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Elucidating elementary mechanisms that underlie bacterial diversity is central to
ecology"?and microbiome research®. Bacteria are known to coexist by metabolic
specialization*, cooperation® and cyclic warfare® 8. Many species are also motile®,
which is studied in terms of mechanism'®", benefit*", strategy

14,15 16,17

,evolution'" and

ecology™”. Indeed, bacteria often compete for nutrient patches that become
available periodically or by random disturbances*?*?'. However, the role of bacterial
motility in coexistence remains unexplored experimentally. Here we show that—for
mixed bacterial populations that colonize nutrient patches—either population
outcompetes the other when low in relative abundance. This inversion of the
competitive hierarchy is caused by active segregation and spatial exclusion within the
patch: asmall fast-moving population can outcompete a large fast-growing
population by impeding its migration into the patch, while a small fast-growing
population can outcompete a large fast-moving population by expelling it from the
initial contact area. The resulting spatial segregation is lost for weak growth-
migration trade-offs and alack of virgin space, but is robust to population ratio,
density and chemotactic ability, and is observed in both laboratory and wild strains.
These findings show that motility differences and their trade-offs with growth are
sufficient to promote diversity, and suggest previously undescribed roles for motility
inniche formation and collective expulsion-containment strategies beyond
individual search and survival.

Tostudy therole of spatial exploration in bacterial coexistence, we grew
mixed populationsin soft gels or liquid cultures. Bacteria can actively
spread through low-density agar gels by their motility’, whereas they
aredispersed passively throughout liquid cultures by shaking. Two wild
Escherichia colistrains Aand Bisolated from faecal samples of asingle
host?? (a cohabitant pair) that could be transformed with plasmids car-
rying YFP and CFP markers, were mixed in different ratios R,and then
inoculatedinashaken flask or asaspotinasoft-agar gel (35 mmindiam-
eter,around 4 mmhigh) (Fig.1a). After agrowth period of 2.5-4 days at
33.5°C, thefold changeinthe population ratio (R=A/B) was quantified
by plating the strains on hard agar and counting the number of colony-
forming units, after first dissolving the entire gel and its contentsinto
fresh medium. In the shaken flasks, we found that R increased about
1,000-fold. This competitive advantage of A was independent of R,
(Fig.1b), as expected for strains that grow independently. By contrast,
the gel experiments showed a notable dependence: R increased (fold
change >1) at low R,,, while R decreased (fold change <1) at high R,
(Fig. 1c). In other words, A was found to outcompete B when A was
initially low in relative abundance, whereas B outcompeted A when B
was initially low in relative abundance.

Selection that depends negatively on population frequency, as
observed here (Fig.1c), is considered key to coexistence'?. When such
negative selection functions fail to cross the R fold change =1line, one

populationisstilloutcompeted at all initial frequencies and thus driven
to extinction (Fig.1d). Stable coexistence is therefore defined strictly
by aninversion in competitive hierarchy?***: both populations must
be able to outcompete the other when low in frequency. The popula-
tions are then driven to a fixed point at which both coexist (Fig. 1d).
Such a hierarchy inversion is observed for A and B in the gel environ-
ment (Fig. 1c). Other wild cohabitant pairs and gels with a different
medium also showed negative selection functions and hierarchy inver-
sion (Extended Data Fig.1).

Toinvestigate the underlying causes of hierarchy inversionin static
gels, we developed a method to quantify spatial population distribu-
tions, based on calibrated tile-scan fluorescence microscopy (Extended
Data Fig. 2). When inoculated individually as monocultures, A and
B spread through the entire gel within 4 days (Fig. 2a). By contrast,
wheninoculated as amixed culture (R,=1), Anow remained confined
to asmall proximal area around the point of inoculation (diameter of
approximately 5.6 mm), while B was observed only in the distal gel
regionoutside theareaoccupiedby A, at the gel periphery (Fig.2a). The
initially mixed A and B populations thus excluded each other spatially:
the presence of Aled to the displacement of the B population from the
proximalregion, while Bimpeded the spread of the A populationto the
distal region (Fig. 2a). Consistently, other strain pairs that exhibited
negative selection functions (three out of five pairs) also showed such
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Fig.1|Inversion of competition hierarchy for cohabitant wildisolates.

a, Twowild strains, Aand B, were isolated from asingle host??, labelled with YFP
and CFP,and inoculated atinitial ratio R or R,=A,/B,into a well-mixed (shaken
flask) or non-mixed (soft-agar plate) environment. Final ratio (R,=A,/B;) was
quantified by colony counting.b, ¢, Selection curves: ratio fold change

(R\/R,) against R,. In the well-mixed environment, A always outcompetes B (b).
Inthe non-mixed habitat, Aoutcompetes B atlow R, while Boutcompetes Aat
high R,, indicating a hierarchy inversion (c). d, Hierarchy inversion and stable
coexistence. Left, selection curve without (top curve) or with hierarchy
inversion (bottom curve crosses the R=1line).Right, corresponding temporal
development of R, for repeated cycles of growth (arrows) followed by
populationbottlenecks. Starting population at low (purple) or high (green)
initial ratio. No hierarchy inversion: Awins consistently, resulting in extinction
of B(dashed arrows all point to the rightin the left panel). With hierarchy
inversion: Awinsatlow R,and low A, (solid arrows point to theright), while B
wins at high R, and low B, (solid arrows point to the left), thus driving the
populationsto anequilibriumratio thatisindependent of R, (right panel),
ahallmark of stable coexistence.

reciprocal spatial exclusion (Extended Data Fig.1). Inoculation around
the geledgeratherthaninthe centreinverted the pattern: Bnow occu-
pied the gel centre and A the periphery (Extended Data Fig. 3a). Thus,
B was consistently excluded fromaregion proximal to the inoculation
area, and A from a region distal to the inoculation area.

Bacterial populations have been shown to inhibit each other by
secreting antibiotics®, and can also interact using metabolites®,
chemotactic cues® and quorum sensing®. Theory suggests that cycli-
calinhibitory interactions between motile strains can segregate mixed
populations in uniform environments®’. Most strains were indeed
motile and chemotactic (80% of isolates) (Extended Data Fig. 3b).
However, tests for secreted compounds that inhibit cell growth were
negative (Extended DataFig. 4). The observed segregation also differs
from sectoringin closely packed bacterial colonies on hard-agar gels?”
and in biofilms®. However, we noticed a pattern in measured growth
and migration propensities for the segregating strain pairs:ifone had a
growthadvantage, thenthe other typically had amigration advantage
(Fig.2b).One pairlacked such agrowth-migration trade-offandindeed
did not display reciprocal spatial exclusion (Fig.2b and Extended Data
Fig.1). Another pair appeared inconsistent with this simple pattern, by
showing a trade-off but no spatial exclusion, although the migration
rates were nearly identical and hence the trade-off was weak (Fig. 2b
and Extended Data Fig.1).

Totest whether growth-migration trade-offs havearolein segrega-
tion, weengineered E. colilaboratory strains with altered migration and
growth propensities, by replacing the chemotaxis regulator cheY with
aninducible constitutively active variant, and by introducing plasmids
that conferred growth penalties. Spatial exclusion was absent or weak
when migration and growth propensities were similar (Fig. 2c, g). We
did observe distal (peripheral), but not proximal (central) exclusion

when migration differed but growth was similar (Fig. 2d, g). Distal and
proximal (reciprocal) exclusion was observed when growth and migra-
tion both differed and exhibited a trade-off (Fig. 2e, g). Thus, strains
that wereidentical except for the migration and growth modifications
excluded each other, indicating that specificinteractions such as toxin
secretion were not required.

Examination of the colonization dynamics revealed that unexpected
collective strategies occurred under the growth-migration trade-offs.
We measured the distributions of the wild strains A and B over time
(Fig. 3a) and found them to be strikingly similar to predictions by a
Keller-Segel*® bacterial motility model (Fig. 3b). Notably, we extended
the latter with Monod growth, nutrient consumption and diffusion,
and used only independently measured growth rates and migration
speeds from monocultures as input, with no additional fitted param-
eters. This Monod-Keller-Segel (MKS) model accurately predicted
key qualitative features of the data, while quantitative aspects such as
exact sizes of occupied territories differed (Extended Data Fig. S5e-1).
This analysis shows how a shared nutrient pool can lead to indirect
inhibitory interactions that drive spatial exclusion.

Ontheone hand, fast movers constrain slow movers within the proxi-
mal region. By consuming all local nutrients at the colony edge and
those flowing inwards from the distal region, the former can block the
nutrient influx to the proximal region. This cut-off of nutrient supply
iscompleted ataround 1.6 days, abruptly arresting growth of the slow
movers (Fig. 3¢) and impeding their migration (Fig. 3d), after which the
fast movers capture the distal territory without competition (Fig.3a, b).
Onthe other hand, slow movers (yet fast growers) can win the proximal
territory by dominating nutrient consumption there until the cut-off
occurs and therefore limit the proximal population growth of faster
movers (yet slow growers) (Fig. 3a—c). Furthermore, by rapidly deplet-
ing nutrients, they accelerate the formation of nutrient gradients that
stimulate the departure of their fast-moving competitors from the
proximal region (Extended Data Fig. 6a).

Several other aspects of thismechanismare notable. First, itinvolves
two (co)migrating population fronts. A priori, both can reach the gel
edge albeit at different times. The lagging population can then dom-
inate everywhere by growing faster. Here we find that fast-moving
fronts readily arrest migration of slower-moving ones and thus pro-
mote coexistence. Second, how territory and competitionrelateis not
immediately intuitive: the strains competed better whenrare (Fig. 3f),
butthenseized smaller territories (Fig. 3e). These opposing trends are
notincompatible, however, as populations can achieve greater relative
growth when they are initially smaller and limited by carrying capac-
ity, even when their territory shrinks. Third, the segregation itself is
very robust. Note that the initial frequency of fast movers can be low
and will first decrease even further because of slow growth. However,
despite being outnumbered by several orders of magnitude, they can
still contain their fast-growing competitors by forming a thin encap-
sulating shell (Fig. 3e, f). Overall, effective niches are thus formed in
which both populations can re-establish when rare and can therefore
coexist. In contrast to classic pre-existing spatial niches*, however,
here the niches emerge from reciprocal interactions between strains
within aninitially uniform environment.

