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Bacteria aggregate through various intercellular interactions to build biofilms, but the effect of
environmental changes thereupon remains largely unexplored. Here, by using an experimental device
that overcomes past difficulties, we observed the collective response of Escherichia coli aggregates
against dynamic changes in the growth condition. We discovered that nutrient starvation caused
bacterial cells to arrange themselves into bundle-shaped clusters, developing a structure akin to
that of smectic liquid crystal. The degree of the smectic-like bundle order was evaluated by a deep
learning approach. Our experiments suggest that both the depletion attraction by extracellular

polymeric substances and the growth arrest are essential for the bundle formation.

Since these

effects of nutrient starvation at the single-cell level are common to many bacterial species, bundle
formation might also be common collective behavior that bacterial cells may exhibit under harsh

environments.

I. INTRODUCTION

Under favorable environments, bacteria may prolifer-
ate by self-replications and eventually build densely or-
ganized communities, in particular biofilms [1]. Biofilms
are widely distributed in various habitats, e.g., ocean,
soil, kitchens, and also we humans grow bacteria in our
intestines to live in harmony with each other [2]. Biofilms
are also involved in our daily lives and industries, helping
to degrade organic waste and produce fine chemicals [3].
While biofilms benefit humanity in this way, they also
cause a variety of problems in, e.g., medical equipment
[4] and industrial products [5]. Therefore, understand-
ing the physiology of biofilms is a crucial mission across
diverse disciplines.

During the typical biofilm formation process, bacte-
ria aggregate through a variety of cell-cell interactions
[6]. While cell adhesion to material surfaces is regarded
as one of the most crucial events in biofilm formation
[7, 8], cell-cell interactions mainly promote aggregation
of planktonic cells that are not attached to the surface,
which has also been shown to be important for biofilm
construction [9]. In the case of Escherichia coli, the Agd3
antigen protein plays a major role in the aggregation
process [6, 10-12] via protein-protein interactions [13].
Extracellular polysaccharides and other debris also con-
tribute through depletion attraction [14-19]. Type I pili
are also known to be important in some cases [12, 20, 21].

The expression state of extracellular molecules in-
volved in cell-cell interactions, including Ag43, is gener-
ally highly dependent on the environment. Interestingly,
it was reported that the relative importance of Ag43 and
type I pili in aggregation depends on the environment:
Ag43 has less effect on aggregation in Luria—Bertani (LB)
broth than in minimal medium such as M9 [12]. Besides,
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the secretion of proteins and polysaccharides, known as
extracellular polymeric substances (EPS), is known to be
sensitive to environmental changes such as nutrient star-
vation [22-25].

Because of the sensitivity of cell-cell interactions to
the environment, aggregates of planktonic cells may
collectively respond to environmental changes. How-
ever, planktonic aggregates under time-dependent envi-
ronments have been hardly investigated. A major dif-
ficulty is the necessity to change the environment in a
controlled manner, maintaining spatial uniformity with-
out adding hydrodynamic perturbations, which may in-
fluence the aggregates [26—28] and even destroy in some
cases.

Here, we overcome the difficulty by a membrane-
type microfluidic device that we developed previously,
namely the extensive microperfusion system (EMPS),
which can uniformly change the environment surround-
ing bacterial populations without hydrodynamic pertur-
bations [29]. With this device and using several strains of
E. coli, we observed how planktonic aggregates respond
against abrupt nutrient starvation. We discovered that,
upon starvation, nematically ordered planktonic cells ar-
ranged themselves into bundle-shaped clusters, develop-
ing a structure akin to that of smectic liquid crystal. By
employing a machine learning technique, we quantified
the degree of this smectic-like bundle order. Moreover,
we found that these bundles were destroyed if cell growth
was resumed by switching back to the nutritious condi-
tion. We also found that inhibition of EPS secretion ham-
pered the bundle formation significantly. These results
suggest that both depletion attraction between cells, me-
diated by secreted EPS, and the arrest of cell elongation
are involved in the bundle formation.
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Experimental setup. (a) A cross-sectional illustration of EMPS. Bacterial cells were captured in wells (depth 11 um

and diameter ¢). The wells were covered by a rigid porous membrane, through which fresh medium was uniformly supplied.
See Ref. [29]. (b) Overall setup of the experimental system. Liquid medium was constantly supplied from a syringe by a pump
and drained into a waste container. By using another syringe with non-nutritious buffer, connected by a three-way junction
with check valves, we can abruptly change the environment during observation.

II. RESULTS

A. Experimental setup and observations under
steady growth conditions

Using EMPS (Fig. 1), we observed planktonic aggre-
gates of non-motile E. coli (strain W3110 [30]), formed
in microfabricated wells on the substrate of the device.
The absence of motility is important to prevent motility-
induced dispersion of cells. The wells are circular and
11 pm deep, with diameters ¢ ranging from 110 um to
330 um (Fig. 1a), fabricated on a coverslip by the method
described in Ref. [29]. Bacteria were confined in those
wells by a porous membrane, attached to the substrate
via the biotin-streptavidin bonding. By supplying fresh
medium through the porous membrane, we can control
the culture condition in a spatially uniform manner, with-
out hydrodynamic perturbations [29]. The device was
placed in an incubation box maintained at 37°C, and
fresh medium was automatically supplied by a syringe
pump (Fig. 1b).

