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% Check for updates In microbial communities, bacteria can inhibit or facilitate each other by
altering their shared environment. Most studies of these interactions have
focused on well-mixed environments, leaving spatial effects underexplored.
Here, we show that in an antibiotic-treated community, bacterial spread
depends on a facilitation mechanism that only emerges in spatial settings. The
facilitating species enables the community’s range expansion but is then
suppressed to a minority, making it a hidden initiator of the expansion.
Focusing on two pathogens, immotile Klebsiella pneumoniae and motile
Pseudomonas aeruginosa, we found that both tolerate a -lactam antibiotic,
with Pseudomonas being more resilient and dominating in well-mixed cultures.
During range expansion, however, the antibiotic inhibits Pseudomonas’ ability
to spread unless it is near Klebsiella—which creates a clear zone by degrading
the antibiotic, at the expense of its own growth. As Pseudomonas spreads, it
competitively suppresses Klebsiella. Our modeling and experimental analyses
reveal that this facilitation operates at a millimeter scale. We also observed
similar facilitation by a Bacillus species isolated from a hospital sink, in both
pairwise and eight-member bacterial communities with its co-isolates. These
findings suggest that spatially explicit experiments are essential to understand
certain facilitation mechanisms and have implications for surface-associated
microbial communities like biofilms and for polymicrobial infections involving
drug-degrading immotile and drug-tolerant motile bacteria.

In nature, microbes typically exist in communities where they can assembled to extract fundamental mechanistic insights, which can
inhibit or facilitate each other. The inherent complexity of natural then be tested in increasingly complex communities’. Examples
microbial communities makes it challenging to uncover their under- include predicting large community outcomes from pairwise
lying ecological mechanisms. To alleviate this challenge, simplified interactions?, revealing limitations of pairwise information for larger
microbial communities with two to several members have been communities’, demonstrating how interspecies interactions during
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chemotaxis and growth shape marine community assembly*, showing
bioelectric signals mediate interspecies attractive interactions’, and
illustrating how transient invaders can trigger state switching in a two-
member community through pH modification®.

Bacteria often interact by altering their shared environment—for
example, by breaking down complex resources into products utiliz-
able by other microbes””, changing pH“*"* or modulating host
immune responses” %, Bacterial interactions also depend on context.
For instance, in a synthetic mouse gut microbiota, Bacteroides caeci-
muris inhibited other members only when the polysaccharide inulin
was the carbohydrate source', acidifying the culture through inulin
fermentation™. Likewise, Bacteroides uniformis can benefit or compete
with butyrate-producing gut bacteria depending on the available car-
bohydrate sources".
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Fig. 1| Klebsiella and Pseudomonas exhibited collective range expansion under
CTX treatment at the cost of Klebsiella’s growth. Kp: Klebsiella, Pa: Pseudomonas,
CTX: Cefotaxime. Source data are provided as a Source Data file. a Pseudomonas
tolerated CTX treatment better than Klebsiella. Liquid media were inoculated with
Klebsiella (dark red) or Pseudomonas (cyan) at ODggo = ~2.1x107 (from dilutions of a
cell suspension with ODggo > 0.05), without (top) or with CTX (2.5 pg ml™, bottom).
Curves and shades show average and standard deviation, respectively, from n=2
biological replicates, each with three technical replicates. b Pseudomonas domi-
nated Klebsiella under the CTX treatment in well-mixed co-cultures. Liquid media
were inoculated with a 1:1 mixture of the two species at ODggo = ~2.1x1075, incubated
for 27 h, and then plated to determine relative abundances (Supplementary Fig. 4b).
Symbols denote n =3 independent replicates (solid/open markers show technical
replicates); diamond indicates data from fluorescently labeled strains. Bars and
error bars represent mean and standard deviation from independent experiments
after averaging technical replicates. ¢ Pseudomonas range expansion was sup-
pressed by CTX and rescued by Klebsiella. 20 ml of swarming agar (0.55%) media
were center inoculated with 1 pl of Klebsiella or Pseudomonas (ODggo = ~0.43).
Colony images were captured at 24 h, processed, and analyzed for colony areas
using a custom Python script (Methods; Supplementary Fig. 3). Images shown were
equally adjusted for brightness/contrast. Dish diameter: 100 mm. See Supplemen-
tary Fig. 7 for raw images from n =3 biological replicates. d The rescue of the
coculture range expansion occurred at the expense of Klebsiella’s growth. In the
same experiments as in (c), agar media were center inoculated with 1 pl of 1:1
mixture of the two species (ODgoo = ~0.43) and imaged after 24 h. Then, whole
colonies were harvested with 5 ml of saline, and relative abundances were estimated
by plating (Supplementary Fig. 4b). Symbols indicate n =3 independent experi-
ments, with solid/open markers showing technical replicates. Bars and error bars
show mean and standard deviation of independent experiments after averaging
technical replicates. Images shown were equally adjusted for brightness/contrast.

While previous studies on bacterial interactions in communities
have focused predominantly on resource context and growth, spatial
structure is a ubiquitous environmental context for microbes. Many
microbes live in spatially structured communities, such as biofilms®. In
such an environment, survival depends on both mobility and effective-
ness in nutrient utilization’>. The mobility can be intrinsic or through
interactions with other community members. For example, Escherichia
coli can be transported by Paenibacillus vortex’, and Pseudomonas
aeruginosa variants hitchhike on shared biosurfactants?®, Biosurfactant
production enables collective spatial expansion (called swarming) but
comes at a significant growth cost, and cheater variants that do not
produce biosurfactants can destabilize this strategy during a prolonged
spatial expansion of a population®. When invading a spatial environ-
ment, Pseudomonas’ biosurfactants can enable the displacement of
competing Klebsiella, which previously colonized the environment®.
These examples underscore the critical need for spatially explicit
experiments to uncover microbial interactions.

Here, combining mathematical modeling and experiments, we
reveal that in a microbial community treated with a -lactam antibiotic,
an immotile species facilitates the spatial expansion of a motile species
when sufficiently close. The immotile species detoxifies the environ-
ment by degrading the antibiotic, which would otherwise suppress the
dispersal—but not the growth—of the motile species. This enables the
motile species to expand, and subsequently suppresses the growth of
the immotile species through an apparent competition, reducing it to a
minority and highlighting it as a hidden initiator of community range
expansion.

We demonstrated this facilitation in two pairwise communities: 1)
clinical isolates of B-lactamase (Bla)-producing Klebsiella pneumoniae
(Klebsiella) as the immotile facilitator and Pseudomonas aeruginosa
(Pseudomonas) as the motile species under cefotaxime (CTX) treat-
ment, and 2) a nonpathogenic Bacillus paranthracis (Bp) with Bla genes
(Supplementary Table 1) as the immotile facilitator and another, motile
Pseudomonas strain (Pa22), co-isolated from the same hospital sink,
under carbenicillin (CB) treatment. Finally, we demonstrated the
applicability of Bp’s facilitation on Pa22 in a synthetic community with
six additional isolates from the same sink sample.