Ifthesereciprocalinteractions indeed stabilize mixed populations,
thenshifting their balance should drive subpopulations to altered equi-
libria orevenextinction (Fig. 4a, b). The fast movers (yet slow growers)
should become increasingly deprived of their distal niche in smaller
gels or more generally when virgin space is lacking. Conversely, the
advantage of fast growers (yet slow movers) should diminish when
their proximal niche provides less growth headroom. Indeed, the MKS
modelindicated how coexistence can break down withlarge changesin
patchsize (Fig. 4c), inoculation density (Fig. 4d) and trade-off strength
(Fig.4e). Experimental tests indeed showed that fast movers lost their
ability to invade fast growers when inoculated across the entire gel
surface rather than in a spot, as there was no virgin space (Fig. 4f).
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Fig.2|Growth-migration trade-offs and spatial exclusion. a, Tile-scanned
fluorescence micrographs quantifying the spatial distributions of wild isolates
AandBinsoft-agar gels. Monocultures spread through the entire gel (35 mm
diameter). As co-cultures (R,=1), Aand Bspontaneously segregate: Ais
excluded distally (from the inoculum), Bis excluded proximally. Scale bar,
7.5mm. Gels contain glycerol minimal medium. b, Growth and migration in wild
strain pairs, indicating a trade-off. Growth is quantified in shaken medium by
optical density at 600 nm (ODy,,) at 7.5 h. Migration rate is quantified as speed
ofthe migrating front. Numbers, ECOR strainidentifiers. Solid lines,
cohabitant pairs showing agrowth-migration trade-off. Dashed lines, pairs not

Conversely, the fast growers showed a decrease in overall competi-
tive advantage when the growth headroom was reduced by inoculating
the strains at high total density (Fig. 4g) or when the trade-off weakens
by limiting the growth advantage of the fast-growing strain (Fig. 4h).

Coexistence was also robust to the mode of motility (Extended
Data Fig. 6), changes in patch and inoculation geometry (Extended
DataFigs. 5c,d, 7a-j), separate inoculation locations for both strains'
(Extended Data Fig. 7k-m) and the presence of additional strains
(Extended Data Fig. 5a, b). For instance, coexistence was similarly
observed for mixed cultures that were inoculated on the outside of
aspherical nutrient patch and thus migrated inwards (Extended Data
Fig. 7j). Also note that the motile but non-chemotactic, cheY-modi-
fied strains migrated collectively as a Fisher wave? and arrested the
migration of slower-moving strains (Fig. 2d). The ‘pushed’ nature® of
chemotactic waves is thus not essential for segregation and coexist-
ence. However, chemotaxis does offer competitive advantages through
improved spatial exclusion and invasibility (Extended Data Fig. 6e-j).
Exclusion was also not limited to within-species pairs asindicated by a
segregating E. coli-Salmonella pair (LAB1-LABS in Fig. 2f, g).

Finally, we wondered about the origins of the observed growth-
migration trade-off. Genome sequence analysis suggested a poten-
tially complex genetic basis, as more than 50 amino acid substitutions
were detected between strains A and B across multiple motility genes
(Extended Data Table 1). Three-dimensional single-cell tracking of all
wild isolates revealed large differences in swimming speed among
strains, which correlated well with their population migration speeds
(Fig. 2b and Extended Data Fig. 8). These data suggested a functional
basis for the trade-off: in contrast to other migration factors such
as chemotactic navigation, swimming requires the expression and
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showingatrade-off.Inband g, solid circles are global means, open circles are
defined in the Methods, ‘Statistics and reproducibility’. Medium: rich tryptone
broth. c-f, Competitionbetween strains with engineered growth (1) and
migration (v) rates. Monocultures (left and right) and mixed cultures (R,=1;
middle) indicated: no exclusion for weak or no differencesin g and v (c), one-
way exclusion for small differencein v only (d), two-way (reciprocal) exclusion
forsignificant trade-offbetweenpzandv (e, f). Scale bar, 7.5 mm. Medium:
minimal glycerol. g, Growth (in doublings (dbl) h™) and migration
quantification for engineered strains (c-f). Numbers are strainidentifiers, lines
indicate competing strains. Medium: minimal glycerol.

operation of a large propulsion machinery of flagella, and can there-
fore limit growth through metabolic costs. To further test thisidea, we
engineered strainstoindependently vary the expression of flagella. We
found that swimming speedsincreased while growth rates decreased as
the expression of flagellawasinduced (Extended DataFig. 9), whichis
indeed consistent witha cost-based motility-growth trade-off. Other
evidence of general growth-migration trade-offs amongbacteria has
previously been reported'**”*,

Motility has been a defining feature of bacteria since they were first
observed by van Leuwenhoek®, and has been studied extensively in
mechanistic terms’. Here we report that motility can have adirect role
inpromoting bacterial diversity. Key is the cyclic competitive coloniza-
tion of nutrient patches, which produces effective niches for strains
with different migration speeds and their associated growth trade-
offs, without requiring specific signalling or inhibition between cells.
The mechanism is not only reminiscent of competition-colonization
models that have been developed for plant ecosystems?**, in which
poor local competitors prevent extinction by better seed dispersal, but
also contains elements of overgrowth competition models applied to
biofilms?and plants®, in which one species physically covers another
to compete for light or other resource fluxes. Our findings raise new
questions regarding the role of community diversity in shaping selec-
tive pressures on motility, and may contribute to explaining the broad
range of bacterial motility phenotypes observed in nature. More gener-
ally, cycles of spatial competition for virgin territories are prevalentin
diverse ecosystems that undergo disturbances, such as host feeding
cycles, windfall, pathogen transmission, forest fires and changes in
climate, and have long been speculated to influence natural commu-
nities®. Therefore, motility-based mechanisms for coexistence akin
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dataathighinoculation density. Openbars, reference; seef. Solid bars,
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(panel d), fast mover (LAB1) now competes better. h, Competition data for
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to the one studied here may be broadly relevant for understanding
species diversity throughout nature.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Culture medium and growth conditions

For growth-migration experiments in minimal medium H1 (MMH]1)
(50 mM KPO,, 7.6 mM (NH,),SO,, 0.5 mM MgSO,, 1.25 uM Fe,(SO,);,
67 mM NaCl, 0.01% w/v thiamine, pH 7.0) soft-agar plates, pre-cultures
ofbacteriawere directly inoculated from glycerol stocks and grownin
2mltryptone broth (TB, 1% w/v tryptone and 0.5% w/v NaCl) at 30 °C,
250 rpm, supplemented with antibiotics (100 pg ml™ ampicillin and
34 pgml™ chloramphenicol) for approximately 8 h. Overnight cultures
were started by diluting pre-cultures 1:100 into 10 ml fresh MMH1 sup-
plemented with 0.1% v/v glycerol,amino acids (1 mM L-histidine,1mM
L-methionine, 1 mM L-leucine, 1 mM L-threonine and 100 puM L-aspar-
agine) and antibiotics, and grown overnight at 33.5 °C, 250 rpm. Day
cultures were started by diluting overnight cultures to an OD, of
5x107%in10 ml MMH1supplemented with glycerol, amino acids, anti-
biotics and inducers (100 uM isopropyl-p-D-1-thiogalactopyranoside
(IPTG) and 0.75 uM sodium salicylate) and grown at 33.5 °C, 250 rpm
until early-exponential phase (ODq,, of approximately 0.1). Bacterial
densities were adjusted to OD,,, = 0.01from day cultures. For competi-
tion experiments, strains were mixed 1:1or as indicated. Competition
medium consisted of MMH1 supplemented with glycerol, amino acids,
antibioticsandinducers. Soft-agar plates were prepared in small Petri
dishes (Falcon Easy Grip Petri Dish, polystyrene, 35 x 10 mm style) by
supplementing 4 ml competition medium with 0.26% (w/v) bacto agar
(DB). Then, 2 pl of OD,(,-adjusted bacterial culture was inoculated in
the centre of the soft-agar plate (if not otherwise specified). Soft-agar
plates were incubated for 4 days at 33.5 °C. A humid environment was
mediated by placing a water reservoir close by within the incubation
chamber. For growth-migration experiments in TB soft-agar plates,
pre-cultures of bacteria were directly inoculated from glycerol stocks
and grown overnightin2ml TB supplemented with antibiotics at 30 °C,
250 rpm. First-day cultures were started by diluting pre-cultures 1:100
into 10 ml fresh TB supplemented with antibiotics and inducers, and
grown at 33.5 °C, 250 rpm, until mid-exponential phase (0D, of
0.4-0.8). Subsequently, second-day cultures were started by dilut-
ing first-day cultures to an ODy, of 5x107%in 10 ml fresh liquid TB
medium supplemented with antibiotics and inducers and grown at
33.5°C, 250 rpm, until early exponential phase (OD,, 0.2-0.3). Bac-
terial densities were adjusted to OD,, = 0.01 from day cultures. For
competitions, strains were mixed 1:1or asindicated. TB supplemented
with antibiotics and inducers was prepared. TB-based soft-agar plate
preparation, inoculation and incubation were prepared as described
above for MMH1 soft-agar plates.

For competition in well-mixed (shaken liquid culture) conditions,
the protocol up until the mixing of strains was identical to that for
the competition experiments on soft-agar plates, butinoculation was
into 10 ml competition medium, with subsequent growth at 33.5°C,
250 rpm, for 60 h, during which time saturation was reached. The initial
0D, was adjusted to match theinitial ratio of bacteria to nutrientsin
soft-agar plates.

Bacterial growth measurements

For the growth-rate measurement of ECOR18, ECOR19 and LAB strains,
pre-cultures of bacteria were directly inoculated from glycerol stocks
and grownin2ml TB at 30 °C, 250 rpm, supplemented with antibiot-
ics forapproximately 8 h. Overnight cultures were started by diluting
pre-cultures1:100 into 10 ml fresh MMH1 supplemented with glycerol,
amino acids and antibiotics and grown overnight at 33.5 °C, 250 rpm.
Day cultures were started by diluting overnight cultures to an OD,, of

5x107%in10 mI MMH1supplemented with glycerol, amino acids, antibi-
oticsandinducersand grownat33.5 °C, 250 rpm until early-exponential
phase (0D, of approximately 0.1). The OD,, of cells grown inside
the final sub-culture was adjusted to 5 x 10~ in 5 ml fresh MMH1 sup-
plemented with glycerol, amino acids, antibiotics and inducers, and
distributed into the wells of Costar assay plates (96-well flat-bottom
polystyrene plates) in a volume of 200 pl. The growth was measured
using aPerkin ElImer Victor X3 plate reader at 33.5 °C. Growth rates were
extracted from early-mid exponential phase in competition medium.
Mean growth rates were calculated by averaging over several replicates
(see ‘Statistics and reproducibility’ for details), that is, wells within
one 96-well plate.

