom ) POsitions indicated by the open symbols;
stars indicate minima in the energy landscape. (C) Minimal free-energy contour from (B), showing that the interdigitated end-to-end configuration (i) is a metastable state

characterized by a local free-energy minimum given by U, = 1.6U,,.

proto-cable configuration shown by (ii) in Fig. 5 (B and C). Then, if
the depletion interaction is strong (U,. = 3.88 kT, red curve in Fig.
5A), the cells remain trapped in this configuration over the entire
duration of the doubling f;—ultimately enabling them to proliferate
into a cable. However, when the depletion interaction is weaker
(U,e = 0.97 kgT), thermal diffusion allows the cells to eventually re-
configure into the most energetically favorable side-by-side configu-
ration before they double, as shown by the abrupt dip in the blue
curve. These observations suggest that the interdigitated end-to-end
configuration is indeed a metastable state.

Mapping the full orientation-dependent landscape of the poten-
tial due to the depletion interaction (magnitude Uy, = Iy, Vo)
indicated by the colors in Fig. 5B, confirms this suggestion. As ex-
pected, having all four cells arranged side-by-side is the most ener-
getically favorable state, reflected by the global minimum in the
free-energy landscape (leftmost star). However, as we hypothesized,
the interdigitated end-to-end proto-cable configuration is a local
minimum in this free-energy landscape (rightmost star). Plotting the
contour of minimal energy that extends across this landscape (Fig.
5C) reveals this local minimum, of depth ~1.6U,,, even more clearly.
A morphological state diagram unifies the interplay
between depletion attraction and thermal diffusion in
controlling cable formation
A clear picture of the biophysical rules underlying cable formation
thereby emerges: After a side-by-side pair of cells divides end-to-
end, shown by (i) in Fig. 5C, they remain kinetically trapped in the
metastable interdigitated end-to-end proto-cable configuration (ii)
for an approximate escape time f,,, which is determined by cell size
and shape and polymer size, concentration, osmotic pressure, and
viscosity. If t,,. > t4, the cells continue to proliferate in this configu-
ration, ultimately generating a cable. If .. < t;, however, thermal
energy enables the cells to escape this kinetic trap and continue to
explore other configurations, as shown by (iii) and (iv), and they do
not form cables. This biophysical picture unifies all our experimental
observations demonstrating that cable formation arises for diverse
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cell types, and across diverse polymer solutions when they are suf-
ficiently concentrated, in a reversible manner.

As a final quantitative test of this picture, we directly compute ¢,
for different polymer solutions. Specifically, we use our simulations to
estimate the depth and curvature of the local minimum in the free-
energy landscape, which corresponds to the interdigitated end-to-end
proto-cable configuration, along the minimal energy contour shown
in Fig. 5C. We then follow Kramers’ seminal work on thermally acti-
vated escape from a potential well (81) to directly relate these quantities—
which depend on the cell and polymer properties, as detailed in the
Supplementary Materials—to the escape time. The boundary corre-
sponding to t,,. = t4, which separates the two different regimes pre-
dicted by our analysis, is then given by the solid black curve in Fig.
6A. This plot represents a morphological state diagram spanned by
the two dimensionless control parameters revealed by our analysis,
t.o/tq and U, / kgT; to the right of the black boundary, we expect
that cells proliferate into cables (red-outlined panels in Fig. 6B),
whereas to the left of it, they do not (blue-outlined panels). We also
expect a transitional regime immediately to the left of the black boundary,
for which ¢, <t and cells are not kinetically trapped in the end-to-
end configuration as they double, but U > ky T, causing cells to still
stack side-by-side in small aggregates (light blue). We also expect that
cable formation competes with aggregation when the starting inoculum
of cells is sufficiently concentrated, as described further in the Supple-
mentary Materials. As summarized by the triangles (experiments) and
circles (simulations) in Fig. 6A, with representative colony morpholo-
gies shown in Fig. 6B, our data fully confirm these expectations. Thus,
taken altogether, our experiments, simulations, and theoretical analysis
establish biophysical principles that describe how bacterial colonies pro-
liferate in polymeric solutions—across diverse cell types and polymers,
both natural and synthetic.