We first observed the formation of planktonic aggre-
gates under steady growth conditions (see Materials and
Methods). When the wild-type E. coli W3110 (denoted
by WT; see Tablel for the list of strains used in this work)
was cultured in M9 minimum medium with glucose and
amino acid [denoted by M9(glc.+a.a.); see TablelI for
the list of measurements|, we observed planktonic aggre-
gates, as well as chains of cells that apparently divided
but remained connected (Fig.S1 and Movie 1). Simi-
lar chains were also observed in earlier studies [31, 32]
and are known to be maintained by Ag43 localized on
the pole of the cell [31]. Using a strain W3110 flu::kan
(hereafter called flu::kan mutant), for which the flu gene
producing Ag43 was replaced with a kanamycin-resistant
gene (kan), we confirmed that chain formation hardly
appeared in this case and planktonic aggregates were
mainly produced (Fig.S1b and Movie 2). This indeed
indicates the relevance of Ag43 to the chain formation.

We also observed that some cells adhered to the sub-

strate in both the WT and flu::kan strains (see, e.g.,
Movie 2). To focus on planktonic aggregations without
adhesion of cells, here we attempted to use a strain with-
out flagella, which are known to be an important factor
for adhesion of E. coli cells to surfaces [33-35]. Specif-
ically, we used a mutant W3110 AfliC' (hereafter called
AfliC mutant), for which the fliC' gene producing flag-
ella was deleted, and confirmed that adhesion of cells to
the surface was significantly prevented (Fig.Slc) while
planktonic aggregates appeared to be almost identical to
those of the WT and the flu::kan mutant (Movie 3). We
also found that chain formation was significantly sup-
pressed in this case (Fig.Slc). Note that, to our knowl-
edge, the relevance of flagella to chain formation has not
been discussed. Our result implies that flagella and Ag43
may jointly cause chain formation, though further vali-
dations are needed for a more decisive conclusion. In any
case, since we can avoid both surface adhesion and chain
formation, in the following we will mainly use the AfliC
mutant. With this strain, we measured the time evolu-
tion of the total area of aggregates in microscope images
and verified that the growth rate of the aggregate size
is comparable to the single-cell growth rate (Fig.S1d).
This indicates that the presence of aggregates does not
deteriorate local growth conditions in the EMPS.

B. Bundle formation under nutrient starvation

We then observed how planktonic aggregates respond
to nutrient starvation. We first grew bacteria (the AfliC
mutant) in a nutritious condition to produce aggregates,
then replaced the growth medium with non-nutritious
phosphate-buffered saline (PBS) while observing the ag-
gregates (see Materials and Methods). Then we found, as
shown in Fig. 2a,b and Movie 4, the formation of bundle
clusters, where multiple cells clumped together next to
each other. Such bundle clusters may also gather and de-
velop a structure similar to that of the smectic A phase of
liquid crystal (Fig.2b). Bundle clusters can be observed
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FIG. 2. Bundle formation upon nutrient starvation. (a) Observation of the AfliC mutant grown in M9(glcta.a.) and starved
in PBS. ¢ = 0 is the time at which the environment was switched. The well diameter ¢ is 150 um. Bundle clusters were
observed in all 30 wells with various diameters ¢ recorded in a single experiment (“AfliC starvation” in TableII). See also
Movie 4. (b) Enlargement of the regions outlined by the dotted rectangles in (a) at ¢’ = Omin (i) and ¢' = 320 min (ii). In (i),
cells were nematically aligned. In (ii), these cells arranged themselves next to each other, and bundle clusters were formed. (c)
A fluorescent image of bundles of the AfliC (venus) mutant grown in M9(glc+a.a.) and starved in PBS. The well diameter ¢ is
330 um. (d) Observation of the AfliC mutant grown in LB and starved in PBS. The two snapshots were taken from the same
position. Some regions with bundles are emphasized by dotted lines. The well diameter ¢ is 110 yum. Bundle clusters were
observed in 23 out of 30 wells with various diameters recorded in a single experiment (“AfliC starvation (LB)” in Tablell).
See also Movie 7. (e) Observation of the WT in the case of M9(glc+a.a.) — PBS. The two snapshots were taken from the
same position. Some regions with bundles are emphasized by dotted lines. The well diameter ¢ is 150 yum. Bundle clusters
were observed in 15 out of 18 wells with various diameters recorded in a single experiment (“W'T starvation” in TableII). See
also Movie 8.
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FIG. 3. Quantitative evaluation of the bundle formation. (a) Illustrations of the definition of the density correlation director
(R) and the cell orientation (V). (Left) When bundles are formed, R is oriented along the bundle axis, so that R and IN are
perpendicular. The dotted circle illustrates the approximate range of the Gaussian kernel used in Eq. (2). (Right) Without
bundles, R is along the long axis of cells, parallel to IN. (b) Estimation of R and IN. The image is enlargement of the
rectangle region in (c). The density correlation director R is obtained by the structure tensor method [Eq.(2)]. The cell
orientation is obtained by the deep learning model which we trained in this study. See Materials and Methods and Figs. S2 and
S3. (c) The evaluated bundle order parameter field Sg. The image is from the AfliC' starvation shown in Fig.2a,b. (d) The
spatially-averaged bundle order parameter in the regions where aggregates exist, (Sg), for the AfliC starvation. Each time
series represents the data in a separate well (¢ = 150 um). The inset shows enlargement of the data before. The observation
shown in b,c, Fig.2a,b, and Movies 4, 5, and 6 corresponds to the purple curve. The error is shown by the shaded bands,
which was evaluated as the mean absolute error of the trained deep learning model compared to the ground truth by manual
annotation (see Materials and Methods for details). (e) The spatially-averaged bundle order parameter (Sg) for the AfliC
starvation (LB) and the WT starvation. The former corresponds to the observation shown in Fig.2d and Movie 7, and the

latter to Fig. 2e and Movie 8.