For the growth-yield measurement of ECOR strains, each strainwas
inoculated into Luria-Bertani (LB, 1% (w/v) tryptone, 0.5% (w/v) yeast
extract, 0.5% (w/v) NaCl) hard agar (1.5% (w/v)) as stab cultures from
glycerol stocks and incubated at 37 °C for approximately 4.5 h. Stab-
culture-grown cells were picked using a sterile tip and inoculated into
1mlof fresh TB and grown overnight at 33.5 °C at 250 rpm. Overnight
cultures of each strain were diluted 1:1,000 into 1 ml fresh TB and dis-
tributed over 96-well plate. The OD,,, of each wild isolate strain (ECOR3,
ECORS,ECOR18,ECOR19,ECOR20,ECOR21,ECOR32,ECOR34,ECOR36
and ECOR68) was measured to assess the growthyieldat 7.5hin 96-well
plates shaken at 282 rpm at 34 °C (see ‘Statistics and reproducibility’
for details).

For three-dimensional tracking, staining of the flagella and growth
rate measurements of flagellarinduction and control strains (TSS1410
and TSS1709, respectively), overnight cultures were directly inoculated
fromglycerol stocks and grownto saturationat30 °C, 250 rpm, in2 ml
TB, supplemented with antibiotics and 5 mM galactose. Overnight
cultures (20 pl) were inoculated into 10 m MMH1 supplemented with
5 mM galactose, amino acids (1 mM L-histidine, 1 mM L-methionine,
1 mM L-leucine and 1 mM L-threonine) and antibiotics, and grown at
33.5°C, 250 rpm. For growth-rate measurements, exponential-phase
cultures were diluted to an ODg,,0f 10 into MMH1 supplemented with
5mMgalactose, amino acids, antibiotics and inducers (0.5 pM sodium
salicylate, variable IPTG asindicated), and growth rates were obtained
from plate-reader experiments as for the LAB strains (see ‘Statistics
and reproducibility’ for details).

Swimming-speed measurements
Three-dimensional tracking using phase-contrast microscopy*
was performed on freshly collected bacteria diluted to an OD,, of
0.005-0.01 and placed in chambers consisting of a slide and #1 cover
glass separated by two strips of three layers of parafilm and sealed
with molten valap (vaseline, lanolin and paraffin). Recordings were
obtained at 15 Hz on a Nikon inverted optical microscope equipped
with an air condenser (Nikon LWD, numerical aperture (NA) 0.52) and
a40x phase-contrastlens (Nikon, S Plan Fluor ELWD, 40%,Ph2,NA 0.6,
correction collar set to 1.2 mm) as well as a PCO.edge sCMOS camera.

For flagellar induction and control strains (TSS1410 and TSS1709),
bacteria were diluted into motility medium (10 mM KPO,, 0.1mMEDTA,
1pML-methionine, 10 mM lactic acid and 67 mM NaCl, pH 7.0) supple-
mented with 0.18% (hydroxypropyl)methyl cellulose. For each condi-
tion reported, a total of 2-6 acquisitions of 1,500 frames each were
recorded on1or 2 different days. Trajectories with a duration longer
than 5 frames, comprising a total of 2.9 x 10° s of trajectory time, were
retained for analysis. Instantaneous swimming speeds were computed
asthefourth-order central difference®. Bacteriawithamedianspeed
lower than 17 pm s™ were deemed immotile. The mean instantaneous
speed across all trajectories and all time points and the standard error
ofthe meanwere computed for eachacquisition, and the overall mean
for each condition was computed as the average between acquisitions,
weighted by the standard error of the mean.

For ECORsstrains, each bacterial strain was directly inoculated from
glycerolstocks onto LB hard-agar plates supplemented with antibiotics
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and grown overnightat34 °C. Grownsingle colonies were picked using
sterile tips, separatelyinoculatedin 2.5 mlfresh TB supplemented with
antibiotics and grown overnight at 33.5 °C, 220 rpm. The day cultures
were started by diluting overnight cultures 1:1,000 in 10 ml fresh TB
supplemented with antibiotics and the inducer (100 pM IPTG) and
grown at 33.5°C, 220 rpm until reaching an OD,, of 0.3-0.4. Cells
were diluted into fresh TB for tracking. For each strain, a total of 3-7
acquisitions of 1,500 frames were recorded on 1 or 2 different days.
Trajectories were smoothed using second-order trend filtering based
on ADMM (Alternating Direction Method of Multipliers)®. The mean
swimming speed of each strain was calculated by ensemble-averaging
the instantaneous speed values of the total cell population obtained
across all acquisitions.

Staining of the flagella

Collected cells were washed in motility medium three times, with cen-
trifugation washes at 4,500g for 5 min. Subsequently, 10 pl of bacterial
solution was placed between aslide and a coverslip coated with poly-
L-lysine. Leifson stain solution®® was prepared freshly by mixing 100 pl
each of 1.2% basic fuchsin in ethanol, 1.5% sodium chloride in water
and 3% tannic acid in water and vortexing the solution thoroughly.
Then, 20 pl of stain was placed on the slide adjacent to the coverslip to
slowly penetrate the sample. Samples were inspected by bright-field
microscopy using a1l00x oil-immersion lens.

Bacterial migration measurements using dark-field imager

For flagella induction strains, soft-agar plates, which consisted of
90-mm Petri dishes containing 25 mI MMH1, supplemented with 5mM
galactose, amino acids, antibiotics, inducers (0.5 pM sodium salicylate,
variable IPTGasindicated), 100 pM aspartate and 0.26% (w/v) agar, were
inoculated with Spl of saturated culture grown at 30 °Cin2ml TB, sup-
plemented with antibiotics and 5mM galactose. Automated time-lapse
images of plates were recorded using a custom-built dark-field imager
with arotary plate holding 6 Petri dishes, placed inside an incubator
held at 33.5 °C. Colony expansion rates were extracted from a linear
fit to the time series of colony radii obtained using a custom MATLAB
ring-detection algorithm based on Hough transforms.

To measure expansion rate of wild isolates in TB medium, soft-agar
plates consisting of 90-mm Petri dishes containing 50 ml TB, supple-
mented with 0.26% (w/v) agar, were inoculated with 20 pul day cultures.
Beforeinoculation, wildisolate bacteria were directly inoculated from
glycerol stocks and grownin2mlTBat 30 °C, 250 rpm until saturation.
Day cultures were started by diluting pre-cultures 1:100 into 10 ml
fresh TB and cultures were grown at 33.5 °C, 250 rpm until an ODy,
between 0.4 and 0.6 was reached. Images of plates were acquired with
acustom-built dark-fieldimager as described above for flagellainduc-
tion strains. Colony expansion rates were extracted from a linear fit
to the time series of colony radii obtained by manually tracking the
colony front in ImageJ*.

To observe migration phenotypes of wild isolates in LB medium,
soft-agar plates, which consisted of 90-mm Petri dishes containing
25 ml LB supplemented with 0.26% (w/v) agar, were inoculated with
Spulsaturated cultures grown at37 °Cin2 mL LB. Images of plates were
acquired witha custom-built dark-field imager as described above for
flagellainduction strains.

Tile-scan microscopy

To record the growth-migration dynamics and spatial patterns of
fluorescently labelled bacterial populations in small Petri dishes
(35 x10 mm style) a Nikon Eclipse Tlinverted microscope was used
with aNikon 4x/NA 0.13 Plan Fluor objective,aHamamatsu OrcaFlash
4.0 CMOS camera (2,024 x 2,024 pixels, pixel size 6.5 um x 6.5 um), a
Lumencor Solalight engine LED and amotorized Marzhduser scanning
stage equipped with acustom Petridish holder. The microscope body
and the stage were encased by a custom-built incubation chamber

equipped with temperature control. The microscope was controlled by
custom-writtenscripts through pManager*’. Plates were tile-scanned
acrossagrid ofimagefields (11 x 11images per plate; see Extended Data
Fig.2), withimage acquisition at a focus approximately 1.5 mm above
the bottom of the plate. Exposure times were automatically adjusted
for each grid position to stay within the dynamic range of the camera.
Images were binned 4 x 4 pixels using uManager software*,

Image and data analysis of tile-scan microscopy data
Tile-scanned images of soft-agar plates were corrected for camera
offset and illumination non-uniformity using fluorescence images of
soft-agar gels wherein bacterial cells were homogeneously distributed,
for each fluorescence channel individually. Subsequently, intensity
values of each pixel were rescaled by the exposure time. Tile images
wereiteratively assembled into montages (Extended Data Fig. 2c) and
resized by a factor 1/10 by downsampling using the built-in ImageJ*
resize function without interpolation. Fluorescence intensities (/) were
converted into proxies for bacterial densities (i).