Results

Klebsiella enabled Pseudomonas range expansion under f3-
lactam treatment at its own expense

We tested the effect of a B-lactam antibiotic (CTX) treatment on the
growth (i.e.,, biomass production) of Pseudomonas aeruginosa PAl4
(Pseudomonas) and a Bla-producing clinical isolate of Klebsiella pneu-
moniae (Klebsiella)® in well-mixed liquid cultures. Pseudomonas and
Klebsiella are prevalent pathogens in many common infection types™*
(Supplementary Fig. 1), can co-colonize patients®, and co-occur at
human infection sites® or urinary catheters®?®, suggesting that they
have a strong niche overlap, making their community experiments
clinically and ecologically relevant. We first grew Klebsiella and Pseu-
domonas in well-mixed pure cultures without or with CTX (2.5 pg ml™)
(Fig. 1a). Both species tolerated the CTX treatment, which reduced the
biomass production of Klebsiella and Pseudomonas by 46% and 26%,
respectively, when measured after 27 h (Fig. 1a, bottom). Klebsiella
grew ~1.3-times faster than Pseudomonas without antibiotics (during
the first 6 h) (Fig. 1a, top). With the CTX treatment, Klebsiella growth
became detectable only after ~11h of incubation (Fig. 1a, bottom),
while Pseudomonas growth was virtually unaffected (Fig. 1a).

The results above show that Klebsiella grew faster without anti-
biotic treatment, whereas Pseudomonas grew faster under the CTX
treatment. When grown as a well-mixed pure culture, each species
produced less biomass in medium conditioned by the other species
than in unconditioned medium, demonstrating competition between
the two species (Supplementary Fig. 2). If the two species primarily
interact through competition in well-mixed cocultures, we expect the
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dominance of Klebsiella without the CTX treatment and the dom-
inance of Pseudomonas with the CTX treatment. To this end, we tested
the growth of mix cultures, each starting with equal fractions of
Klebsiella and Pseudomonas, with or without CTX treatment. Indeed,
without CTX treatment, Klebsiella reached a relative abundance of
75.0% after 27 h (Fig. 1b, top). With CTX (2.5 pg ml?) treatment, Pseu-
domonas reached a relative abundance of 99.9% after 27 h (Fig. 1b,
bottom).

We then examined the two species and their interactions on an
agar surface where Pseudomonas could exhibit swarming motility>’.
We tested the effect of the B-lactam antibiotic CTX (2.5ugml™) on
pure cultures of Pseudomonas or Klebsiella by inoculating them on
agar and measuring their colonized areas and biomasses after 24 h of
incubation (Fig. 1c; Supplementary Fig. 3, Supplementary Fig. 4a). The
CTX treatment suppressed Pseudomonas growth by 28-fold when
measured by colony areas (Fig. 1c; Supplementary Fig. 3), or 22-fold
when measured by biomass (Supplementary Fig. 4a). This result is
consistent with the studies that showed that Pseudomonas’ swarming is
inhibited by antibiotic treatment®**’. In contrast, the CTX treatment
did not significantly affect Klebsiella colony growth (Fig. 1c; Supple-
mentary Fig. 3; Supplementary Fig. 4a). In both cases, Klebsiella colo-
nies were smaller than those of Pseudomonas colonies (Fig. 1c;
Supplementary Fig. 3).

We next measured the growth of a coculture starting with equal
biomasses of the two species under the CTX treatment. The coculture
colonized a 7.4-fold larger area and produced 6.2-fold greater biomass
compared to Pseudomonas alone (Fig. 1c,d; Supplementary Fig. 3;
Supplementary Fig. 4a). Without antibiotic treatment, Pseudomonas
alone grew better than a mixture (Fig. 1c, d; Supplementary Fig. 3;
Supplementary Fig. 4a), though the difference was statistically insig-
nificant (A two-sample t-test assuming unequal variances, i.e., Welch’s
t-test, was used to test the null hypothesis of no difference. The cor-
responding two-tailed P-values are 0.081 and 0.25 for colonized area
and biomass, respectively). The collective range expansion by Kleb-
siella and Pseudomonas under the CTX treatment was also observed
when different incubation temperatures were tested (30 °C and 40 °C
instead of the 37 °C default, Supplementary Fig. 5).

When mixed colonies were harvested and the relative abundances
of the two species were measured based on their colony forming unit
(CFU) morphologies (Supplementary Fig. 4b), we found that Pseudo-
monas dominated in cocultures with (99.7%) or without (99.9%) CTX
treatment (Fig. 1d). Distributing the biomass in the mixed colonies with
respect to these relative abundances, we found that Klebsiella always
suffered from the mixed inoculation, while Pseudomonas benefited
from it under the CTX treatment (Supplementary Fig. 4a, compare the
colored bars with and without a gray frame).

To facilitate the analysis of the colony composition in a spatially
resolved manner, we used fluorescence proteins to label the two
species (Pseudomonas-YFP and Klebsiella-mCherry). In a coculture
consisting of these two labeled strains, we observed that Klebsiella was
mostly confined at the seeding position, whereas the expanded colony
front largely consisted of Pseudomonas (Supplementary Fig. 6).

Collectively, our results indicate that the CTX treatment sup-
pressed Pseudomonas’ spatial expansion, which was rescued by Kleb-
siella in a co-culture (Fig. 1c,d; Supplementary Fig. 7). In turn, the
activated expansion of Pseudomonas suppressed the growth of Kleb-
siella (Fig. 1d; Supplementary Fig. 4a), which could be explained by the
exclusive spatial expansion ability of Pseudomonas (Fig. 1c) and its
greater tolerance to CTX than Klebsiella (Fig. 1a).

The rescuing by Klebsiella was likely due to its ability to produce
Bla, which degrades CTX* (Supplementary Table 1). To test this
notion, we collected supernatants from the Klebsiella pure cultures at
~6.3 h or media without cell inoculation as unconditioned control.
After filter sterilizing the supernatants, we tested whether CTX-
sensitive Escherichia coli could grow in them (Supplementary Fig. 8a,

top). Following 21 h of incubation, E. coli exhibited detectable growth
in the Klebsiella-supernatant but not in the unconditioned control,
consistent with the CTX degradation by Klebsiella-produced Bla*®
(Supplementary Fig. 8a, bottom; see Supplementary Fig. 8b for Kleb-
siella growth curves with the initial cell density of ODgoo=~5x107*,
which was used for this experiment).