more clearly by fluorescent microscopy (Fig. 2¢) by using
a strain with a fluorescent protein Venus [36]. Also, the
bundle formation was not limited to the specific condi-
tion and strain chosen here. We observed similar bundle
clusters when we grew cells in LB medium (Fig.2d and
Movie 7; “AfliC starvation (LB)” in Table1I) and when
we used the WT expressing flagella (Fig. 2e and Movie 8;
“WT starvation” in TableII). This indicates the robust-
ness of our finding of the bundle formation upon starva-
tion, regardless of detailed conditions and cellular states.

To quantify the degree of the smectic order, we define
the bundle order parameter Sg by

Sp = Sn(1—|N - RJ). (1)

Here, N denotes the coarse-grained field of the cell orien-
tation, R the orientation of the density correlation, and
Sn the nematic order parameter evaluated from the cell
orientation N (Fig. 3a). The two orientations R and N
were evaluated by the structure tensor method [37] and
by a supervised deep neural network method, U-Net [38],
respectively (see Materials and Methods for details). The
bundle order parameter Sp takes a large value when the
nematic order is strong and IN and R are nearly per-

pendicular. The latter condition is set because, when
bundle clusters are formed, bacterial cells arrange them-
selves next to each other, in the direction of their short
axis (Fig.3b), similarly to the smectic A phase. We also
observe that, when no bundles are formed, cells are typ-
ically located along their long axis, resulting in stronger
density correlation in that direction, R || N. Thus, our
bundle order parameter Sp can evaluate the degree of
bundle formation and its smectic order, as demonstrated
in Fig. 3c and Movies 5 and 6. In the past, a similar or-
der parameter was adopted in Ref. [39] to evaluate the
smectic order of colloidal rods.

To evaluate the bundle formation process, we measured
the time evolution of the spatially-averaged bundle order
parameter, (Sp). The spatial average was calculated over
the regions where aggregates exist, which were also ob-
tained by the deep neural network (see Materials and
Methods). We found that (Sg) increases significantly af-
ter the starvation, in all cases described so far [the AfliC
starvation (Fig.3d), the AfliC' starvation (LB) and the
WT starvation (Fig. 3e)].

We should note, however, that the value of the bun-
dle order parameter is sensitive to subtle differences in






are discharged from cells [53]. It has been reported that
the secretion of OMVs is promoted under external stress
[53, 54] and that they can induce depletion attraction
to particles on the scale of tens of micrometers [15, 18].
Therefore, we tested the possible influence of curli and
OMVs on the bundle formation.

We first tested the possibility of curli, by using a mu-
tant W3110 AfliC csgA::kan (“AfliC csgA::kan” mutant
in TableI) for which the gene expressing CsgA protein
was replaced by a kanamycin-resistant gene kan. On
an agar plate of LB broth containing congo red, which
selectively stains amyloid fibers including curli [55], we
confirmed that the AfliC' csgA::kan mutant does not
produce curli (Fig.S4a). We then observed aggregates
of the mutant grown in M9 (glc+a.a.) and starved
in PBS (“AfliC' csgA::kan starvation” in TableII) and
found bundle clusters in most wells (TableII, Fig.S4b
and Movie 11). These indicate that curli may not be the
main depetant, at least not the only one, for the bundle
formation upon starvation that we observe.

Next, we investigated the influence of OMVs. If OVMs
are main depletants, a significant amount of OVMs need
to be released in the medium. Since OVMs are produced
by cells, their density is expected to be higher inside
bundle clusters, between individual bundles (region be-
tween dashed rectangles in the sketch of Fig. 2b(ii)). We
attempted to inspect this, by staining cell membranes
and OVMs with FM 4-64 dye, which selectively label
hydrophobic cell membranes including OMVs [56, 57]
(Fig.S5). By using the W3110 AfliC' intS::venus-kan
mutant (“AfliC' (venus) mutant” in TableI), the cell
bodies were also visualized by the fluorescent protein
Venus. We observed aggregates of this strain grown in
M9(glc.+a.a.) and starved in PBS (“AfliC (venus) star-
vation” in TableII). However, the results in Fig. S5 did
not show an appreciable amount of OVMs in the medium,
even between individual bundles inside clusters (compare
the fluorescence intensities of Venus and FM 4-64). This
suggests that OMVs may not be the main depletant that
triggers the bundle formation.

As another test, we attempted to induce bundle forma-
tion by promoting the secretion of OMVs by antibiotics,
instead of starvation. Specifically, we used polymyxin B,
known to increase the OMV secretion by several times to
tenfold at sub-minimum inhibitory concentrations (sub-
MIC) [58]. We cultured the AfliC’ mutant in growth
medium (either M9(glc.4a.a.) or LB) containing sub-
MIC polymyxin B for long time, without starvation, but
no bundle clusters were observed at all (“AfliC growth
(PMB)” and “AfliC growth (LB, PMB)” in TableII,
Fig. S6a,b and Movies 12 and 13).