ICFP = ACFPstrainDCFPstrain + BCFP + CCFP—YFPAYFPstrainDYFPstrain (1)

Ivep = AvepstrainD vepstrain T Byrp + Cyrp-crpAcrpstrain Dcrpstrain (2)

Slopes A and background intensities Bwere obtained by linear fitting
of equations (1) and (2) to mean fluorescence intensities extracted
from calibration plates, that is, soft-agar plates of homogeneously
spread monocultures of YFP-and CFP-labelled strains of known popu-
lation size (Extended Data Fig. 2a, b). These calibration plates were
prepared from liquid monocultures of cells expressing YFP or CFP at
pre-adjusted OD,, values and supplementing each monoculture with
0.26% (w/v) agar. Once the soft-agar mixtures inside Petri dishes set
at room temperature, the calibration plates were imaged inan 11 x 11
grid of tiles for each fluorescence channel at 4x magnification and the
mean fluorescence intensity was obtained for each calibration plate
by averaging pixel values of a subset of the tile images (6 x 6) nearest
to centre of the Petri dish. Crosstalk coefficients C were estimated by
calculating the correlations of fluorescence intensities between two
images of asingle calibration plate acquired in YFP and CFP channels.
Populationsizes and radial density profiles were extracted frominside
the Petri dishes. Petri dish location and colony centre were selected
manually using ImageJ®. Population sizes were arbitrarily normal-
ized to the maximum value of ECOR19 grown as amonoculture. Radial
bacterial densities were normalized to the maximum bacterial radial
density reached by areference strain (arbitrarily chosen to be ECOR18)
measured in soft-agar gels grown as a monoculture. Final population
ratios were computed as the ratio of population sizes of the competing
populations at the last time point of each experiment (around 4 days).
Colony expansion was recorded by tracking (after departure fromthe
region of inoculation) the population fronts in radial density profiles
over time. Migration rate, v, of LAB strains was extracted by fitting a
first-order polynomial to the linear part of the colony expansion time
series. The original plate images showing the fluorescence map of strain
B (Fig. 3e, top) wasradially cropped by applying a circular clipping mask
with an offset of 3.25 mm from the rim to remove the imaging artefact
observed at the edge of plates.

Fluorescence-based colony counting

Atthe end of competition experimentsin liquid, cultures were diluted
toappropriate densities and spread onto hard-agar plates (competition
mediumsupplemented with1.5% (w/v) agar). Similarly, the gel from soft-
agar plate competitions were first dissolved by applying heat (8 min at
40 °C) followed by manual shaking and after which the gel was diluted
and spread out. Hard-agar plates were incubated for 24-48 hat 37 °C
and subsequently imaged by tile scanning using a Nikon 2x/NA 0.10
Plan Apo objective. Focus was adjusted manually in bright field onto



the colonies. Fluorescence wasimaged in YFP and CFP channels while
the exposure time was kept fixed for each fluorescence channel. Images
were not corrected in any way. Colonies were counted manually using
ImageJ*. Population ratios were obtained as ratios of colony counts
intherespective fluorescence channels corrected by colony-forming
efficiency of dissolved monoculture gels.

Genomics analysis

Sequencing reads of ECOR18 (SRR3951479) and ECOR 19 (SRR3951480)
were obtained using the SRA Toolkit* v.2.9.2 fasterq-dump.2 with the
parameter “--split-files’. Reads were trimmed by sickle* v.1.33 with the
parameters ‘pe -t sanger -q 20 -1 50" and aligned to the well-annotated
reference sequence of E. coli strain MG1655 (U00096.3) with Bowtie2*
v.2.3.4.3 using the parameters ‘-q --no-mixed --dovetail --very-sensitive
--n-ceilL,0,0.001’. The resulting SAM files were sorted and converted to
BAM format by Picard (http://broadinstitute.github.io/picard) v.2.18.25
SortSamand duplicates were marked using Picard MarkDuplicates. Vari-
antswere called individually for each strain using GATK**v.4.1.0.0 Hap-
lotypeCaller with parameters ‘-ERC GVCF -ploidy 1. The resulting .GVCF
files were combined using gatk CombineGVCFs and genotyped by gatk
GenotypeGVCFswith the parameter -ploidy 1. Variant calls were quality
filtered twice using snpsift* v.4.3t filter using the parameters --addFilter
‘HFGlobal’ ‘(DP<10) | (QD<2) | (FS>=60)" and ‘--addFilter ‘HFGenotype’
‘(GEN[*].GT=") | (GEN[*].DP<5) | (GEN[*].GQ<30)” and marked calls were
removed by VCFtools**v.0.1.15 using the parameters --remove-filtered-
all--recode --recode-INFO-all’. Variant calls were annotated by SnpEff*
v.4.3twithparameters ‘ann-v-no-upstream-no-downstream-no-intron’
using a custom-build database of E. coli strain MG1655 (U00096.3). Only
the assignment to genes was retained, while any additional annotations
created by SnpEffwere discarded as they characterize variants relative
tothe MG1655 reference. DNA and amino acid changes between ECOR18
and ECOR19 were subsequently annotated using a custom-written script
for Python*®v.3.6.7. In brief, the annotated VCF file created by SnpEff
wasimported and variant calls that were identical to both strains were
discarded. Variant calls were splitinto those that occurred within genes
andthose that were annotated as ‘intergenic’. Variants within genes were
grouped by gene. For eachgene, sequences of ECOR18 and ECOR19 were
reconstructed by separately inserting variant calls into the MG1655
reference sequence. Genes containing smallinsertions or deletions or
frameshifts were marked as such and not further annotated. All other
genes were aligned relative to their start sites and DNA substitutions
were annotated by pairwise comparison of individual DNA bases.
Thereafter, gene sequences were translated using BioPython*’ v.1.72
and amino acid sequences were annotated by pairwise comparison as
described above for the DNA sequences.

MKS model

The time evolution of spatial density profiles of motile populations,
p; and p,, was computed by numerically integrating a set of Keller-
Segel equations®® modified with a Monod growth term* coupled to
adiffusing nutrient, n. We express the equations in polar coordinates
and impose radial symmetry to reflect the conditions of the soft-agar
experiment in Petri dishes. The model consists of three partial dif-
ferential equations:
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which were numerically solved using MATLAB R2013b (MathWorks).
For simulations, one-dimensional (Cartesian) and three-dimensional
(spherical symmetry) spatial differential operators were adjusted
accordingly. Reported values of Monod coefficients, K, are approxi-
mately three orders of magnitude lower than the typical nutrient
concentration®. Hence, we set K to 107 AU, that is, three orders of
magnitude below the initial nutrient concentration (n(¢=0) =1AU).
The diffusion coefficient of the nutrient, D,,, isset to .8 mm?h™, avalue
typically used for small molecules in aqueous solutions®. Growth
rates, i, ,, are taken from bulk measurements. The active-diffusion
coefficients, D, ,, were tuned to match the observed expansion rates
of the non-chemotactic strains LAB3, LAB4 and LAB5, when grown on
soft-agar platesin monoculture. Simulated colony fronts were tracked
by following the position at which the cell-density profile crossed a
threshold of 0.0125 AU. The chemotactic sensitivity coefficient, x; ,, is
zero for these populations as they do not possess sensing capabilities.
For the chemotactic species LAB1, LAB2, A and B, we assumed D to be
approximately in the range of the diffusion coefficient of LAB3, LAB4
and LABS. Subsequently y was tuned to match their observed expansion
rates when grown on soft-agar plates in monoculture.

The initial nutrient profiles were assumed to be flat (n(¢t=0) =1 AU
for all r), while the initial bacterial populations were modelled as a pla-
teau of height i and radius ryjceay (Fpiaeeay =1 mm, if not noted other-
wise) and an adjacent exponentially decaying tail pimtiale”‘(”’plateau) .
We assume asharp boundary at the edge of theinoculum as the initial
bacterial populations were locally inoculated by pipetting and setAto
10mm™, onthe order of several tens of the length of a single bacterium.
The total initial population size, piyia1 + Pinitia 2> Was set to 102 AU to
match the experimental initial densities used in competition experi-
ments on soft-agar plates, if not noted otherwise. The habitat radius
(L) was set to 17.5 mm, matching the radius of the Petri dishes used in
experiments, if not noted otherwise. Simulated time (7) was set to
4 days, if not noted otherwise.

We modified the motility terms in the Keller-Segel equations with
aMonod-like factor, ﬁ to account for the energy dependence of

the active movement of the bacterial populations. Omitting this factor
has only mild effects on the final population ratio, whereas the final
spatial population profileis substantially altered as profiles flatten out
duetoactive diffusion. We did not observe such flattening out of bac-
terial profiles experimentally.

Numerical determination of stability and coexistence phase
diagram
Stability of community structure (coexistence or extinction of one
of the two subpopulations) as shown in Fig. 4c-e and Extended Data
Fig. 6b-d was obtained by numerically propagating MKS simulations
forinitial population ratios (R,) of 10~ and 10°for 7-28 days of simulated
time (7). Final populationratios (R,) were extracted from the last time
point.Inall cases, the total amount of nutrient had dropped at least to
six orders of magnitude below its initial amount, that is, the nutrient
was depleted. Community structures were quantified as coexistence
(fold change larger than unity for R,=10 and fold change smaller than
unity for R,=10°, grey or white area), extinction of Y (fold change larger
than unity for bothinitial ratios, red area) and extinction of strain X (fold
change smaller than unity for both initial ratios, blue area).
Furthermore, we calculated min(abs(log,,(R,(R,=107)/107%)), abs(l
0g,0(R,(R,=10°%)/10%)))) as a quantitative proxy for stability, that is, the
shortestlog-distance to the zero-fold change line. These quantitative
stability values are represented by colour gradients in Fig. 4e (lighter
colours correspond to lower stability). Growth and motility parameters
of one population were varied asindicated oninthe graphs (Fig.4e and
Extended DataFig. 6b—d) while all strain parameters of the competitor
(LABlinFig. 4e and Extended Data Fig. 6b, d, LAB3 in Extended Data
Fig. 6¢) were kept fixed. Dy = 0.02 mm?h'in Extended Data Fig. 6b;
Xx=0mm?(h (AU))'in Fig. 4e and Extended Data Fig. 6c, d.
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Well-stirred competition model
Competitioninthe well-stirred culture was modelled as Monod growth
onasingle limiting nutrient, n.
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Model parameters as defined above (MKS model). Equations were
numerically solved using MATLAB R2013b.

Strain-specific model parameters

Strain-specific model parameters are described in Supplementary
Tablel.

General model parameters
General model parameters are described in Supplementary Table 2.

Plasmids
Plasmids are described in Supplementary Table 3.

Strains
The strains are described in Supplementary Table 4.