CTX suppressed Pseudomonas’ spatial expansion in a dose-
dependent manner
We next measured the suppression of Pseudomonas spatial expansion
(in terms of colonized area) using varied initial doses of CTX (0 to
2.5 pg ml™) (Supplementary Fig. 9). The suppression increased with the
initial CTX dose (4o), approximately following a Hill inhibition function.
Pseudomonas growth was virtually unaffected by CTX (2.5 pg ml™)
treatment (Fig. 1a). Thus, the suppression in Pseudomonas’ spatial
expansion (Fig. 1c; Supplementary Fig. 9) was likely due to the loss of
motility and correlated with filamentous cell morphology (Supple-
mentary Fig. 10), consistent with previous reports associating [-
lactam-induced cell filamentation with reduced motility*>*". The extent
of the filamentation of Pseudomonas cells was reduced when inocu-
lated in a mixture with Klebsiella (Supplementary Fig. 10), which
restored Pseudomonas’ spatial expansion (Fig. 1d). A similar fila-
mentation of Pseudomonas was observed in well-mixed liquid cultures
under CTX (2.5 ug mI™) treatment, with or without Klebsiella (Supple-
mentary Fig. 11). The spatial expansion of Pseudomonas was eventually
stopped by the antibiotic concentration far (1.5-2 cm) away from the
inoculation point. This is because Klebsiella did not move along with
Pseudomonas (Supplementary Fig. 6) and, hence, could no longer
reduce the antibiotics to an ineffective concentration. Likewise,
actively swarming Pseudomonas still needed Klebsiella for swarming
when inoculated on fresh antibiotic media at -4times greater cell
density than the original inoculum (Supplementary Fig. 12).

Theory reveals key determinants of the facilitation of spatial
expansion

We conducted a theoretical analysis to gain insight into the Klebsiella-
mediated collective range expansion during antibiotic treatment. We
assumed that the Klebsiella population leads to an antibiotic sink and the
growth media serves as a source for antibiotics (Fig. 2a, top)*>. The terms
sink and source were inspired by the infinite source and point sink
reaction-diffusion framework we adapted below. We described the
dependence of the effective spatial expansion ability (M) of Pseudomo-
nas on the antibiotic concentration using the experimentally deter-
mined Hill function (Supplementary Fig. 9). Solving the system assuming
cylindrical symmetry (see Supplementary Notes for details), we have:

1

AR
In(d/R @
1+ao" <lnES/Rg>

where R>0 is the boundary of the sink created by the Klebsiella
population, S>R is the domain boundary, d € [R, S] is the distance of
Pseudomonas from the sink boundary, and a, € [0, oc] is the initial
antibiotic concentration normalized by its value for the half-maximum
of Pseudomonas effective spatial expansion ability (ay= f‘—g; see
Supplementary Fig. 9 caption for Ac and h). Here, the sink boundary
R defines the radius of a circular clear zone within which the antibiotic
concentration is an ineffective lower boundary value. For the latter, we
considered zero for simplicity, though our theoretical framework can
be applied to any arbitrary value. That is, each point on the clear zone
boundary acts as a point sink for the antibiotics. Note that we expect
the clear zone radius, R, to have two contributions: it scales with the
physical size of the Klebsiella inoculum and has an additional term that
increases nearly linearly with the characteristic diffusion length scale
of Bla. This additional contribution is anticipated to depend only
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Fig. 2 | Spatial scale of the facilitation of spatial expansion. Source data are
provided as a Source Data file. a Theoretical model: Top: Klebsiella-antibiotic
interaction. Antibiotic concentration (a) forms a steady-state gradient, assuming a
population of facilitator Klebsiella as an antibiotic sink, creating a clear zone with
radius R, while growth media with a domain size of S acts as an infinite antibiotic
source. a decreases near the sink, converging to an ineffective minimum (zero for
simplicity; Supplementary Notes). Bottom: Klebsiella-antibiotic-Pseudomonas
interactions. Equation (1) predicts that Pseudomonas’ effective spatial expansion
ability (M) depends on its distance to sink boundary (d) and initial antibiotic con-
centration (a,). h = 6.642 (Supplementary Fig. 9). S/R =10 was assumed. b Experi-
ments corroborated the dependence of effective spatial expansion ability of
Pseudomonas on its distance to Klebsiella. The experiment from Fig. 1d was repe-
ated with 1 pl of Pseudomonas (left) and 1 pl of Klebsiella (right) inoculated side by
side at varying distances (d, gold, in mm). Dishes were imaged at 23 h. Colonized
areas were measured using a custom Python script and manually corrected with
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ImageJ if needed. Data were fitted to a Hill inhibition function (solid curve), yielding
a Hill coefficient of 7.62 and a spatial scale of the facilitation of expansion (L,: the
distance at which colonized area is half-maximum) of 6.90 mm (R? = 0.990).
Inoculum diameter: -3 mm, dish diameter: 100 mm. Images shown were equally
adjusted for brightness/contrast. Raw data from n =7 independent replicates are in
Supplementary Fig. 13. Supplementary Fig. 14 shows an experiment with fluores-
cently labeled strains. Half-maximum suppressing cefotaxime (CTX) dose:
1.29 pg mI™ (Supplementary Fig. 9). ¢ A coarse-grained kinetic model recapitulated
the experimental range expansion patterns. Results from coarse-grained simula-
tions at 48 h. Left: Black and white indicate absence and presence of bacteria,
respectively. Right: Colonized area was calculated using a custom MATLAB script
and plotted against d (gold, in mm). The data were fitted to a Hill inhibition function
(solid curve), with a Hill coefficient of 92.4 and L, =13.9 mm (R? = 0.999). Inoculum
diameter: 10 mm. Supplementary Fig. 15 shows data at additional time points.
Supplementary Table 2 lists model parameters and initial conditions.

weakly on the Klebsiella seeding cell density (see Supplementary
Notes, Supplementary Eq. (7) for details).

For a constant d, M decreases from 1 and approaches O with
increasing ao. For a given ag, M decreases with increasing d (Fig. 2a,
bottom). For a sufficiently large ao, Pseudomonas’ effective spatial
expansion ability is sharply activated when d < L, where L, denotes the
distance at which M is half-maximum. Thus, Ly is a measure of the
spatial scale of facilitation of spatial expansion. Critically, Ly can be
substantially larger than R, indicating a long-range interaction (Fig. 2a,
bottom, Lx=~3.2R for a, =2).