We also attempted to induce the bundle formation by
an external addition of a standard depletant, namely xan-
than gum, an extracellular polysaccharide produced by
Xanthomonas campestris [59], which was used in the lit-
erature to introduce depletion attraction between cells
[14]. Following Refs. [60, 61], we supplemented xan-
than gum to medium, at a concentration sufficient to

reproduce the viscosity due to EPS secreted by E. coli.
We observed aggregates of the AfliC’ mutant grown in
M9(glc.+a.a.) (“AfliC' growth (xanthan)” in TableII).
In the early stage while the cell density was low, we ob-
served a few small bundles containing 2-3 cells that seem
to be induced by the depletion attraction (see Movie 14).
However, the small bundles immediately disappeared af-
terward, and no bundle formation was finally realized in
any of the observed wells (TableII and Fig.S6c). An
interpretation of these observations under growth condi-
tions with depletants will be given in the next subsection.

Our series of experiments suggest that, while deple-
tion attraction via EPS seems to contribute significantly
to the bundle formation upon starvation, the presence
of depletant solely is not sufficient to induce the bundle
formation.

D. The relevance of growth arrest

Now we consider the possibility that the arrest of cell
growth by nutrient starvation may also have a significant
effect on the bundle formation. We hypothesize that,
even if a sufficient amount of depletants are diffused be-
tween cells, perturbations due to cell elongation and divi-
sion may overcome the depletion attraction and prevent
bundle formation.

To test this hypothesis, we attempted to switch back
from the non-nutritious to nutritious conditions, after
bundle clusters were formed upon starvation. Specif-
ically, we first prepared bundle clusters of the AfliC,
grown in M9(glc.4+a.a.) and starved in PBS, as in the
AfliC starvation, then resumed cell growth by switching
it back to M9(glc.4a.a.) (“AfliC starvation-recovery” in
TableIT; Fig. 5a and Movie 15). We measured the time
evolution of the bundle order parameter in three inde-
pendent wells, as well as the total size of aggregates in
those wells (Fig. 5b). During the starvation stage (PBS),
the bundle order parameter increased, and the total ag-
gregate size slows down after a lag time (red dotted line).
Then, after the growth condition was recovered, the ag-
gregate size started to grow again, while the smectic-like
bundles were destroyed and the bundle order parame-
ter decreased. Therefore, not only the depletion attrac-
tion induced by EPS but also growth arrest is necessary
for the bundle formation we observed. This may also
be the reason why bundle clusters were not formed in
the aforementioned AfliC' growth (PMB), AfliC' growth
(LB, PMB), and AfliC growth (xanthan) experiments,
where an increased amount of depletants was present but
growth was not arrested.

III. CONCLUSIONS

In this study, using the EMPS we developed previously,
we realized observations of planktonic aggregates of non-
motile E. coli under time-dependent starving conditions.
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FIG. 5. Investigation of the relevance of cellular growth arrest. (a) Observations of the AfliC mutant grown in M9(glc+a.a.),
starved in PBS, then grown again in M9(glc+a.a.). ' = 0 is the time at which the environment was switched to PBS, and
the switch back to M9(glc+a.a.) was at ' = 180min. The well diameter ¢ is 150 um. Bundle clusters were observed in 25
out of 27 wells with various diameters recorded in a single experiment (AfliC' starvation-recovery in TableIT). Those bundles
were destroyed after the recovery of cell growth by M9(glc+a.a.) in all wells. The displayed snapshots were taken from the
same position. See also Movie 15. (b) The spatially-averaged bundle order parameter over the region where aggregates exist,
(Sg), in the AfliC starvation-recovery experiment. Each time series represents the data in a separate well (¢ = 230 um). The
observation shown in (a) and Movie 15 corresponds to the blue curve. The definition of the errors (shades) is the same as
that for Fig. 3d. We also plot the aggregation size, summed over the three wells (red dotted line). The displayed error for the
aggregation size is the sum of the errors of the individual aggregate sizes. The error of each aggregate size was estimated to
be the aggregate perimeter x 5 pixels (~ 0.85 um), which we consider to be the range of uncertainty in the edge location of
the segmented region. The sudden decrease of the total aggregation size may be because of a weak hydrodynamic disturbance

caused by the medium switch.

We discovered that nutrient starvation altered the struc-
ture of aggregates, resulting in the appearance of smectic-
like bundle clusters, where cells arranged themselves next
to each other along their short axis. By utilizing the deep
learning method, we successfully quantified the degree of
smectic order of the bundle clusters. We revealed that
EPS produced by cells is involved in the bundle forma-
tion, by showing that comprehensive reduction of EPS
secretion prevented the bundle formation. We also found
that the smectic-like bundles were destroyed by resump-
tion of growth after recovery of nutrients. Our results
indicate that both the depletion attraction via EPS and
growth arrest of cells are relevant to the bundle formation
we observed.