E. coli strain RP437 was a gift from H. C. Berg®. E. coli strain RP437
AcheY was a gift from V. Sourjik>*. The Salmonella typhimurium strain
LT2 (strain number SGSC1412) was obtained from the Salmonella
Genetic Stock Center (SGSC)*. Initially, the strain LT2 was cured of its
native pSLT plasmid using the plasmid displacement kit provided by
SGSCtoyield the cured strain. All deletions were constructed by allele
replacement using lambdared recombinase. E. coli ECOR strains were
obtained from the STEC Center?. E. coli strain UU2612 was a gift from
J.S. Parkinson®.

pTrc99A carries a pBr origin of replication, ampicillin antibiotic
resistance and an IPTG-inducible induction system. pKG116 carries a
pACYC origin of replication, chloramphenicol antibiotic resistance
and asalicylate-inducible induction system.

Statistics and reproducibility

Tile-scan fluorescence imaging. For each experiment, cells were
prepared as described above. The total number of times (n) each experi-
ment was performed on cells from mindependent overnight cultures
isincluded as ‘figure panel, strain combination or condition =n/m’:
Fig.2a, A=5/3,B=4/3, Aand B=17/3; Fig. 2b, all strains = 2/1; Fig. 2c,
LAB1=10/7, LAB2 = 6/4, LAB1 and LAB2 =24/3; Fig. 2d, LAB3=9/7,
LAB4 =5/4, LAB3 and LAB4 = 34/4; Fig. 2e, LAB3=9/7, LAB2 = 6/4,
LAB3 and LAB2 = 7/3; Fig. 2f, LAB1 =10/7, LABS5 = 4/2, LAB1 and
LAB5=6/2;Fig.3a,A=3/2,B=3/2,Aand B=2/1;Fig.3c,A=3/2,B=3/2,
AandB=2/1;Fig.3d,A=3/2,B=3/2, Aand B=2/1;Fig.3e,Aand B
(R=10°=17/4,AandB (R=10",10")=3/1,Aand B(R=10"210% =7/2,
LABland LAB5=3/1; Extended DataFig.1g, ECOR36=2/1, ECOR8=2/1,
ECOR36 and ECOR8 =3/1, ECOR68 =2/2, ECOR32 =2/2, ECOR68 and
ECOR32=3/2,ECOR18=2/2,ECOR19 =2/2,ECOR18 and ECOR19=3/2,
ECOR21=2/2,ECOR20=2/2,ECOR21 and ECOR20 =3/2,ECOR3 =2/1,
ECOR34 =2/1, ECOR3 and ECOR34 =3/1; Extended Data Fig. 3a, edge
inoculation=6/1, centreinoculation =2/1; Extended DataFig.4a, Aand
A-YFP=2/1,Aand B-CFP=2/1, Aand blank=2/1, blank and A-YFP=2/1,
blank and B-CFP =2/1, blank and blank =2/1, Band A-YFP =2/1, B and
B-CFP=2/1,Bandblank=2/1,tetand A-YFP=2/1, tetand B-CFP=2/1, tet
andblank=2/1; Extended DataFig. 7k-m overlapping inoculation=3/3,

close by inoculation = 3/3, far apart inoculation =3/3. All replicates
showed similar results. Representative images and data are shown.

Bacterial growth measurements. For each experiment, cells were
prepared asdescribed above. The total number of times (n) each experi-
ment was performed on cells from mindependent overnight cultures is
included as ‘figure panel, strain=n/m’: Fig. 2b, all strains =2/1; Fig. 2g,
LAB1=44/3,LAB2=23/2,LAB3=20/2,LAB4=12/1,LAB5=21/1; Extended
Data Fig. 1f, same data as Fig. 2b; Extended Data Fig. 8b, same data as
Fig.2b; Extended DataFig. 9b both strains=9/3.InFig.2b, opencircles
indicate measurements on different samples from the same overnight
culture, filled circles indicate means across allsamples. In Fig. 2g, open
circles indicate means of all measurements from each independent
overnight culture, filled circles indicate means across all overnight
cultures. In Extended Data Fig. 9b, open circles represent the global
mean and error bars indicate the standard error of the mean across
independent overnight cultures.

Migration (colony expansion) rate measurements. For each experi-
ment, cells were prepared as described above. The total number of
times (n) each experiment was performed on cells from mindependent
overnight cultures is included as ‘figure panel, strain combination or
condition=n/m’: Fig.2b, all strains =2/1; Fig.2g, LAB1=6/5,LAB2=2/2,
LAB3=4/4,LAB4=2/2,LAB5=2/1; Extended DataFig. 8a, same data as
Fig.2b; Extended DataFig. 9d, TSS1410 O uMIPTG=2/2,TSS14102.5 M
IPTG=3/3,TSS1410 5pM IPTG=3/3, TSS141010 uM IPTG =4/4, TSS1410
25uMIPTG=3/3,TSS1410 50 uMIPTG =3/3, TSS1410100 pMIPTG =3/3,
TSS1410 200 pM IPTG =2/2, TSS1709 O uMIPTG =2/2, TSS1709 2.5 uM
IPTG=3/3,TSS1709 5 uMIPTG=3/3,TSS170910 uMIPTG =4/4, TSS1709
25uMIPTG=3/3,TSS1709 50 uMIPTG=3/3, TSS1709100 uM IPTG=3/3,
TSS1709 200 pM IPTG = 2/2.In Fig. 2b, open circles indicate measure-
ments on different samples from the same overnight culture, filled
circlesindicate meansacross allsamples. InFig.2g, open circlesindicate
measurements on different samples from the same or independent
overnight cultures, filled circles indicate means across all samples. In
Extended Data Fig. 9d, large open circles represent the mean and er-
ror bars indicate the standard error of the mean across independent
overnight cultures.

Swimming speed measurements. For each experiment, cells were pre-
pared as described above. The total number of times (n) arecording was
acquired on cells from m independent overnight cultures is included
as ‘figure panel, strain combination or condition=n/m’: Extended Data
Fig. 8a, b, ECOR18 =4/1, ECOR19 =5/2, ECOR20 =5/2, ECOR21=6/2,
ECOR3=2/2,ECOR34=3/2,ECOR68=4/2,ECOR32=4/2,ECOR8=4/2,
ECOR36 =2/2. Open circles indicate measurements from two inde-
pendent overnight cultures. Filled circles indicate weighted-means
acrossallacquisitions (with the error estimate weights). The error bars
indicate the standard error of the weighted mean, corrected for over-
dispersion; Extended Data Fig. 9c, TSS1410 O uM IPTG =2/2, TSS1410
SuUMIPTG=4/2,TSS1410 10 uMIPTG =4/2, TSS1410 25 uM IPTG =2/2,
TSS1410 50 uM IPTG =2/2, TSS1410 100 pMIPTG =4/2, TSS1410 200 pM
IPTG=2/1,TSS1709 O uMIPTG=2/2,TSS1709 5 uM IPTG =3/2, TSS1709
10 pMIPTG=3/2,TSS1709 25 uMIPTG=2/2,TSS1709 50 uMIPTG =2/1,
TSS1709100 uM IPTG = 2/1. For Extended Data Fig. 9c, variation be-
tweenrecordings from different overnight cultures was not noticeably
larger than variation between recordings from the same repeat, thus
the mean for each condition was determined as the error-weighted
mean across all recordings. The error bar given is the standard error
of the weighted mean, corrected for overdispersion.

Flagellar staining experiments. For each experiment, cells were pre-
pared as described above. Staining of the flagellawas performed once
for each IPTG concentration. However, similar results to the shown
datafor TSS1410 at 10 uM IPTG were obtained independently at 5 uM,



and similar results to the shown images for TSS1410 at 100 uM were
obtained independently at 50 pM. TSS1709 showed similar results at
10,50 and 100 uM IPTG.

Soft-agar migration phenotyping. For each experiment, cells were
prepared as described above. Images shown in Extended Data Fig. 3b
wererecorded once.Images shownin Extended DataFig. 9e arerepre-
sentative, repeats gave similar results. Repeats differed in the number
of strains and IPTG conditions included.

Fold change measurements. For each experiment, cells were pre-
pared as described above. Data of Fig. 1b, c are replotted in Fig. 3f, for
comparison. Data obtained from representative overnight cultures are
shown, except for the open barsin Fig. 4f-h, which show the means of
datashowninFig. 3f, and solid bars in Extended Data Fig. 1a-e, which
show the means over all replicates. The total number of times (n) each
experiment was performed on cells from m independent overnight
cultures, is included as ‘figure panel, strain combination or condi-
tion =n/m’: Fig. 1b, ECOR18 and ECOR19 (liquid, colony counting,
R,=10°)=3/2, ECOR18 and ECOR19 (liquid, colony counting, R,=107
and R,=10%=2/2;Fig.1c, ECOR18 and ECOR19 (plate, colony counting,
R,=10° =2/1, ECOR18 and ECOR19 (plate, colony counting, R, =107
and R,=10%) =2/2;Fig.3f,ECOR18 and ECOR19 (plate, tile-scan micros-
copy, R=10°=17/4,ECOR18 and ECOR19 (plate, tile-scan microscopy,
R=10"and10")=3/1, ECOR18 and ECOR19 (plate, tile-scan microscopy,
R=10"%and 10% =7/2, LAB5 and LABI (plate, tile-scan microscopy, all
ratios) = 6/2; Fig. 4f, LAB5S and LAB1 (open bars, spotinoculation)=6/2,
LABS and LABI1 (closed bars, spread-out inoculation) = 3/1; Fig. 4g,
LABS5 and LAB1 (open bars) show the same data as in Fig. 4f, LABS
and LABI (closed bars, pelleted inoculation) = 3/1; Fig. 4h, LAB5 and
LABI (open bars) show same data as in Fig. 4f, LAB3 and LAB2 (closed
bars, spot inoculation) = 2/1; Extended Data Fig. 1a-e, ECOR18 and
ECOR19 = 6/2, ECOR32 and ECOR68 = 6/2, ECOR36 and ECOR8 = 3/1,
ECOR3 and ECOR34 =3/1, ECOR20 and ECOR21 = 6/2; Extended Data
Fig. 7k-m, LAB3 and LAB2 (overlapping) = 3/3, LAB3 and LAB2 (close
by inoculation) = 3/3, LAB3 and LAB2 (far apart inoculation) = 3/3. All
replicates showed similar results.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Code availability