Experiments corroborated the theoretical predictions

To test Eq. (1), we inoculated one Klebsiella population and one Pseu-
domonas population at varied distance (d) under CTX (2.5pgml™)
treatment. Then, we quantified the range expansion as the colonized
areas at 23 h, observing a sharp change at a certain distance value
(Fig. 2b), consistent with the prediction of the spatial scale of the
facilitation of spatial expansion (Lx) above. We demonstrated the
robustness of the existence of Ly, repeating the same experiment, also
with varied Klebsiella seeding cell density (Supplementary Fig. 13). The
range expansion had a bias towards the Klebsiella population, which
we confirmed by repeating this experiment with the fluorescently
labeled strains (Supplementary Fig. 14).

A coarse-grained kinetic model recapitulated the experimental
range expansion patterns

The spatial patterns of the range expansion (Fig. 2b) were not con-
sidered in our theoretical estimation of M and Ly above. The spatial

patterns are a function of not only the antibiotic gradient and the
Pseudomonas’ spatial expansion ability—which the antibiotic gradient
determines—but also the spatiotemporal dynamics of species and
nutrient abundances. Thus, we next accounted for these factors and
built a coarse-grained kinetic model, enabling a more constrained
simulation of spatial expansion dynamics (Methods and Supplemen-
tary Table 2).

This model builds upon our previous models for Pseudomonas
branching®® and Bla-mediated population dynamics in response to [3-
lactam treatment®® (see Methods). We simulated the range-expansion
dynamics with varied seeding distance (d) between one Klebsiella
population and one Pseudomonas population. Again, we quantified the
total colonized area (at 48 h; see Supplementary Fig. 15 for different
time points) and found a sharp onset of range expansion as d
decreased below a critical value, consistent with the existence of Ly
(Fig. 2¢). Simulations mimicking an intracellular degradation of anti-
biotics by an immotile species (zero dispersal for the antibiotic-
degrading enzyme and the species that produces it) yielded similar
results, suggesting that the antibiotic sink role could be fulfilled
without released public goods (Supplementary Fig. 16).

The facilitation of spatial expansion occurred in a pairwise
coculture of hospital sink co-isolates, Bacillus paranthracis and
Pseudomonas aeruginosa

Colonization of hospital sink drains (e.g., p-traps) has been associated
with pathogens such as K. pneumoniae** and P. aeruginosa®. Moreover,
biofilms formed in the p-traps of connected sinks and expanded
upwards 2.5cm day?, possibly due to surface-associated bacterial
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Fig. 3 | The facilitation of spatial expansion in a pairwise coculture of hospital
sink isolates, Bp and Pa22. Bp: Bacillus paranthracis, Pa22: Pseudomonas aerugi-
nosa 192622, CB: Carbenicillin. Source data are provided as a Source Data file.

a Pa22 tolerated CB treatment better than Bp. Liquid media were inoculated with
Bp (red) or Pa22 (light blue) at ODg o = ~2.1x107 (from dilutions of a cell suspension
with ODggp > 0.05), without (top) or with CB (10 pg ml™, bottom). Curves and
shades show average and standard deviation, respectively, from n =2 biological
replicates, each with three technical replicates. b Pa22 dominated Bp in well-mixed
cocultures. Liquid media were inoculated with a 1:1 mixture of the two species at
ODgop =~2.1x107%, incubated for 27 h, and then plated to determine relative abun-
dances (Supplementary Fig. 21b). Bars and error bars represent mean and standard
deviation from n =2 independent experiments (symbols) after averaging technical
replicates (solid/open/lined markers). ¢ Pa22’s range expansion was suppressed by
CB treatment and rescued by Bp. 20 ml of swarming agar (0.55%) media were
inoculated with 1l of Bp or Pa22 at ODggo = ~0.43 with or without CB (10 pg ml™).
Dishes were imaged at 24 h, processed, and analyzed for colony areas using a
custom Python script (Methods). Images shown were equally adjusted for bright-
ness/contrast. Dish diameter: 100 mm. Raw images from n =2 independent repli-
cates are in Supplementary Fig. 19. d The rescue of the coculture range expansion
occurred at the expense of Bp’s growth. In the same experiments as in (c), media
were center inoculated with 1 pl of 1:1 mixture of the two species at ODgpo =~0.43
(circles) or ~0.34 (triangles). The dishes were imaged after 24 h (see Supplementary
Fig.19 for raw images). Then, whole colonies were harvested with 5 ml of saline, and
relative abundances were estimated by plating (Supplementary Fig. 21b). Bars and
error bars show mean and standard deviation of n =2 independent experiments
(symbols) after averaging technical replicates (solid/open markers). Images shown
were equally adjusted for brightness/contrast. Dish diameter: 100 mm.

motility*. If sufficiently close to the sink strainer, running sink water
can lead to the spread of bacteria to the environment*®, posing a
health risk.

We next tested whether the facilitation of spatial expansion pre-
sented above could occur in communities of bacteria isolated from the
same sink p-trap at Duke University Hospital. Two isolates, 192621 and
192622, were identified by 16S rDNA sequencing as Bacillus para-
nthracis and P. aeruginosa, respectively.

We first tested the effect of CB treatment on the growth of the two
isolates. Specifically, we grew B. paranthracis 192621 (Bp) and P. aer-
uginosa 192622 (Pa22) in pure liquid cultures without or with CB
(10 pg ml™) (Fig. 3a). Both species tolerated the CB treatment, but Pa22
grew faster than Bp under both conditions. When grown as a well-
mixed pure culture, each species produced less biomass in medium
conditioned by the other species than in unconditioned medium,
demonstrating competition between the two species (Supplementary
Fig. 17). If the two species primarily interact through competition in

well-mixed cocultures, we expect the dominance of Pa22 under both
conditions. To this end, we tested the growth of mix cultures, each
starting with equal fractions of Bp and Pa22, with or without CB
treatment. Indeed, Pa22 dominated after 27 h for both cases, where Bp
was undetectable (<0.1%) (Fig. 3b).

When tested on agar, however, only a mixture of Bp and Pa22
exhibited spatial expansion after 24h under treatment by CB
(10 pg mI™; -2.4-times the concentration for the half-maximum sup-
pression of the spatial expansion of Pa22 when alone, Supplementary
Fig. 18) (Fig. 3¢, d, Supplementary Fig. 19). The mixture’s spatial
expansion under the CB treatment was maintained at 30 °C but not at
40 °C (Supplementary Fig. 20), indicating the context-dependence of
mechanism. While mixing Pa22 with Bp promoted biomass production
under the CB treatment by 4-fold, Bp itself became undetectable
(<0.1%) in the final population (Fig. 3d; see Supplementary Fig. 21 for
biomass data). Supernatants from CB-treated pure cultures of Bp
allowed the growth of CB-sensitive E. coli (Supplementary Fig. 22),
indicating the degradation of CB in the environment by Bp. These
results suggest that Bp facilitated Pa22 only during community spatial
expansion by degrading the antibiotics in the environment.