Further investigation is required for elucidating what
specific substances are most relevant to the depletion at-
traction involved. In this work, we inspected two specific
substances, curli and OMVs, but could not determine
their relevance conclusively. We also remark that it is
probably difficult to validate the relevance of OMVs by
inhibition, because complete inhibition of OMVs seems
to be unrealistic for living cells. It is worthwhile to vi-
sualize spatial distribution of OMVs in the presence of
bundle clusters, by selectively labeling OMVs with, e.g.,
curvature-sensing peptides [62]. In the literature, it is
also known that changes in cell surface conditions may
also affect the formation of similar bundle clusters. For P.
aeruginosa populations, it was observed that decreasing
the hydrophobicity of O-specific antigen on the cell sur-
face resulted in the reduction of the hydrophobic attrac-

tion between cells, which facilitated the bundle formation
by polymers added in the environment [40]. In the case
of E. coli, it was reported that cells in the stationary
phase develop heterogeneous charge distribution on the
outer membranes, reducing the electrostatic repulsions
between cells and surfaces [63]. It may also be important
to seek for the possible existence of unidentified processes
underlying the bundle formation we observed. We also
note the apparent similarity to the rouleaux formation of
red blood cells [64].

The physiological significance of the bundle formation
needs to be investigated in future. For the case of the
nematic ordering of anisotropic cells, previous studies
[65, 66] proposed its effect on the diffusion efficiency of
small molecules, such as nutrients and signal molecules
produced by cells, in the intercellular gaps. Specifically,
in the case of dense E. coli populations, it has been exper-
imentally suggested that the transport efficiency along
the director of the nematic order can be enhanced [66].
It may be interesting to consider an analogous effect in
the presence of the smectic order as we observed in this
work. If the bundle formation is beneficial for, e.g., an
uptake of nutrients from the external environment under
starvation, our finding may be a behavioral adaptation
of bacterial populations.

Finally, our findings may also be relevant to other bac-
teria, because the elevated EPS secretion and the growth
arrest by starvation are not unique to E. coli. Further
elucidation of the mechanism of the bundle formation
and its biological significance is an important future task,



which may also contribute to understanding the physical
mechanisms underlying biofilm development.

IV. MATERIALS AND METHODS

A. Strains and culture media

We used a wild-type (WT) E. coli strain W3110 and
mutant strains W3110 AfliC, W3110 flu::kan, W3110
AfliC csgA::kan, and W3110 AfliC insS::venus-kan (see
TableI for the strain names and their genotypes). We
used the AfliC mutant prepared in Ref. [67]. By P1
transduction, the genes flu::kan and csgA::kan were
transferred to the WT and the AfliC mutant, respec-
tively, from the Keio collection of E. coli through Na-
tional BioResource Project (NBRP) of National Institute
of Genetics, Japan. Concerning the strain AfliC' (venus)
mutant, we used a strain that was previously prepared by
a method similar to that in Ref. [68]. The protein Venus
was developed in Ref. [36] and provided by the RIKEN
BRC through NBRP of the MEXT/AMED, Japan.

TableIl is a list of the experiments conducted in this
study. The media we mainly used were M9(glc.+a.a.)
(glucose 0.2 wt% and MEM Amino Acids solution
(M5550, Sigma) 1 wt% in the M9 medium), LB broth
(tryptone 1 wt%, sodium chloride 1 wt% and Yeast ex-
tract 0.5 wt%), and the phosphate-buffered saline (PBS).

B. Evaluation of the loss of curli by congo red

We verified the loss of curli in the AfliC' csgA::kan
mutant as follows. We first inoculated the strain from
a glycerol stock into 2ml LB in a test tube and shook
it overnight at 37°C. We then inoculated 10 ul of the
incubated suspension to an LB agar containing 25 pug/ml
of congo red, by an inoculation loop. We then ob-
tained colony images of the AfliC mutant and the AfliC
csgA::kan mutant, confirming the absence of dye fluo-

rescence from the latter mutant, due to the loss of curli
(Fig. S4a).

C. Time-lapse observations

Time-lapse observations were conducted by using the
extensive microperfusion system (EMPS) previously de-
veloped by us and coworkers [29]. We fabricated
11 pm deep circular wells with varying diameter ¢ =
110, 150, 230, 330 pm on a coverslip (Fig. 1a). After intro-
ducing cell suspension, these wells were covered by a rigid
porous membrane, attached by biotin-streptavidin bond-
ing. The porous membrane is a bilayer of a streptavidin-
decorated cellulose membrane (Spectra/Por 7, Repligen,
Waltham, MA, molecular weight cut-off 25,000) and a
biotin-decorated PET membrane (taken from Transwell
3450, Corning, NY, nominal pore size 0.4pum). See

Ref. [29] for more details on the fabrication process of
the EMPS.

To prepare bacterial suspensions, we first inoculated
the strain from a glycerol stock into 2ml fresh medium
in a test tube and shook it overnight at 37 °C. We used
either M9(glc+a.a.) or LB broth, chosen accordingly to
the growth medium used in the main experiment (see
TableII). We then transferred 20 ul of the incubated sus-
pension to 2ml fresh medium (the same medium as that
used in the main observation) and cultured it until the
optical density (OD) at 600 nm wavelength reached 0.1-
0.5. The cell suspension was finally diluted to OD = 0.05
before the inoculation on the substrate.

The device was placed on the microscope stage, in the
incubation box maintained at 37°C (Fig. 1b). We used
a Leica DMi8 microscope equipped with a 63x (N.A.
1.30) oil immersion objective lens and operated by Leica
LasX. A syringe filled with the nutritious medium was
connected to the device, and another syringe filled with
non-nutritious buffer was also connected via a three-way
junction with check valves when observing the starva-
tion response. Each syringe was set to a syringe pump
(NE-1000, New Era Pump Systems). To fill the device
with the nutritious medium, we first injected the medium
stored at 37°C at the rate of 60ml/hr for 5min. Dur-
ing the observation, first the nutritious medium was con-
stantly supplied at the rate of 2ml/hr (flow speed ap-
proximately 0.2mm/sec above the membrane). When
changing the environment, the syringe pump for the nu-
tritious medium was stopped, and the other pump for
the non-nutritious buffer was turned on to replace the
medium inside the device. The flow rate was set to be
60 ml/hr for the first 5min, then returned to 2ml/hr.