Custom-written scripts used in this study are available from the cor-
responding authors upon reasonable request.
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Extended DataFig.1|Competitionand selection functions of cohabitant
wildisolate strains. a-e, Fold change of the population ratio Ras a function of
initial R, for the five cohabitant pairs of the ECOR strain collection that could be
transformed with plasmids for expression of fluorescent-protein labels. Out of
the five pairs, three (ECOR18(A)-ECOR19(B) (a), ECOR32-ECOR68 (b) and
ECOR36-ECOR8 (c)) clearly demonstrated a negative selection function, and
one pair (ECOR36-ECORS8 (b)) showed, inaddition, hierarchyinversion. The
competitionexperiments were performed in TB soft-agar assays
(seeMethods).f, Scatter plot of growth propensity (OD¢o,at 7Z.5hof growthin

96-well plate) versus migration rate for the five tested cohabitant pairs (same
dataasinFig.2b, reproduced here for convenience). g, Reciprocal spatial
exclusion observed in cohabitant pairs of wild isolate strains. Tiled
fluorescence micrographs show that out of the five cohabitant pairs tested,
three (ECOR8-ECOR36, ECOR68-ECOR32 and ECOR18(A)-ECOR19(B)) exhibit
spontaneous segregationinto proximal and distal territories. The pairs were
co-cultured in TB-based soft-agar gels with identical dimensions as plates
shownatFig.2a, c-f (approximately 4 mm high, 35 mmin diameter). Scale bar,
7.5mm.
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Extended DataFig.2 | Calibrated tile-scan fluorescence microscopy.
a, b, Calibration curvesrelating cell density (in OD,, (AU)) to fluorescence

intensity was obtained by imaging soft-agar plates into which different known
densities of cells were suspended in the molten agar before cooling to form the

gel (see Methods). Calibration curves for TB (ECOR18(eYFP) (red) and

ECOR19(eCFP) (blue)) (a) and MMH1 (LAB1(eYFP) (red) and LAB5(eCFP) (blue))
(b).Similar calibration curves were obtained for LAB1(eYFP) and LAB2(eCFP) in

MMHL. ¢, Calibrated tile-scan fluorescence microscopy. Petridishes (35mm
diameter) containing soft-agar gel medium were imaged by scanningan11x11
grid ofimage fields (tiles) for each channel (YFP, CFP and bright field) at each
time point.Image post-processing was performed for each tile individually.
Subsequently, tileimages were assembled into montages. Montages were
converted and population size and colony front position were extracted.
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Extended DataFig.3|Edgeinoculation in minimal medium and colony
expansioninrichmedium. a, Reciprocal spatial exclusion was confirmed in
both centre-and edge-inoculated competitionsin the soft-agar gel
environment. ECOR18 and ECOR19 labelled with YFP and CFP, respectively
(strains Aand Bin the main text) were pre-grown on TB and glycerol minimal
medium as described in the Methods. The OD,, of both strains was adjusted to
1072, Strains were mixed 1:1and subsequently mixed with twofold concentrated
molten agar. The final mixture was kept at room temperature for1.5h to
transitioninto a gel state. The gel, containing a mixture of ECOR18 and ECOR19,
was transferred onto soft-agar plates using al-ml pipette, either around the
edge of the plate (plates 1-5and 8) orinto the centre (plates 6 and 7). All eight
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plateswereplacedat33.5°Cinahumid environment for approximately 4 days
and subsequently imaged by fluorescence microscopy. When inoculated
around the edge, ECOR18 occupies the edge region, while ECOR19 is seen
closertothecentre of the dish. Conversely, wheninoculated in the centre
ECOR18 occupies the central region of the dish, while ECOR19is seen further
away from the centre. Hence, spatial exclusion is seen for both centre and edge
inoculation. Petri dish diameter: 35 mm. b, Migration phenotypes of all six
cohabitant pairs (thatis, isolated from the same host) in the ECOR strain
collection on LB soft-agar plates at 37 °C. Petri dish diameter: 90 mm. The
images of culture plates were acquired at different time points (see top-left
inset of each sub-image). Scalebar,25mm.
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Extended DataFig. 4| Test for secreted compounds thatinhibit growth.

a, Tile-scanned snapshots of Petri dishes (diameter 35 mm) in bright-field (BF)
and fluorescence (CFP and YFP) after approximately 3 days. Images were not
corrected for background or autofluorescence of the cells. TB hard-agar plates
(1.5% (w/v)) were prepared in four different ways; either pre-inoculated with a
drop of 10 pl saturated TB culture of unlabelled A or B, left empty (blanks), or
addition of adrop of 10 pl tetracycline (S mM) after 2 days (tet). Plates
inoculated with A or Bwere placed at 33.5°Cinahumid environment for 2 days.
Plates not pre-inoculated with A or Bwere stored at 4 °C. Subsequently all gels
were covered with alayer of TB soft agar (0.26% (w/v)) containing diluted,
saturated cultures of either A (Iabelled with YFP, A-YFP), B (labelled with CFP,
B-CFP) or neither of the two (blank). The soft-agar gel contained the necessary
antibiotics and inducers (see Methods). All plates were placedon 33.5°Cina
humid environment for 18 hand were thenimaged. b, ¢, Fluorescence
intensities extracted along vertical lines through the snapshotsshownina, for
the CFP channel (b) and YFP channel (c). Lines were manually centred on the

coloniesof Aand Basseeninthe bright-fieldimage. Eachgroupindicates the
hard agar/soft agar combinations. For example, A/A-YFPindicatesa TB hard-
agar gel pre-inoculated with unlabelled A, covered with TB soft-agar gel
containing A (labelled with YFP). The presence of pre-grown B does not
negatively affect the growth of A-YFP asits profileis indistinguishable from the
profile of A-YFPwhen growninthe presence of pre-grown A (c, marker1). The
presence of tetracycline affects the growth of A-YFP negatively, asis clearly
indicated by the central dipinits profile compared to the blank (c, marker 3).In
the same way, the presence of pre-grown A does not negatively affect the
growth of B-CFP asits profile shows higher rather than lower intensities
compared to the profile of B-CFP when grownin the presence of pre-grownB
(b, marker 2). The presence of tetracycline affects the growth of B-CFP
negatively, asisindicated by the central dip inits profile compared to the blank
(b, marker 4). Hence, we do not observe evidence that either Aor Bsecretes
growth-inhibitory compounds such as antibiotics or toxins.
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Extended DataFig. 5| Additional strains and simulation-experiment adoptastable equilibrium value, illustrating how multiple coexistence
comparison. a, b, Simulations of repeated competitive migrationintoavirgin mechanisms can work together to stabilize complex communities. Populations
nutrient patch. Top, growth and migration phenotypes of the strains are were transferred as1/25,000 dilutions into habitats with replenished nutrients
schematically illustrated. Bottom, each pointis one round of competitive after 4 days. Nutrients are exhausted at all transfers. Habitat size:17.5mm.
migrationintoavirginnutrient patch. Resulting populationratios are the Simulation performed using the MKS model with parameters as describedin
starting point for the next round. The populations thus can spatially segregate the Methods. ¢, d, Simulations of ECOR18 and ECOR19 in gut dimensions.
duringrounds, and are re-mixed inbetween rounds. Relative population sizes ¢, Simulations of ECOR18 (red) and ECOR19 (blue) alone (leftmost and
areindicated as afunction ofaround number. a, Four populations and one rightmostimages, respectively) and as mixed population atinitial ratio of 1
common nutrient. The A-B pair (not to be confused with the strainsAandBin (two middle images). Spatial patterns are reported after 40 hin cylindrical
the main text) exhibits agrowth-migration trade-off and coexists (datanot habitats of radius 37.5 mmand edge inoculation. Scale bar, 10 mm. Simulation
shown).Inthe presence of two additional strains, Cand D, we find that the performed using the MKS model with parameters as described in the Methods.
coexistence of A-Bis not broken. Not all four populations coexist, as Cand D d, lllustration of the cylindrical habitat. e-1, Simulations of (e-h) and
become extinct. Parameters: population A (red, u=0.8dblh™,v=0.55mmh™, experimentally measured (i-1) spatial patterns of LAB strains as monocultures
x=115mm?(h (AU))™, D=0.02mm?*h™), populationB (light blue, z=0.6 dbl h, (leftmost and rightmost images, respectively) and as mixed populations at
v=0.8mmh™, y=2.25mm?(h (AU))™,D=0.02mm?h™), population C (magenta, initial ratio of 1(two middle images). Experimental dataas shownin Fig.2c-fare
n=0.6dblh™,v=0.3mmh™, xy=0.55mm?(h (AU))?,D=0.02mm?h™) and repeated here for convenience. Spatial patterns arereported after 4 daysin
populationD (darkblue, z=0.4dblh™,v=0.55mmh™, y=2.0mm?(h (AU))?, circular habitats of radius17.5 mmand centre inoculation. Scale bars, 10 mm
D=0.02mm?*h™). b, The same four populations, but now A-Band C-D have (e-h) and 7.5 mm (i-1). Simulation performed using MKS model with

their own metabolic niche, as they consume different nutrients. All four strains ~ parameters asdescribed inthe Methods.
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Extended DataFig. 6 | Different modes of motility can support coexistence.
a, Departure of fast movers depends on growth rate of slow mover. Simulated
colony front position of fast movers versus time, for different growth rates of
slow movers (yellow to black: us=0.4,0.5,0.6,0.7,0.8 dbl h ™. Parameters for
slow movers: Ds=0.02mm?h™, x,=0 mm?(h (AU)) ™. Fast movers: z;=0.5dbl h?,
Dy=0.02mm?h™, x;=0.875mm?(h (AU)) . Habitat radius:17.5 mm. Simulations
were performed using the MKS model with parameters as described inthe
Methods. b-d, Phase diagrams show the coexistence for chemotactic and non-
chemotacticstrains. Parameters are fixed for strain’Y, and varied for strain X:
growthrate uy (inunits of ), diffusive mobility Dy (¢, in units of Dy; d, in
mm?h™) and chemotactic coefficient yy (inunits of xy). Blue, Y excludes X (X has
low growthand motility). Red, X excludes Y (X has high growth and motility).
White, stable coexistence (trade-off, with X faster grower in bottomright,