The principles we uncovered from the pairwise communities
above (Figs. 1-3) are likely generalizable: When we used a variant of the
CB-sensitive E. coli, which was engineered to express Bla conferring CB
resistance*’*8, it also rescued Pseudomonas swarming from CB inhibi-
tion (Supplementary Fig. 23).

The facilitation of spatial expansion occurred in a synthetic
community of sink isolates

Pairwise communities above enabled us to investigate mechanistic
underpinnings of the facilitation that enables collective range expan-
sion under antibiotic treatment. To evaluate the generalizability of the
mechanism, we next tested if Bp’s facilitation of Pa22’s spatial expan-
sion could occur in the presence of other members of sink isolates. To
this end, we assembled an eight-member community, which we
termed SynkC, by introducing six additional isolates from the same
sink sample from which we isolated both Bp and Pa22 (Table 1). SynkC
consists of six distinct taxonomic groups based on 16S rDNA-based
microbiome sequencing. Seven out of the eight SynkC members are
genotypically and/or phenotypically distinct (Supplementary Fig. 24).
In addition to Pa22, only one other SynkC member showed spatial
expansion ability on its own (Supplementary Fig. 24a, Bacillus sp.
ESY92). When tested alone, two SynkC members did not tolerate the
CB treatment, and the others exhibited various degrees of tolerance
(Supplementary Fig. 24b).

Whole-genome sequencing of the SynkC members revealed that
each member had at least one Bla gene. Bp had the most (17) Bla genes
followed by Pa22 (7), while Bp was the only isolate carrying a class A
Bla, according to Ambler’s classification scheme, based on amino acid
sequence similarities of known Bla proteins (Supplementary Table 1).
These sequencing results suggest a greater or a unique potential of Bp
to degrade certain f-lactam antibiotics. Accordingly, in pairwise cul-
tures, Bp was the only one that rescued the Pa22 spatial expansion
from the CB treatment inhibition (Supplementary Fig. 25).

We ran agar experiments with SynkC with equal starting bio-
masses of all the eight members or by leaving out Bp (SynkC-Bp).
Again, spatial expansion under the CB treatment occurred only when
Bp was included (Fig. 4, images), though Bp was not detected in the
final population of SynkC (Fig. 4, pie charts). In addition to promoting
the spatial expansion and -2.7-fold greater total biomass, the initial
presence of Bp also increased community diversity under the CB
treatment. Specifically, while only Pa22 was detected at the end of the
SynkC-Bp experiment, both Pa22 and Enterobacter sp. were detected
in the final SynkC community (Fig. 4, pie charts). This suggests that
Enterobacter sp. should also be considered when analyzing the precise
spatial distribution of bacteria. However, Enterobacter sp. cannot
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SynkC

initial

final

Enterobacter sp.
m Citrobacter murliniae
m Enterobacter wuhouensis
m Bacillus sp.

Fig. 4 | The facilitation of spatial expansion in SynkC, an 8-member, synthetic
community of hospital sink co-isolates. Bp: Bacillus paranthracis, Pa22: Pseudo-
monas aeruginosa 192622, CB: Carbenicillin. Source data are provided as a Source
Data file. The agar (0.55%) surface was inoculated with 1l of a mixture containing
equal biomasses of all the eight members (SynkC) or all but Bp (SynkC-Bp) at
ODg0p = ~0.34, with or without CB (10 pg mlI™). Images of the colonies were cap-
tured at 24 h. Then, whole colonies were harvested by flooding with -5 ml of saline.
The biomasses of the cell harvests were calculated by measuring the OD¢o of each
harvest suspension and multiplying it by the suspension volume. Unused inocu-
lants and cell harvest suspensions were stored as frozen glycerol stocks and
underwent 16S microbiome sequencing to determine the initial and final relative
abundances of the community members (a 0.5% cut-off value applied). Each of the
pie charts above shows six groups, with the Enterobacter sp. and Bacillus sp. groups
representing the combined abundance of two isolates each, while all other groups
represent a single isolate. For the final time point, relative areas of the pie charts
represent the distribution of the respective biomasses measured. n =2 indepen-
dent experiments, each with technical replicates, yielded similar results. A repre-
sentative set of data was shown here, with images equally processed for brightness/
contrast. Dish diameter: 100 mm. See Supplementary Fig. 26 for the raw data from
all replicates. Phenotypes of the individual members are in Supplementary Fig. 24.

spread alone (Supplementary Fig. 24a), so any spatial expansion of
Enterobacter sp. must depend on other species such as Pa22.

Discussion

Our study provides a concrete demonstration that context—specifi-
cally spatial structure and chemical stress—can reveal a species’ facil-
itator role. By degrading [-lactam antibiotics, an immotile Bla-
producing species (K. pneumoniae or B. paranthracis) creates a clear
zone that restores the motility-based range expansion of a more resi-
lient partner (P. aeruginosa), if sufficiently close. However, this facil-
itation is at the cost of the facilitators themselves—driving them to an
extreme minority population, apparently through competitive exclu-
sion by P. aeruginosa. Although the drug-degrading facilitator even-
tually becomes a minority due to competition, its transient facilitation
is essential for spatial expansion and overall community success. This
mechanism could contribute to the observed rapid biofilm formation
in sink-associated microbial communities*.

Two contextual factors are critical for our system. One is spatial
expansion, as mobility only matters in a spatially structured environ-
ment. This context-dependency is reminiscent of a recent example in
which we show that the spatial expansion of Pseudomonas not only
makes a cooperative trait essential”’ but also allows non-cooperating
variants (so-called cheaters) to leverage their growth advantage from
the lack of cooperative trait expression, enabling them to outcompete
the cooperating individuals®. The other contextual factor is antibiotic
stress, which primarily suppresses mobility instead of the growth of
Pseudomonas. Together, these factors shift the net effect of the drug-
degrading bacteria from competitive to facilitative. This shift aligns
with the stress gradient hypothesis, which suggests that positive
interactions dominate negative interactions in more stressful
environments*’2,

The principles uncovered here are likely generalizable. Other
species or consortia could similarly modify their environment—

through pH shifts”?, enzyme secretion®>*, nutrient release/break-
down'***, or other chemical changes—to unlock traits like motility>~¢,
biofilm growth’=>’, or nutrient utilization (i.e., necrotrophy*) relevant
only in spatially structured habitats. Such facilitation may be common
in natural and engineered microbial communities but remain untap-
ped due to a lack of spatially explicit experimental inquiry.