Throughout the experiment, the device was always
in the microscope incubation box, maintained at 37 °C.
Cells were observed by phase-contrast microscopy focus-
ing near the bottom of the wells and recorded at the time
interval of 2min. Images were taken from several wells
(stated in the figure captions and Table II) in each exper-
iment. The fraction of the wells showing bundle clusters
presented in Tablell is based on visual assessment.

D. Fluorescence labeling of cellular membranes by
FM 4-64

For the observation shown in Fig. lc and Fig. S5, we
first inoculated the strain from a glycerol stock into 2 ml
M9(Glc+a.a.) in a test tube and shook it overnight at
37°C. We transferred 20 pl of the incubated suspension
to 2ml fresh M9(Glc+a.a.) and cultured it until OD
reached 0.1-0.5. The cell suspension was finally diluted
to OD = 0.05 before the inoculation on the device sub-
strate.

Preparation of the device and the microscope, and in-
duction of nutrient starvation were conducted similarly
as for the time-lapse observations. 150 min after the on-
set of starvation, when smectic-like bundle clusters ap-



TABLE 1. E. coli strains used in this study.

Strains Genotypes Characteristics

WT The wild-type of W3110

fluz:kan mutant W3110 flu::kan no Ag43

AfliC mutant W3110 AfiiC no flagella

AfliC csgA::kan mutant | W3110 AfliC csgA::kan no flagella nor curli

AfliC (venus) mutant |W3110 AfliC intS::venus-kan |no flagella, expressing the fluorescent protein Venus

TABLE II. List of measurements in this study. The column “Bundle fraction” indicates the fraction of the wells where the
bundle formation was observed, showing the number of such wells as the numerator and the total number of the monitored

wells as the denominator.

Measurement [Strains [Conditions [Bundle fraction[Note
WT growth WT M9(glcta.a.) Fig. Sla, Movie 1
flu::kan growth Sflu::kan M9(glc+a.a.) Fig. S1b, Movie 2
AfliC growth AfliC M9(glc+a.a.) Fig. Slc, Movie 3
AfliC starvation AfliC M9(gleta.a.) — PBS 30/30 Fig. 2a,b, Movie 4
AfliC (venus) starvation |AfliC (venus) |M9(glcta.a.) — PBS Fig. 2c, Fig. Sb
for fluorescence imaging
AfliC starvation (LB) AfliC LB — PBS 23/30 Fig. 2d, Movie 7
WT starvation WT M9(glc+a.a.) — PBS 15/18 Fig. 2e, Movie 8
expressing flagella
AfliC starvation (BisBAL)|AfliC M9(glc+a.a.) + 2 uM BisBAL 14/30 Fig. 4, Movies 9 and 10
#1 — PBS + 2 M BisBAL reducing EPS production
AfliC starvation (BisBAL) |[AfliC M9(glcta.a.) + 2 uM BisBAL 4/13 technical replicate
) — PBS + 2 M BisBAL
AfliC csgA::kan starvation | AfliC csgA::kan|M9(glct+a.a.) — PBS 15/19 Fig. S4, Movie 11
deleting curli
AfliC growth (PMB) AfliC M9(glc+a.a.) 0/6 Fig. S6a, Movie 12
+ 250 ng/ml polymyxin B promoting OMVs production
AfliC growth (LB, PMB) [AfliC LB + 250 ng/ml polymyxin B 0/15 Fig. S6b, Movie 13
promoting OMVs production
AfliC growth (xanthan) |AfliC M9(Glc+a.a.) 0/6 Fig. S6¢c, Movie 14
+ 0.03 wt% xanthan gum
AfliC starvation-recovery |AfliC M9(Glc+a.a.) 25/27 Fig. 5, Movie 15
— PBS — M9(Glc+a.a.)

peared, PBS containing 5 ug/ml of FM 4-64 was intro-
duced. The medium flow was set to be 60ml/hr for the
first 5min and left for 10 min without flow to stain cel-
lular membranes. We then washed unbound FM 4-64 by
supplying PBS without FM 4-64 at the rate of 60 ml/hr
for 3min, stopped the flow, and obtained fluorescence
images.

E. Image analysis

We employed image analysis to evaluate the smectic
order of bundle clusters, in terms of the bundle order
parameter Sg [Eq. (1)] as follows. The entire pipeline of
the image analysis is illustrated in Fig. S2.

First we detected the regions where planktonic ag-
gregates existed. We utilized the deep neural network,
U-Net [38], to automate this process. For training and
evaluating the model, we extracted 144 frames from all
experiments at approximately constant time intervals.
Each image consists of 648 x 483 pixels, with pixel size
~ 0.18 um. To prepare the teacher label, the target re-

gion was manually annotated by using painting software.
We also performed data augmentation through the hori-
zontal and /or vertical flip and separated the data into five
groups for cross-validation. After normalizing the image
intensity distribution by contrast limited adaptive his-
togram equalization (CLAHE), U-Net was trained using
the binary cross entropy loss. The segmentation accuracy
of the trained model, evaluated by the Dice similarity co-
efficient (DSC), was 0.577.