X faster moverin top left). Black, unstable coexistence.b,Both Xand Y are
chemotactic (Y=LABI1).c,BothXand Y arenon-chemotactic (Y=LAB3).d,Yis
chemotactic, while Xisnot (Y =LAB1). Same as Fig. 4e. Simulations performed
using the MKS model with parameters of indicated reference strains and
Dy=0.02mm*hinb.y,=0mm?(h(AU))'incandd.Habitatsize inall panels:
17.5mm. Simulation performed using MKS model with parameters as
describedinthe Methods. e-h, Chemotaxis is not essential for coexistence but
does give anadvantage. Top, snapshots of spatial density profiles atinitial ratio
R (fastgrowers (red), fast movers (blue)) of 1. Bottom, fold change versus initial
ratio.Monoculturesinsolid lines, mixed populations asshaded regions.
Chemotactic populations: both (e), only fast movers (f), only slow movers (g),
neither of the two (h). e-h, Reciprocal spatial exclusion and coexistence occur,

but the details differ. Specifically, when fast movers are chemotactic (e, f), they
form more narrowly distributed travelling waves, spatially exclude slow movers
betterand increase invasion capacity (for example, at high R the fold change is
higherinethanh). Theseresultsindicate acompetitive advantage of
chemotaxis overactive random motion alone. e-h, Parameters: red fast
growers (#=0.75dblh™,v=0.4 mmh™), blue fast movers (u=0.5dblh™,
v=0.8mmh™).e, Specific parameters: blue: y=3 mm? (h (AU))?,
D=0.02mm*h™, red: y=0.775mm? (h (AU))?, D=0.02mm?h™.f, Specific
parameters:blue: y=3mm?(h (AU))?,D=0.02mm?h™, red: y=0mm?(h (AU))?,
D=0.0775mm?h™. g, Specific parameters: blue: y=0 mm?(h (AU))?,
D=0.365mm?*h™, red: y=0.775mm?(h (AU)), D=0.02mm?h™. h, Specific
parameters:blue:y=0mm?(h(AU))?,D=0.365mm?h™, red: y=0mm?(h
(AU))?, D=0.0775mm?h™. Habitat size in all panels: 17.5 mm. Simulation was
performed using the MKS model with parameters as described in the Methods.
i,j, Apoor competitor (i, blue: slow growth, weak random motion without
chemotaxis) canbecome acompetitive invader that can coexist with faster
growers (red) whenitbecomes chemotactic (j).i, Parameters: blueand red are
non-chemotactic and have identical expansionrates (v=0.4 mmh™). Red:
p=0.75dblh™, y=0mm?(h (AU))"?,D=0.0775mm*h™. Blue: u=0.5dbl h™,
x=0mm?(h(AU)),D=0.115mm?h™. j, Parameters: red: u=0.75dbl h™,
v=0.4mmh™, y=0mm?(h(AU))™,D=0.0775mm?h’. Blue:y=0.5dblh?,
v=0.8mmh™, y=2.4mm?(h (AU))", D=0.115mm?*h™. Habitat size in all panels:
17.5mm. Simulation was performed using the MKS model with parameters as
described inthe Methods.
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Extended DataFig. 7| Coexistence under differentinoculation and patch
geometries. a-f, Inoculation of mixed strain co-culture at the edge (a) and
centre (b) of the patch, and of each strainseparately ata distance of 1,7,13 and
19 mm relative to the centre (c—f). Inoculation regions are Ilmm wide, so they
areindirect contactinc.Simulations are for alinear (one-dimensional) patch
geometry. Fast-mover LAB1 (blue) and fast-grower LABS5 (red). Top, spatial
pattern forinitial ratio (fast grower/fast mover) of 1. Bottom, selection
functions. For all cases the selection function crosses a fold change of unity
(blackline), indicating hierarchy inversion. The stability of coexistence, as
assessed by the distance of the selection function from the unity fold change
lineatlow and highinitial ratios, is higher for separate inoculations, and
increases withinoculation distance (c-f). These findings indicate that
separated inoculation corresponds to having (more) pre-defined spatial
niches, whichrequire less active spatial competition, and hence yield the most
robust coexistence. However, populations typically become spatially mixed,
and can thenstill coexist by active spatial segregation and exclusion (a, b).
Spatial patterns and fold changes are reported after 4 days in habitats of 20 mm
linear extension. Simulation was performed using the MKS model with
parametersasdescribedinthe Methods. g, h, Inoculation of mixed co-culture
(LABland LABS, initial ratio: 1) in the centre (g) and around the edge (h) of a
patchofcircular geometry.i, j, Inoculation of mixed co-culture (LABland LABS,
initial ratio: 1) in the centre (i) and edge (j) of a patch with spherical geometry.

Bothcircular and spherical geometries also show coexistence. Note that other
parameters such as nutrient concentration and initial cell density shift the
selection curves (Fig.4). Spatial patterns and fold changes arereported after

4 daysinhabitats of 20 mm radius. Simulation was performed using the MKS
modelwith parametersas describedin the Methods. Scale bars, 10 mm.

k-m, Competition experiments with fast movers (blue, LAB2) and fast growers
(red,LAB3),inoculated as either amixed co-culture or unmixed at separate
spots (close together or farther apart), at three initial ratios (fast grower/fast
mover)=107,1and 102 The measured spatial patterns and selection functions
areshown. Wheninoculated separately, the fast movers still encircle the fast
growers and reach ahigher abundance and density. The selection function
crosses the unity fold changeline, indicating coexistence. Consistent with the
simulationsinc-f, the fold change of the fast movers is higher atlarge R,when
inoculated more distantly. These findings may be explained as follows: for
separatedinoculation, the fast movers have a (more) pre-defined spatial niche
(location), which further limits their competition with the fast growers, allows
themtoreachahigherabundance, and henceincreases their competitive
advantage. Such arationaleis consistent with classical niche theory, which
indicates that spatial niches limit between-organism competition. Taken
together, both mixed and separated cultures can coexist in these spatial
habitats. Scale bars, 10 mm.
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Extended DataFig. 8 | Average swimming speed of cells correlates with
collective migrationrate. a, Relation between average swimming speed of
wildisolatesinliquid rich medium (1%(w/v) TB) with their expansionrate in
soft-agar motility assay (0.26% (w/v) agar). The trajectory and speed of each
bacterial cell were extracted using a high-throughput three-dimensional cell-
tracking method, from videos recorded at 15 Hz sampling rate®. Average
swimming speeds were calculated from the full populations (thatis, swimming
and non-swimming). The cells were grown to their exponential phase in
overnight TB culture and diluted into fresh TB medium. Opencirclesindicate
expansion rates and mean swimming speeds (across all recorded trajectories)
obtained from asingle acquisition of anindividual experiment. Filled circles
indicate weighted-mean swimming speed across all repeated experiments
(with the error-estimate weights) and mean expansion rate across two repeats
(see‘Statistics and reproducibility’ in the Methods). Cohabitant pairs bear the
identical colour code.Red and black data points (open and filled circles) show

the mean swimming speeds and expansion rates of flagellainduction strain and
itswild-type control (Extended Data Fig.9).b, Trade-off between growth
propensity (ODgqafter 7.5h, datashown in Fig. 2b and Extended Data Fig. 1f)
and mean swimming speed in ECOR pairs. The observed growth-speed trade-
offfollows the pattern of the growth-migration trade-off shownin Figs. 2b, 4
outof5pairs showadifferencein swimming speed and growth. Open andfilled
circlesaredefinedasindicatedina.c,d, Asubset of three-dimensional tracks
of natural isolates A (ECOR18) (c) and B (ECOR19) (d) with aminimum duration
of20sand amedian speed larger than10 pms™areillustrated. The tracks were
sampled from the full population shownineandf. Thestarting point ofeach
individual trajectory was marked by a black dot. Speed colour map shows the
instantaneous speed ateach pointinspace.e, f, Three-dimensional tracks of
the total population of natural isolates A (e) and B (f). A total of 891 (A) and 1,019
(B) cell trajectories were tracked and recorded.
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Extended DataFig. 9| Cost of motility and the growth-motility trade-off. We
first estimated the synthesis and operating costs of the flagella that power
motility. Asingle cell produces about 62,000 flagellin units (assuming 3.4
flagellapercell,each 7.3 pm long with helical pitch and radius of 2.5 pm and
0.25pm®, respectively, composed of 11 protofilaments with flagellin repeat
distances of 5.2 nm*®). For flagellin synthesis, we estimate the cost as 7.7 x 10 P
per cell cycle (using 25 phosphate cleavages (P) per amino acid*’, 498 amino
acids per flagellin). Using 47.7 k) mol™ for one phosphate cleavage®, the
minimum power for flagellasynthesis then ranges from1x10 W (slow
growth, doubling time 100 min) to 4.3 x10™*W (fast growth, doubling time

24 min). The operating power of one flagellar motor is estimated at
1.5x10°pNnms™=1.5x10"* W, resultingin5.1x107* W for the whole cell.
Thus, the cost of flagella expression is dominant. To estimate the
corresponding growth penalty, we compute a cellular flagellin mass of
51kgmol™x62,000/R=5.3fg, givenaflagellin molecular weight of 51kDa and
Avogadro’s number, R=6 x10%, Assuminga total cellular protein mass of 100 fg
(slow growth, doubling time 100 min) to 450 fg (fast growth, 24 min)®2, flagellin
constitutes approximately 1.2% to 5.3% of the total protein mass of the cell.
Assuming thatgrowth costs are determined by protein synthesis, these
numbersindicate that the growth penaltyis significant, and provide a
mechanistic rationale for agrowth-motility trade-off. Other costs such as
reduced membraneintegrity and operating costs further increase this penalty.
Weinvestigated this issue experimentally, using new laboratory strains to allow
expression control of flagella. a, Leifson stains showing flagellation for a wild-
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type controlstrain (TSS1709, 50 pMIPTG, black, middle) and a flagella
inductionstrain (TSS1410; left, 10 uMIPTG, right, 100 pM IPTG). TSS1709 is a
vector control, while TSS1410 carries an IPTG-inducible plasmid expressing the
flagellamaster regulator FIhDC (pSJAB50) inan flhDC deletion background. In
bothstrains, allchemoreceptors (tar, tsr, tap, trp and aer) and chemotaxis
signalling genes (cheAWRBYZ) have been deleted and replaced by a plasmid
expressing cheAW, tar, tsr,cheRBYZ (pTA6) to decouple them from flhDC
control. b, Growth-rate dependence onIPTG induction for both strains.