Clinically, consistent with the notion of private versus public
benefits of Bla producers in bacterial communities®®, our work sug-
gests that certain Bla producers may play a crucial, even if transient,
role in facilitating the spread of more virulent pathogens, such as
Pseudomonas, even if they remain undetected in standard assays.
Current microbiome analyses often exclude low-abundance taxa®,
potentially missing these transient facilitators and underestimating
their influence on infection dynamics.

In conclusion, recognizing the context-dependent and transient
facilitative interactions enriches our understanding of microbial ecol-
ogy, offers insights for controlling infections, and opens new avenues
for studying hidden facilitators in complex microbial ecosystems.

Methods

Bacterial growth media and procedures

In every experiment, bacteria were first streaked on a lysogeny broth
(LB) agar plate from their frozen glycerol stock, and a single colony was
incubated overnight in liquid LB media at 37 °C and 225 r.p.m. The
overnight cultures were then centrifuged at 1150 g for 5min, and
the resulting cell pellets were resuspended in phosphate-buffered
saline (PBS) supplemented with 8 g 1" of casamino acids before using in
the experiment.

For all experiments, PBS (24 gl Na,HPO, anhydrous, 3gI*
KH,PO, anhydrous, 0.5gI™ NaCl, 1mM MgSO,, and 0.1mM CaCl,)
supplemented with casamino acids (8¢gl™, unless otherwise noted)
was used. Agar (final concentration of 0.55%) was used when
applicable.

The media was prepared following a recipe adapted from Xavier
et al.® To make 1 liter of 5x phosphate buffer stock solution, 12g
Na,HPO, anhydrous, 15g KH,PO, anhydrous, and 2.5g NaCl were
dissolved in deionized water and sterilized by autoclaving. The casa-
mino acids stock solutions were made at 20% (w/v) by microwaving
40g casamino acids (Gibco™ Bacto™ 223120) in deionized water,
sterilized by filtering (0.22 pm) and stored at 4 °C. The main solutions
of agar were made at 1.25% (w/v) on the day of the experiment dis-
solving granulated agar (BD Difco™ 214530) in deionized water and
sterilizing by autoclaving. Then, appropriate amounts were immedi-
ately used to prepare the experimental media.

In the experiments and overnight cultures with the Pseudomonas-
YFP and Klebsiella-mCherry variants, gentamicin (15ugml™) was
added for the maintenance of the plasmids. Anhydrotetracycline (aTc;
100 ng ml™) was also added for inducing the mCherry expression. All
antibiotic solutions used in the study were made fresh on the day of the
experiment. The cultures with aTc were protected from light.

All ODgpo measurements were taken using 200 pl samples and a
plate reader (Tecan Infinite 200 with its i-control software 3.9.1.0).

Well-mixed liquid cultures
We grew 2-3 ml cells in 16 ml culture tubes at 37 °C and 225 r.p.m.

Growth curve experiments

We measured the growth curves of bacteria using a plate reader (Tecan
Infinite 200 with its i-control software 3.9.1.0). In each well of a 96-well
plate, we added 195 pl liquid media and 5l cell inoculum culture
(prepared by centrifuging overnight-grown cells at 1150 g for 5 min and
then resuspending in the liquid medium). To prevent evaporation, we
used Nunc Edge multi-well plates (Thermo Scientific) with built-in
water reservoirs. In addition to the built-in water reservoirs, we also
reserved all the edge wells for water only. The cells were then
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incubated in the plate reader at 37 °C, and ODgoo measurements were
taken at 10 min intervals after the plate being shaken rigorously. For
technical replicates of a particular condition, cells from the same
inoculum were inoculated in different wells of a 96-well plate and
measured. Background signals measured from media containing no
cells were subtracted from the data. Custom MATLAB scripts were
used for data analysis, during which a four time point moving average
was applied to the raw ODgg( time series data.

Agar media experiments

20 ml growth media was solidified in 100-mm petri dishes. Overnight-
grown cells were centrifuged at 1150 g for 5 min and then resuspended
in the liquid medium to prepare a cell inoculum culture. The seeding
droplet volume from cell inoculum cultures was 1 pl. The seeded plates
were incubated at 37 °C, unless otherwise noted, agar side up.

CTX/CB environmental degradation assays

The protocol used was adapted with minimal changes from our previous
study?’: 3 ml liquid media with/without the facilitator bacteria (Klebsiella
or Bp) inoculated (initial cell density of ODggg =~5x10"*) and with/with-
out the antibiotic .5pgml? CTX or 10pgml? CB) addition
were incubated at 37 °C and 225 r.p.m. At ~6.3 h, 1 ml samples from the
media were removed, in which clavulanic acid (Spgmil™? final con-
centration) was then added to prevent any further Bla activity. Next,
supernatants were prepared by filtration of these 1 ml samples using
0.22 um cellulose acetate filters (VWR). Finally, the supernatants were
inoculated with E. coli MC4100Z71 at initial cell density of ODgoo = ~5x107*,
at which the E. coli is sensitive to the antibiotic treatments here. Then,
OD¢oo measurements were taken after 21h incubation at 37°C at
225 r.p.m.

Spent media assays

Similar to the CTX/CB environmental degradation assays above, 3 ml
liquid culture media were incubated for ~6.3 h at 37 °C and 225 r.p.m.
with no inoculant (for an unconditioned control media) or with Kleb-
siella or Pseudomonas (or with Bp or Pa22) at initial cell densities of
ODgo0 = -5x107*. Then, supernatants were collected by filtration using
0.22 pm cellulose acetate filters (VWR). Within each pairwise system,
the filtered supernatants of each species were cross-inoculated with
the other species (ODggp = ~5x107*). Subsequently, growth curve
measurements were performed in a plate reader at 37°C, as
described above.

Relative abundance measurements based on colony forming
unit (CFU) morphology

As shown in Supplementary Fig. 4b and Supplementary Fig. 21b, CFUs
were grown on LB agar (1.5%) for 20 h at 37 °C to determine the relative
abundance of the constituent species in pairwise mixed cultures. To do
so, cell harvests were serially diluted in sterile saline (11.6 g1 NaCl)
solution down to ~100 CFUs per 100 pl spread on a 100-mm LB
agar plate.

Bacterial strains

P. aeruginosa PAl4 (Pseudomonas), a clinical K. pneumoniae isolate
D-005 from Deverick J. Anderson’s laboratory (Klebsiella), E. coli
MC4100Z1, E. coli MC4100Z1 with a plasmid that encodes an engi-
neered cytoplasmic B-lactamase (E. coli Bla+)*’, and the hospital sink
p-trap isolates described below (Table 1) were used. For some experi-
ments variant strains that expressed spectrally distinct fluorescent
proteins from a plasmid, Pseudomonas-YFP** and Klebsiella-mCherry
(this study, see Methods and Supplementary Table 3), were used.