We then detected the two orientation fields, namely
the density correlation director R and the cell orientation
NN, separately. For R, we employed the structure tensor
method [37]. We calculated the structure tensor J(r) at
a given pixel r = (z,y) by

with the image intensity I(z,y), Al = I(x + 1,y) —
Iz — 1,y), AJ = I(z,y +1) — I(z,y — 1), and
[9:hlr = D2 yyerore 9@ y)R(y) 7 (2", y"). The
summation is taken over the region of interest ROIL.,



which is a square of size £ =~ 7.2um (40 pixels) cen-
tered at v, and fZ(z',y’) is the Gaussian kernel defined

by f2(z',y') = exp P%

(10 pixels). Then R(r) is given by the eigenvector of J(r)
associated with the smallest eigenvalue.

} with o ~ 1.8 um

For the cell orientation IN, we employed the U-Net
again. To obtain the teacher label, we manually anno-
tated the long axis of cells by painting black straight
lines (see Fig.S2). We then calculated the structure
tensor from the painted images to acquire the ground
truth of the cell orientation, N = +(cos,sint)) with
(=7/2 < ¢ < 7/2). The U-Net was trained to predict
N = £(cost,sin®y) for each pixel in the CLAHE pro-
cessed image, with the following nematic L2 loss func-
tion:

2 (¥, 9) = min(|e =, |7 — [ = D|)% (3)

During training, the loss function was evaluated only in
the regions with planktonic aggregates obtained by the
segmentation model. The nematic L2 loss was then spa-
tially averaged over all regions with planktonic cells, and
the mini batch training with batch size 8 was carried out.
The angle measurement accuracy of the trained model,
evaluated by the mean absolute error of v, was +20.9°.
Using the predicted N, we also evaluated the nematic
order parameter by

Sn(r) = (sin 2¢>%{01£ + (cos 21/))%{011;1, (4)

where (-)rore denotes the spatial average within ROL.

Finally, using all these data, we calculated the bun-
dle order parameter Sp [Eq. (1)] for each pixel (see also
Fig.S2). We obtained the spatially-averaged bundle or-
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der parameter (Sg) over the regions with planktonic ag-
gregates, detected by the segmentation model. The mean
absolute error of (Sg) per image was +0.013 and shown
as the shaded bands in the figures.
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FIG. S1. Aggregation processes of planktonic E. coli cells in steady growth environments. (a) Populations of the wild-type
W3110 (WT) in a well (diameter ¢ = 110 pm) cultured with M9(glc+a.a.) for 500min since the observation was started.
Initially there were 5 cells in the well. The appearance of chains and aggregates was confirmed in all 30 wells of various
diameters recorded in a single experiment (WT growth in TableII). See also Movie 1. (b) Aggregates of the flu::kan mutant
(without Ag43 expression), in a well (¢ = 150 pm) cultured with M9(glc+a.a.) for 600 min since the observation was started.
Initially there were 10 isolated cells in the well. No chain formation was observed in 23 out of 28 wells with various diameters
recorded in a single experiment (flu::kan growth in TableII). In the other 5 wells, chain formation was observed, which may be
due to flagella as mentioned below. In this image, cells adhering to the substrate (slightly out of the focus) can be seen. See also
Movie 2. (¢) An aggregation process of the AfliC mutant (without flagella) in a well (¢ = 110 pm) cultured with M9(glc+a.a.).
t = 0 is the time at which the observation was started. Initially there were 8 cells in the well. No chain formation was observed
in 28 out of 30 wells with various diameters recorded in a single experiment (AfliC' growth in TableII). In the other 2 wells,
chain formation was observed. This suggests that both flagella and Ag43 are important for chain formation, though they can
sometimes complement each other. While the adhesion of cells to the substrate was found in 27 out of 30 wells for the WT
and in 23 out of 28 wells for the flu::kan mutant, this happened only in 8 out of 30 wells for the AfliC mutant. See also
Movie 3. (d) Time evolution of the aggregate size of the AfliC' mutant. Each time series represents the data in a separate well
(¢ = 110 pm). The error was estimated to be the perimeter x 5 pixels (~ 0.85 um), which we considered to be the range of
uncertainty in manual detection of the edge of the regions. From the slope of the semi-log plot, we evaluated the growth rate
at 0.009(3) min~*.
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FIG. S2. The entire pipeline of the image analysis. A deep neural network, namely the U-Net, was employed in two places,
specifically for the segmentation of the regions with planktonic aggregates and for the estimation of the cell orientation IN.
Note that entire images were given as the input of the U-Net for estimating IN while the figure shows a small part of the images
for visibility. See also Materials and Methods in the main text for details.
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FIG. S3. Cell orientation IN, density correlation director R, and the bundle order parameter Sg, overlaid on the microscope
images. These are the results for the AfliC’ mutant grown in M9(glc+a.a.) and starved in PBS (AfliC starvation in TableII).
N and R are perpendicular if bundles are formed. The spatially-averaged bundle order parameter is shown in Fig. 3d by the
purple curve. See also Movies 5 and 6.