¢, Average swimming speed of the full population (circles with solid lines) and
ofthe motile population (crosses with dotted lines) as a function of IPTG
induction.d, Colony expansion rate in soft-agar plates asa function of IPTG
induction. Thered squarereflects the lack of expansionin the flagella
inductionstrainin thefirst 24 hat 0 upMIPTG. We observed asymmetric
expansion at later time points, which we attribute to mutations. Inb-d, lines
connectdatapointstoguide the eye, and the grey areaindicates the IPTG range
inwhichthe flagellainduction strain mimics the wild-type properties. Small
symbols show raw data, large symbols show averages of raw data, and error
barsindicating the standard error of the mean are shown whenevern>2.

e, Soft-agar plates for various IPTG concentrations 21 h after inoculation with
thewild-type control strain (bottom-right colony), the flagellainduction strain
(top colony) and a flagella overexpression strain that contains theinducible
flhDCplasmidinaddition to wild-type chromosomal flhDC (TSS1699, left
colony).



Extended Data Table 1| Motility genes of the cohabitant pair ECOR18-ECOR19 display various amino acid substitutions

gene gene # of DNA DNA substitutions #of AA AA substitutions
length substi - substi -
tutions tutions
aer 1521 1 T546G 1 F182v
cheR 861 1 G608A 0
dgcE 3318 116 G200A, C215T, A218G, T269C, C274T, A320G, G323A, A350C, G404A, G440A, 16 TO11, M248L, T507A,
T482G, A500T, G521A, A536G, G728T, A740G, A744C, T755G, A785G, T788C, Q551K, S804N,
C851G, T914A, T917C, C920G, A1022G, C1028T, G1079C, C1136T, A1184T, 1841V, T848A, 1873L,
G1268C, C1271T, G1295T, C1338T, A1340G, C1457T, C1475T, A1481G, T1496G, D928E, E961D,
A1505G, A1521G, C1523T, C1532T, T1538C, T1559C, C1622T, A1625G, G1628T, 1963L, D983E,
C1653A, A1655G, G1682T, C169H4T, A1784G, T1883C, C1907T, C1922T, A1976T, N991S, F1004L,
C1979T, C2003T, T2075C, G2093A, A2129G, C2198T, C2201G, T2204G, C2261T, N1005S, D1084E
A2276G, T2282C, C2285T, T2312C, T2315C, C2321T, T2327C, G2330T, C2348T,
C2357T, C2360T, C2381A, A2390C, T2393G, G2413A, T2414C, T2432C, T2456A,
A2523G, A2544G, A2619C, G2642A, A2750G, A2771C, T2786A, C2804A, T2825C,
(G2843C, A2885T, A2888G, A2889C, A2948T, C2951A, A2974G, C3008A, A3011G,
T3012C, A3016G, T3017C, A3059G, A3077G, A3113T, C3143T, G3164A, G3176A,
A3194C, C3204T, G3206A, C3251T, T3254G, C3296T
dgeN 1227 1 A272T 0
dgcQ 1695 39 G134A, A297G, C302T, C342A, T383C, G386A, G410A, A491G, ASB4T, G624A, 10 N98D, Q114K,
G635A, G738A, A740T, ABB3T, A972G, G1023A, C1038T, C1143T, C1151T, T1167C, V208I, E246N,
T1259G, T1263A, C1307T, T1319C, A1403T, T1412C, C1466T, C1473G, G1484A, L287F, N324D,
T1487C, C1509T, C1532T, C1535T, C1566T, C1577T, C1592T, A1637G, C1658T, V341M, R381W,
C1664T L421M, Q491E
dgceT 1359 1 A972G 1 1324V
dgcZ 891 2 C299A, G541T 2 D99E, G180V
figE 1209 1 C1169T 0
figF 756 1 G522A 1 D174N
figH 699 2 A74G, T386G 1 124M
figk 1644 1 G1027A 1 G342D
flnA 2079 1 G1997A 0
fliA 720 5 A47G, G526A, T536C, C632T, G635A 1 S175N
fliE 315 6 G68A, T74A, G83A, G102A, T134A, T152C 2 D24E, A34T
fliF 1659 13 A275G, A293G, G575A, C593G, A614G, C638T, T686C, T722G, A743G, T755A, 2 K401T, R477S
G797A, A1204C, C1431A
fliG 996 2 A785G, ABO3G 0
fliH 687 11 T176G, A204G, A332G, G380A, C476T, G482A, A485G, A488G, C500G, A536T, 1 K68E
A578C
fliJ 444 1 C161T 0
fliK 1128 41 A20G, T38C, A40C, G42A, T125A, C204G, G207T, C253T, G254T, A290G, A305G, 14 N13T, A14T, L68V,
C335A, G342A, A345C, T365C, G368T, C389T, T448C, G449A, A515T, T533C, AB9S, P84L, N111K,
G545A, A608G, A614G, C628A, GB8IT, G794A, C818T, AB45G, AB48G, GB58A, A114T, K115Q,
T875C, G887C, G890C, T902G, T995G, T1024C, T1066C, A1080T, C1091T, C1100T V149A, A209D,
V2861, V341A,
L355P, 1360L
fliL 465 6 C186T, A152G, C170T, C185T, G206A, G215A 1 T51
fliM 1005 17 C314A T317C, G320T, T353C, A356G, T362C, G509A, T563C, C566T, T659A, 0
G779A, C785G, T842C, C869T, C896T, G902A, T923C
fliN 414 13 T65G, A74G, C89T, A90G, C92A, T131C, T134A, G251A, C254A, A287G, T380C, 1 S30G
T386C, A392G
flio 366 7 C11T, C48T, T104C, T123C, T133C, T329C, A337G 3 P16S, V44A, N112S
fliP 738 18 A23C, G42A, A128G, C203T, T231C, A239G, A272G, G278A, G308A, T317C, C362A, V14l
C428T, T491C, T572C, T599A, G620A, A641C, A647C
flis 411 6 G71A A125G, G173A, A203G, C284T, G374T 0
fiiT 366 5 C6G, A77G, G110A, C172T, T320C 2 H2D, T571
motB 927 1 A164G 0
tap 1602 1 T1073C 0
tar 1662 1 C1274T 0
tsr 1665 28 A425G, C467T, G515A, G519A, T531C, C836A, T971C, T983C, C1016T, C1049T, 6 D173N, Y177H,

T1070C, C1163T, C1196T, T1202A, T1220C, C1226T, T1232C, A1283G, A1313C,
C1343T, T1376A, T1430C, T1487C, G1568T, A1597C, A1611G, A1628C, G1631A

S278R, Q522H,
N532T, T537A

Genomic sequences of ECOR18(A) and ECOR19(B) were compared as described in the Methods. In total, 6,923 DNA substitutions within genes and 1,054 DNA substitutions in intergenic regions
were detected among the cohabitant pair. Motility genes (as defined below) exhibited 349 DNA substitutions and 67 amino acid substitutions, that is, 30 out of 63 motility genes had at least 1
DNA substitution and 19 out of 63 at least 1amino acid substitution. Motility genes: aer, bdm, cdgl, chaC, cheA, cheB, cheR, cheW, cheY, cheZ, csrA, dgcE, dgcJ, dgeN, dgeQ), dgcT, dgeZ, dosC,
flgA, flgB, flgC, flgD, flgE, flgF, flgG, flgH, flgl, flgJ, flgK, flgL, flgM, flgN, flhA, fLhC, flhD, fliA, fliC, fliD, fliE, fliF, fliG, fliH, fliJ, fliK, fliL, fliM, fliN, fliO, fliP, fliS, fliT, malE, motA, motB, mqgsR, pdeH,
tap, tar, trg, tsr, ycgR, yehP and yfiR (https://biocyc.org/ECOLI/NEW-IMAGE?object=BC-5.3; obtained, 27 February 2019). A number of interesting mutations are observed within these data. For
instance, amino acid changes are found in the chemotaxis gene fliA, which is known to regulate the expression of flagella genes. In addition, we found mutations in chemotaxis sensory genes
(for example, tsr and aer) and flagella genes (for example, fliE and fliF). We also observed a substantial number of mutations in the dgc genes, which are involved in regulation of flagella gene
expression upon the switch between the motile and sessile phases of the E. coli life cycle, through the modulation of the intracellular cyclic di-GMP concentration.


https://biocyc.org/ECOLI/NEW-IMAGE?object=BC-5.3
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Data collection The tile images of bacterial gel samples were acquired using custom-made scripts of the automated imaging software uManager (version
1.4).
Data analysis The tile images of bacterial gel samples were combined on Java platform (versions SE7 and SE8) and the data analyses on these images

were conducted using custom-made Java scripts and ImageJ (version 1.4 and 1.5). All analyses of fold-change in population ratio data
were carried out using custom-made codes on MATLAB (R2013b,R2016b) platform. Colony counting data were acquired by manual
counting in ImageJ.

3D tracking traces were analyzed with custom-made codes on MATLAB (R2013a,R2017a,R2018b).

Genomic analyses of ECOR18 and ECOR19 were performed using SRA Toolkit version 2.9.2, sickle version 1.33, botwie2 version 2.3.4.3,
Picard version 2.18.25, GATK version 4.1.0.0, snpsift version 4.3t, VCFtools version 0.1.15, SnpEff version 4.3t, and custom scripts written
in Python version 3.6.7 and BioPython version 1.72.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Sample size Experiment to experiment variability for most measured quantities (growth and migration rates, swimming speed, population fold change)
were found to be small (<20% across 2-6 samples). Thus we replicated most experiments at least once from two or more independent
overnight cultures so that the total number of replicates n over m overnight cultures were greater than two (n>m>2). All replicates produced
similar results. Imaging of flagellar staining (bright field) and migration rings (dark field) was conducted once. Exact sample size for all
experiments are given in the section "Statistics and Reproducibility" in Methods.

Data exclusions  No data were excluded from analyses.
Replication All experimental findings were successfully reproduced by employing two or more replicates of each bacterial sample.

Randomization  We did not randomize strain groups. Randomization was not applicable as strains were allocated according to different conditions such as
culturing conditions.

Blinding We did not use blinding when performing the experiments and in the data analysis, as the data acquisition and analysis were done in different
conditions.
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