DISCUSSION
Despite their prevalence in natural habitats, little is known about
how polymers influence one of the most fundamental aspects of
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Fig. 6. A morphological state diagram unifies the interplay between depletion attraction and thermal diffusion in controlling cable formation. (A) State diagram
is spanned by the two dimensionless parameters t,., / t, and U, / kg T, where the former compares the characteristic timescale for cells to rotationally diffuse to their
doubling time, and the latter compares the magnitude of the depletion potential for cells arranged in the end-to-end configuration to the thermal energy; both are cal-
culated as described in the Supplementary Materials. Filled triangles and open circles show experimental and simulation results, respectively. Solid black curve shows our
theoretical prediction for the onset of cable formation, given by t,,. = t4, wheret,. is the typical duration spent in the metastable interdigitated end-to-end configuration
(given by eq. S46) and t is the doubling time. Both agent-based simulation and t,,. shown in this figure assume a polymer radius of 75 nm, approximately characteristic
of that used in the experiments. The shaded gray region indicates our estimate for the region of this state diagram that describes in situ host mucus (detailed in the Sup-
plementary Materials); interestingly, this region coincides with the onset of cable formation. Dark blue, light blue, and red symbols indicate colonies that formed random
dispersions, small side-by-side stacks, and cables, respectively. (B) Snapshots of representative colony morphologies for each of these three states. (i) U, = 0.25 k3T,
tor = 0.009 tg; (ii) 0.01% w/w Ficoll 400 kDa; (iii) Uy, = 0.97 kgT, t, = 0.009 tg; (iv) 0.01% w/w NaCMC 250 kDa; (v) U,e = 7.77 kgT, t,, = 0.05 tg; (vi) 0.25% w/w PEO

5 MDa.

bacterial life—their proliferation in colonies. By combining experi-
ments, simulations, and theory, we have shown that extracellular
polymers can shape bacterial colonies through purely physicochem-
ical interactions, as broadly suggested by previous simulations (82).
In particular, we found that nonmotile bacteria proliferating in suf-
ficiently concentrated polymer solutions—both biological and synthetic—
nematically align to form an intertwined network of long, serpentine,
multicellular cables. This characteristic colony morphology arises
due to the combined influence of polymer-induced entropic attrac-
tion holding cells together and the enhanced solution viscosity
hindering cells from diffusively separating after dividing. Hence,
this phenomenon arises generically and predictably across diverse
bacterial species and polymer compositions; indeed, not only did
our experiments directly demonstrate cable formation in gut mu-
cus, but also our analysis (detailed in the Supplementary Materials)
indicates that, more broadly, biological polymers like mucus have
physicochemical properties that promote cable formation, as
shown by the gray region of Fig. 6. Our work thus uncovers
quantitative principles governing the morphogenesis of bacterial
colonies—and potentially other microbial systems—in their complex
environments in the real world. It also opens up a new direction for
research in soft matter physics: While polymer-induced entropic at-
traction is well studied for passive particulate systems, our work
builds on previous simulations of biofilms (82) to highlight that
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fascinating new behaviors can emerge when the constituent particu-
lates can also proliferate (15). Cable-like structures with smectic,
i.e, layered, internal ordering have been observed in systems of pas-
sive nanorods under strong depletion attraction (83); however, in
the bacterial cables reported here, while there appears to be a slight
amount of such ordering (e.g., in Fig. 1D), we have not observed
appreciable smectic ordering over large scales—possibly because it
is disrupted by the natural variability in cellular lengths within a
cable. Whether such ordering may arise during cable growth under
other conditions, such as those induced by nutrient starvation (84),
will be interesting to investigate in the future. Another interesting
direction for future research will be to explore the generality of cable
formation in complex environments with nonpolymeric depletants,
as described further in the Supplementary Materials.