Construction of the Klebsiella-mCherry strain

Strain and transformation. Zymo Mix & Go Transformation kit (Zymo
Research) was used to make K. pneumoniae D-005 chemically com-
petent with one modification: the overnight culture of D-005 was re-
grown in super optimal broth (SOB) supplemented by 0.7 mM (final
concentration) ethylenediaminetetraacetic acid (EDTA)®.

Plasmid construction. ptetmCherryGMR was constructed from the
parent plasmids ptetmCherry®!, pUCP30T-eCFP plasmid®, and
pJ1996_v2°¢. The ptetmCherry plasmid without the chloramphenicol
resistance gene, the gentamicin resistance gene, and a DNA fragment
containing two transcription terminators were PCR amplified from the
ptetmCherry, pUCP30T-eCFP, and pJ1996_v2 plasmids, respectively,
by DNA primers with overhangs. The resulting linear DNA fragments
were digested by Dpnl and subsequently column purified with DNA
Clean & Concentor-5 (Zymo Research). Then, they were ligated toge-
ther with NEBuilder HiFi DNA Assembly Master Mix (NEB #E2621) to
yield the final plasmid. The final plasmid was transformed into Topl10F’
to propagate, miniprepared with Zymo Plasmid Miniprep-Classic kit
(Zymo Research), and sequenced by Sanger sequencing (Genewiz/
Azenta Life Sciences) to validate. All the DNA primers were purchased
from Integrated DNA Technologies and listed in Supplementary
Table 3.

SynkC: Isolation of bacteria from the sink p-traps and their
taxonomic identification
The members of SynkC (Table 1) were isolated by propagations of a
sample collected from a sink p-trap in an intensive care unit in a
recently constructed bedtower at the Duke University Hospital. Sterile
tubing was fed down into the p-trap and a 50 ml syringe was used to
agitate the fluid to collect biofilm portions and then withdraw a
sample®. 50 pl of p-trap water was used to inoculate 950 pl of tryptic
soy broth in a 2 ml deep well plate (Thermo Scientific) and grown for
16 h at 37 °C with shaking at 700 r.p.m. The resulting culture was gly-
cerol stocked (25% glycerol) and frozen. In parallel, it was serially
diluted to 107 in phosphate buffered saline and 10 pl of dilutions from
107 to 107® were plated on tryptic soy agar (TSA) with and without
100 pg mlI™ carbenicillin. The plates were incubated at 37 °C for 10 h
and at room temperature for 66 h.

Pa22 (ESY55) and Bp (ESY57) were isolated via restreaking differ-
ent parts of the resulting colonies on fresh agar plates and incubating

Table 1| SynkC members

Lab stock Taxonomic group name Identity suggested by the Azenta Life Sciences pipeline  Identity suggested by the SeqCenter, LLC
identity we used pipeline

ESY55 Pa22 Pseudomonas aeruginosa ATCC10145 Pseudomonas aeruginosa

ESY57 Bp Bacillus paranthracis MCCC1A00395 Bacillus

ESY66 Enterobacter wuhouensis Enterobacter wuhouensis/ludwigii Enterobacter cloacae

ESY73 Bacillus sp. Bacillus aerophilus/stratosphericus/altitudinis Bacillus sp.

ESY80 Citrobacter murliniae Citrobacter murliniae/freundii Citrobacter

ESY83 Enterobacter sp. Enterobacter bugandensis 247BMC Enterobacter

ESY92 Bacillus sp. Bacillus aerophilus/stratosphericus/altitudinis Bacillus sp.

ESY93 Enterobacter sp. Enterobacter sichuanensis/asburiae Enterobacter
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for 18 h at 37 °C. A new set of overnight cultures were then made by
inoculating 2 ml of tryptic soy broth with individual colonies on the
restreaked plates and incubating for 16 h at 37 °C. These cultures were
then glycerol stocked as the eventual Pa22 and Bp. Subsequent colo-
nies from these stocks were sent for 16S rDNA sequencing at Azenta
Life Sciences for species identification.

ESY66 and ESY73 were isolated as follows: First, the glycerol stock
of the original overnight culture described above was inoculated in LB
and then grown for -8 h at 37°C with shaking at 225 r.p.m. The
resulting culture was glycerol stocked (25% final concentration of
glycerol) and frozen. This stock is called the ‘master stock’ hereafter.
The master stock was diluted -10*fold in 11.6 g I saline, and 100 pl of
the dilution was plated on TSA plates. The plates were incubated at
37 °C for ~20 h. Individual colonies were restreaked on LB agar plates,
and the plates were incubated at 37 °C for ~20 h, again. Then, overnight
cultures were grown by inoculating 2 ml of LB with individual colonies
from the restreaked plates and incubating for -18 h at 37 °C with
shaking at 225 r.p.m. These cultures were then glycerol (25%) stocked
as the eventual isolates used in this study. Individual colonies from
these stocks were sent for 16S rDNA sequencing at Azenta Life Sciences
for species identification.

ESY80, ESY83, ESY92, and ESY93 were isolated as follows: First,
~1ul from the master stock was inoculated on swarming agar media
and incubated for -24 h at 37 °C. The final colony was suspended in
11.6 g 1! saline and then glycerol (25%) stocked and frozen. This new
frozen stock was diluted ~10°-fold in 11.6 g I"* saline, and 100 pl of the
dilution was plated on TSA plates. The plates were incubated at 37 °C
for ~20 h. Individual colonies were restreaked on LB agar plates, and
the plates were incubated at 37 °C for ~20 h, again. Then, overnight
cultures were grown by inoculating 2 ml of LB with individual colonies
from the restreaked plates and incubating for -18 h at 37°C with
shaking at 225 r.p.m. These cultures were then glycerol (25%) stocked
as the eventual isolates used in this study. Individual colonies from
these stocks were sent for 16S rDNA sequencing at Azenta Life Sciences
for species identification.

16S microbiome sequencing

16S V3/V4 region sequencing (20,000 reads) service of SeqCenter, LLC
was used. Aliquots from cell harvests were supplemented by glycerol
(25% final concentration) before being frozen at —-80 °C. The frozen
aliquots were shipped overnight to the company’s facility on dry ice.
The following protocols were provided by SeqCenter, LLC along with
the corresponding sequencing results.