FIG. S4. Investigation of the relevance of curli to the bundle formation. (a) Confirmation of the loss of curli in the AfliC
c¢sgA::kan mutant, by congo red. This dye selectively stains amyloid fibers including curli, as confirmed for the AfliC strain
(left). No signal was detected for the AfliC' csgA::kan strain (right). (b) Starvation response of the AfliC' csgA::kan mutant
grown in M9(glc+a.a.) and starved in PBS. Bundle clusters are indicated by the dashed rectangles. The well diameter ¢ is
230 um. t' = 0 is the time at which the environment was switched. The bundle formation was observed in 15 out of 19 wells
with various diameters recorded in a single experiment (AfliC' csgA::kan starvation in TableII). See also Movie 11.

t' = 150 min

FIG. S5. Multi-channel observation of the bundle formation of the AfliC' (venus) mutant, 150 min after the environment was
switched from M9(glc+a.a.) to PBS. (a) Phase-contrast image. (b) Venus fluorescence image, which visualizes the entire cell
bodies. (c) FM 4-64 fluorescence image, which visualizes the cell membranes and OMVs.
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FIG. S6. Steady growth measurements intended to test the relevance of depletion attraction. ¢ = 0 is the time at which the
observation was started. (a) Observation of the AfliC mutant grown in M9(glc+a.a.) with 250 ng/ml polymyxin B. The well
diameter ¢ is 230 um. Bundle clusters were not observed in all 6 wells with various diameters recorded in a single experiment
(AfliC starvation (PMB) in TablelI). See also Movie 12. (b) Observation of the AfliC’ mutant grown in LB with 250 ng/ml
polymyxin B. The well diameter ¢ is 110 pum. Bundle clusters were not observed in all 15 wells with various diameters recorded
in a single experiment (AfliC starvation (LB, PMB) in TableII). See also Movie 13. (c) Observation of the AfliC’ mutant
grown in M9(glcta.a.) with 0.03wt% xanthan gum. The well diameter ¢ is 150 pum. Bundle clusters were not observed in all
6 wells with various diameters recorded in a single experiment (AfliC' starvation (xanthan) in TableII). See also Movie 14.



MOVIE DESCRIPTIONS

Movie 1:

Growth of the wild-type W3110 (WT) in M9(glc.+a.a.). The diameter of the well is 110 um. The movie is played
1200 times faster than the real speed.

Movie 2:

Growth of the flu::kan mutant in M9(glc.+a.a.). The diameter of the well is 150 pm. The movie is played 1200 times
faster than the real speed.

Movie 3:

Growth of the AfliC’' mutant in M9(glc.+a.a.). The diameter of the well is 110 gm. The movie is played 1200 times
faster than the real speed.

Movie 4:

Starvation response of the AfliC' mutant. The environment was switched from M9(glc.+a.a.) to PBS at ¢ = 480 min.
The diameter of the well is 150 yum. The movie is played 1200 times faster than the real speed.

Movie 5:

The density correlation director R (top) and the cell orientation N (bottom) overlaid on Movie 4. The pseudo-color
indicates the angle (see Fig. 3b, Fig. S2 or Fig. S3 for the definition). IN and R are perpendicular in the regions where
smectic-like bundles are formed.

Movie 6:

The bundle order parameter Sy overlaid on Movie 4. The pseudo-color indicates the value of the bundle order
parameter. See Fig. 3c for the color bar.

Movie 7:

Starvation response of the AfliC mutant. The environment was switched from LB to PBS at ¢t = 225min. The
diameter of the well is 110 pgm. The movie is played 1200 times faster than the real speed.

Movie 8:

Starvation response of the wild-type W3110 (WT). The environment was switched from M9(glc.+a.a.) to PBS at
t = 480 min. The diameter of the well is 150 pm. The movie is played 1200 times faster than the real speed.

Movie 9:

Starvation response of the AfliC mutant, grown in M9(gle.+a.a.) + 2uM BisBAL and starved in PBS + 2uM
BisBAL. Bundles did not appear in this movie. The environment was switched at ¢ = 480 min. The diameter of the
well is 150 gm. The movie is played 1200 times faster than the real speed.

Movie 10:

Starvation response of the AfliC' mutant), grown in M9(glc.+a.a.) + 2uM BisBAL and starved in PBS + 2uM
BisBAL. Bundles appeared in this movie. The environment was switched at ¢ = 480 min. The diameter of the well is
150 um. The movie is played 1200 times faster than the real speed.

Movie 11:

Starvation response of the AfliC ¢sgA::kan mutant. The environment was switched from M9(glc.+a.a.) to PBS at
t = 480 min. The diameter of the well is 230 um. The movie is played 1200 times faster than the real speed.

Movie 12:

Growth of the AfliC’ mutant in M9(glc+a.a.) + 250ng/ml polymyxin B. The diameter of the well is 230 yum. The
movie is played 1200 times faster than the real speed.

Movie 13:

Growth of the AfliC mutant in LB + 250 ng/ml polymyxin B. The diameter of the well is 230 ym. The movie is
played 1200 times faster than the real speed.

Movie 14:

Growth of the AfliC’ mutant in M9(Glc+a.a.) + 0.03 wt% xanthan gum. The diameter of the well is 150 pm. The
movie is played 1200 times faster than the real speed.

Movie 15:

Response against starvation and growth recovery of the AfliC mutant. The environment was switched from
M9(glc.+a.a.) to PBS at ¢ = 480 min, and from PBS to M9(glc.+a.a.) at ¢t = 660min. The diameter of the
well is 230 gm. The movie is played 1200 times faster than the real speed.