Colony morphologies reminiscent of cables—often called “chains”
or “cords’—have been previously observed in a variety of bacterial
systems. However, their origin is likely fundamentally different from
the cables reported here; while cables arise generically due to entro-
pic forces induced by polymers on cells, chains/cords are thought to
form instead due to specific biochemical interactions or cellular pro-
cesses. One prominent example arises when host-secreted antibodies
cross-link proliferating cells of Salmonella enterica together (85). An-
other example is thought to arise for Mycobacterium tuberculosis
due to hydrophobic interactions between mycomembrane lipids that
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strongly adhere cells together (86); cell surface hydrophobicity can
similarly mediate aggregate formation in P. aeruginosa during patho-
genesis (87). Similarly, under certain conditions, E. coli surface ad-
hesins can adhere cells together in chains during biofilm formation
(88). In all three of these cases, specific biochemical interactions pre-
vent cells from separating after division—unlike in cable formation,
which arises due to a fundamentally different physicochemical mech-
anism across a broad range of polymer chemistries. A useful direc-
tion for future work will be to investigate how cable formation may
be altered by the added influence of such specific biochemical inter-
actions. A final example is the chains of cells that arise during
Bacillus subtilis biofilm formation; unlike our cables, in which cells
fully divide and separate from each other during proliferation, these
chains form because cells do not completely divide and separate, and
are therefore inseparably retained end-to-end (89-91). Our work
thus reveals a distinct, more general mechanism by which proliferat-
ing bacteria can form such long, multicellular cables upon exposure
to polymers.

Extensive work has focused on the ability of polymers to enhance
the mobility of swimming bacteria (5-8). By contrast, their influ-
ence on nonmotile cells is understudied, despite the fact that many
bacteria in natural polymeric environments (e.g., mucus) are non-
motile or lose motility (33-56)—an important virulence factor that
often correlates with pathogenesis and colonization/biofilm forma-
tion. Our study therefore focused on the proliferation of nonmotile
cells. However, a natural extension of our work is to investigate how
cellular motility may alter cable formation. Cables are not formed
when we repeat our experiments with swimming E. coli (movies S11
and S12)—presumably because the hydrodynamic force generated
by swimming cells exceeds the attractive depletion force induced by
polymers, as supported by calculations in the Supplementary Mate-
rials (12, 92). Moreover, in the case of mucus, additional biochemi-
cal interactions can further promote dispersal of swimming cells
(93). Further investigating the interplay between cellular motility
and polymer-induced cable formation will thus be an interesting di-
rection for future research. Also, given that the entropic forces un-
derlying cable formation depend sensitively on cell size and shape,
another natural extension of our work is to investigate how cables
form for cells of other shapes (e.g., curved) and in mixtures of differ-
ent founder cell types. Our study also focused on cable formation by
non-biofilm-forming strains of bacteria when exposed to exoge-
nous polymers. Another interesting direction for future research is
to investigate how cable formation may be altered in the case of bio-
film formers; it may even be possible that the polymeric EPS se-
creted by the cells drives cable formation on its own, without
requiring exposure to exogenous polymers.

What are the biological implications of cable formation? This
phenomenon could be beneficial to nonmotile bacteria by giving
their colonies a way to extend outward and explore new environ-
mental niches, including on surfaces or within host tissues (86, 94).
Proliferating in a cable could also help bacteria counter host im-
mune responses against them, either mechanically by impeding
phagocytosis (95) and compressing host cell structures (86) or geo-
metrically by reducing the amount of cell surface that is exposed to
the surroundings—compared to the case of freely dispersed cells—
potentially helping to protect cells within a cable from antimicrobi-
als (86). Alternatively, it could be that hosts secrete polymers, such
as mucins, to force cells to proliferate in cables, potentially enhanc-
ing clonal extinction rates and pathogen clearance (85), in addition
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to specific biochemical interactions that down-regulate pathogenic
genes (1, 64, 96). Such effects may also be induced by dietary poly-
mers transiting through the gut (97, 98), potentially providing an
indirect link between host diet, the physiology of the gut microbi-
ome, and host health. Moreover, by localizing cells together, cable
formation could alter the dynamics and extent of infection by bacte-
riophages throughout a colony, as suggested by simulations (99).
Building on our findings to investigate these possible consequences
of cable formation will be an exciting direction for future research.

METHODS

Preparation of cells

E. coli

We incubate an overnight culture of E. coli strain W3110 in 2% w/w
Lennox Lysogeny Broth (LB) at 30°C. Next, we inoculate 20 pl from
the overnight culture in 2 ml of 2% w/w LB for 3 hours such that, at the
time of imaging, bacteria are in mid-exponential phase. We use a strain
with a deletion of the flagellar regulatory gene flhDC that renders the
cells nonmotile; we verify that these cells are nonmotile using direct
visualization. This strain likely does not form biofilms for two reasons:
first, because it is deficient in the production of cellulose, a key compo-
nent of the biofilm extracellular matrix (100, 101), and second, because
it only produces curli fibers—another key component of the biofilm
extracellular matrix—under nutrient starvation conditions (102, 103),
whereas our experiments are performed in nutrient-rich conditions.
P. aeruginosa

We incubate an overnight culture of P. aeruginosa strain PA01 in 2%
w/w LB, supplemented with carbenicillin (200 pg/ml) to preserve
the strain’s fluorescence, at 37°C. Next, we inoculate 20 pl from the
overnight culture in 2 ml of 2% w/w LB for 3 hours. We use a strain
with a double fliC and pilA deletion that renders the cells nonmotile;
we verify that these cells are nonmotile using direct visualization.
This strain likely does not form biofilms because it lacks both pili
and flagella, which are key factors in biofilm formation (104-106).
V. cholerae

We incubate an overnight culture of V. cholerae O1 biovar El Tor
strain C6706 in 2% w/w LB at 37°C. Next, we inoculate 20 pl from
the overnight culture in 2 ml of 2% w/w LB for 5 hours with the ad-
dition of rolling beads in culture to keep the bacteria dispersed. We
use a strain with several gene deletions: It has a deletion of pomA,
which renders the cells nonmotile; we verify that these cells are non-
motile using direct visualization. It also has deletions of rbmA, bap]1,
rbmC, and vpsL, which renders the cells as nonbiofilm formers.

Preparation of polymer solutions

Synthetic polymers

We obtain PEO 5 MDa from ColorCon and Sigma-Aldrich, PEO
1 MDa and 100 kDa from ColorCon, Ficoll 400 kDa from Research
Products International, and Carboxymethyl Cellulose Sodium Salt
from MP Biomedicals. We prepare polymer stock solutions in
2% w/w LB and then put them on a spinning rotor for at least 8 hours
until the solution is optically clear. The PEO solutions are addition-
ally filtered using a 5-pm pore size membrane from GE Healthcare
Life Sciences. We use dilutions of these concentrated stock solutions
in LB to prepare polymer solutions at defined concentrations.
Human colonic mucus

We use mucus from human primary transverse colon cells (57) ob-
tained from Altis Biosystems. In particular, the mucus is siphoned
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from the surface of a culture of resident goblet cells (Altis RepliGut
Planar transverse colon model), and then directly frozen and stored
at —20°C. We then defrost and mix this mucus stock solution with
10% w/w LB at an appropriate ratio such that the final LB concentra-
tion is 2% w/w and the final mucus concentration is 0.5% w/w.
Muc2 mucins

We use purified native porcine gel-forming intestinal mucin (Muc2)
(1, 2) obtained from the Ribbeck laboratory at Massachusetts Insti-
tute of Technology as a lyophilized powder. This powder is dissolved
in autoclaved distilled water at a stock concentration of 1% w/w. We
then leave this solution on a spinning rotor at 4°C overnight a day
before using it in an experiment. The day of the experiment, we mix
the Muc2 stock solution with 10% w/w LB and use dilutions with
autoclaved distilled water such that the final LB concentration is
2% w/w and the final Muc2 concentration is 0.5% w/w. We then leave
the test solution on a spinning rotor for at least 2 hours before use in
the experiment to ensure a homogeneous solution.

Imaging bacterial proliferation

E. coli in synthetic polymer solutions

We fill the base (20 mm diameter, ~1 mm height) of a transparent-
walled glass-bottom petri dish, 35 mm in diameter and 10 mm in
height overall, with a test solution containing cells at an initial concen-
tration of ~4 X 10° cells/ml and polymer at the concentration to be
tested. Next, we seal this base with an overlying circular polydimeth-
ylsiloxane (PDMS) slab to minimize evaporation while still allowing
oxygen to be available. We then image the sealed chamber from below
using a Nikon A1R+ inverted laser scanning confocal microscope
with the stage maintained at 30 + 1°C. We acquire fluorescent optical
slices throughout the depth of the sample every 1 to 5 min over a total
duration of ~6 to 14 hours.

For the experiment in Fig. 3 (B and C) investigating the revers-
ibility of cable formation, we again use a transparent-walled glass-
bottom petri dish sealed with an overlying PDMS slab as described
above. However, we additionally pierce the PDMS slab with three
20-gauge needles, sealed using optical glue, and connected to a
Harvard Apparatus 11 Elite syringe pump to provide fluid in/outflow. In
particular, one needle acts as an inlet for injection of the test solu-
tion containing ~4 X 10° cells/ml suspended in 0.1% w/w PEO
100 kDa as the polymer; the second acts as an inlet for injection of
polymer-free LB media; and the third acts as the outlet. We then
image the sealed chamber from below using a Nikon A1R+ inverted
laser scanning confocal microscope with the stage maintained at
30 +1°C as before, first under quiescent no-flow conditions with the
chamber filled with the test solution containing cells and polymer.
Once cables have formed, we then pump polymer-free fluid through
at a flow rate of 5 pl/min to remove polymer-containing solution.
Our experiments shown in movie S13 (snapshots in fig. S10) indi-
cate that these flow rates are insufficient to fragment cables due to
hydrodynamic forces.

For the experiment in Fig. 3D using nonproliferating cells,
we inoculate 20 pl from an overnight culture of cells into 2 ml of
2% w/w LB and let the bacteria grow for 3 hours in a shaking incubator
until they reach mid-exponential phase. We then mix 10 pl of the
culture with a solution of PEO 100 kDa dissolved in 1x Difco M9
Minimal Salts without a nutrient source at a polymer concentration
of 0.1% w/w and a cellular concentration of ~6 x 107 cells/ml. We
then again fill the base of a transparent-walled glass-bottom petri
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dish with the solution, sealed with an overlying PDMS slab as de-
scribed above, and incubate the dish at 30°C in a static incubator for
2 hours. We then image the sealed chamber from below using a
Nikon A1R+ inverted laser scanning confocal microscope with the
stage maintained at 30 + 1°C.

E. coli in human colonic mucus

We fill a custom-made PDMS rectangular channel (22 mm long,
2 mm wide, 25 or 90 pm high) with the test mucus solution contain-
ing cells at an initial concentration of ~3 X 10° cells/ml. We then
image the sealed channel from below using a Nikon A1R+ inverted
laser scanning confocal microscope with the stage maintained at
33 +1°C. We acquire fluorescent optical slices throughout the depth of
the sample every 3 min over a total duration of ~12 hours.

E. coliin Muc2 solutions

We fill a glass capillary (4 cm long, 5 mm wide, 500 pm high) with
the test Muc2 solution containing cells at an initial concentration of
~3 x 10° cells/ml. We then image the capillary, sealed on both ends
with paraffin oil to minimize evaporation while still allowing oxygen
to be available, from below using a Nikon A1R+ inverted laser scanning
confocal microscope with the stage maintained at 30 £ 1°C. We ac-
quire fluorescent optical slices throughout the depth of the sample
every 3 min over a total duration of ~12 hours.

P. aeruginosa and V. cholerae in polymer solutions

We fill individual wells of a glass-bottom 96-well plate with 200 pl of
a test polymer solution and 0.2 pl of the inoculum of cells such that
their initial concentration is ~3 X 10° to 6 x 10° cells/ml. We store
the plate in a static 37°C incubator and image the plate at different
time points: For P. aeruginosa, we image at 210 and 420 min after the
start of incubation, and for V. cholerae, we image at 135 and 303 min
after incubation as shown in Fig. 2. For all images taken, we use a
20X air objective mounted in a Nikon A1R+ inverted laser scanning
confocal microscope with the stage maintained at 37 + 1°C.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S10

Tables S1to S3

Legends for movies S1to S13

Other Supplementary Material for this manuscript includes the following:
Movies S1to S13
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