DNA extraction. All standard DNA extractions at SeqCenter follow the
ZymoBIOMICS™ DNA Miniprep Kit. 20-200 pl from the samples sub-
mitted were transferred into 550 pl of lysis solution. Cells suspended in
lysis solution were transferred into the ZR BashingBead™ Lysis Tubes
and mechanically lysed using the MP FastPrep-24™ lysis system with
1 min of lysis at maximum speed and 5 min of rest for 5 cycles. Samples
were then centrifuged at 10,000 g for 1 min. 400 pl of supernatant was
transferred from the ZR BashingBead™ Lysis Tube to a Zymo-Spin™ II-
F Filter and centrifuged at 8000 g for 1 min. 1200 pl of ZymoBIOMICS™
DNA Binding Buffer was added to the effluent and mixed via pipetting.
800 pl of this solution was transferred to a Zymo-Spin™ IICR Column
and centrifuged at 10,000 g for 1 min. This step was repeated until all
material was loaded onto the Zymo-Spin™ IICR Column. DNA bound to
the Zymo-Spin™ IICR Column was washed 3 times with 400 pl and
700 pl of ZymoBIOMICS™ DNA Wash Buffer 1 and then 200 pl of
ZymoBIOMICS™ DNA Wash Buffer 2 with a 1-min spin down at
10,000 g for each, respectively. Washed DNA was eluted using 75 pl of
ZymoBIOMICS™ DNase/RNase Free Water following a 5-min incuba-
tion at room temperature and a 1-min spin down at 10,000 g. The
Zymo-Spin™ III-HRC Filter was prepared using 600 pl of the Zymo-
BIOMICS™ HRC Prep Solution and a centrifugation at 8000 g for 3 min.

Table 2 | The sequences of primers used in 16S microbiome
sequencing

Amplified Forward sequence Reverse sequence

region

V3/Va 341f 806r
CCTACGGGDGGCWGCAG  GACTACNVGGGTMTCTAATCC
CCTAYGGGGYGCWGCAG

Table 3 | The degenerate primer queries used in the analysis
of the 16S microbiome sequencing

Region
V3/V4

Forward trim sequence
CCTAYGGGNBGCWGCAG

Reverse trim sequence
GACTACNVGGGTMTCTAATCC

Eluted DNA was then purified by running the effluent through the
prepared Zymo-Spin™ III-HRC Filter. Final DNA concentrations were
determined via Qubit.

Sequencing. Samples were prepared using Zymo Research’s Quick-16S
kit with phased primers targeting the V3/V4 regions of the 16S gene. The
specific primer sequences are listed in Table 2. Following clean up and
normalization, samples were sequenced on a P1 600cyc NextSeq2000
Flowcell to generate 2x301 bp paired end (PE) reads. Quality control and
adapter trimming was performed with bcl-convert (v4.2.4).

Analysis. Sequences were imported to Qiime2°® for analysis. Primer
sequences were removed using Qiime2’s cutadapt®® plugin using the
degenerate primer queries listed in Table 3.

Sequences were then denoised using Qiime2’s dada2 plugin™.
Denoised sequences were assigned operational taxonomic units (OTUs)
using the Silva 138 99% OTUs full-length sequence database and the
VSEARCH" utility within Qiime2’s feature-classifier plugin. OTUs were
then collapsed to their lowest taxonomic units, and their counts were
converted to reflect their relative frequency within a sample.

Note that, for SynkC, neither the SeqCenter microbiome sequen-
cing nor the Azenta Life Sciences 16S sequencing-based species identi-
fication pipelines could distinguish the members within the Enterobacter
sp. and Bacillus sp. taxonomic groups. The identities of Pa22, Bp, Citro-
bacter murliniae, and Enterobacter wuhouensis were better resolved to
species level from the best fits of the Azenta Life Sciences pipeline, so we
used those identities. We confirmed that these four isolates did not fall
into either the Enterobacter sp. or the Bacillus sp. taxonomic groups in
the SeqCenter pipeline, which was used to generate the relative abun-
dance data in Fig. 4 and Supplementary Fig. 26.

Whole-genome sequencing

Whole-genome sequencing service of SeqCenter, LLC was used. The
strains were streaked on LB agar plates from their frozen stocks. After
overnight incubation at 37 °C, the plates were shipped overnight to the
company’s facility. The following protocols were provided by Seq-
Center, LLC along with the corresponding sequencing results.

DNA extraction. DNA extractions were performed by SeqCenter, LLC
following the ZymoBIOMICS™ DNA Miniprep Kit: A loopful of cells
(-50-100 mg) were aseptically scraped from the submitted agar plates
and resuspended in 750 pl of lysis solution.

Cells suspended in lysis solution were transferred into the ZR
BashingBead™ Lysis Tubes and mechanically lysed using the MP Fas-
tPrep-24™ lysis system with 1 min of lysis at maximum speed and 3 min
of rest for 2 cycles. Samples were then centrifuged at 10,000 g for
1min. 400 pl of supernatant was transferred from the ZR Bashing-
Bead™ Lysis Tube to a Zymo-Spin™ III-F Filter and centrifuged at
8000 g for 1 min. 1200 pl of ZymoBIOMICS™ DNA Binding Buffer was
added to the effluent and mixed via pipetting. 800 pl of this solution
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was transferred to a Zymo-Spin™ IICR Column and centrifuged at
10,000 g for 1 min. This step was repeated until all material was loaded
onto the Zymo-Spin™ IICR Column.

DNA bound to the Zymo-Spin™ IICR Column was washed 3 times
with 400 pl and 700 pl of ZymoBIOMICS™ DNA Wash Buffer 1and then
200 pl of ZymoBIOMICS™ DNA Wash Buffer 2 with a 1-min spin down
at 10,000 g for each, respectively. Washed DNA was eluted using 75 pl
of ZymoBIOMICS™ DNase/RNase Free Water following a 5-min incu-
bation at room temperature and a 1-min spin down at 10,000 g. The
Zymo-Spin™ IlI-HRC Filter was prepared using 600 pl of the Zymo-
BIOMICS™ HRC Prep Solution and a centrifugation at 8000 g for 3 min.
Eluted DNA was then purified by running the effluent through the
prepared Zymo-Spin™ III-HRC Filter. Final DNA concentrations were
determined via Qubit.

Illumina sequencing. Illumina sequencing libraries were prepared
using the tagmentation-based and PCR-based Illumina DNA Prep kit
and custom Integrated DNA Technologies 10 bp unique dual indices
with a target insert size of 280 bp. No additional DNA fragmentation or
size selection steps were performed. lllumina sequencing was per-
formed on an Illumina NovaSeq X Plus sequencer in one or more
multiplexed shared-flow-cell runs, producing 2x151bp paired-end
reads. Demultiplexing, quality control and adapter trimming was
performed with bcl-convert (a proprietary Illumina software for the
conversion of bcl files to basecalls, v4.2.4).

Illumina short-read assembly and annotation. Short read assembly
was performed with Unicycler (0.5.0, default parameters)’. Assembly
statistics were recorded with QUAST (5.2.0, default parameters)”.
Samples were annotated with Bakta (1.8.1, default parameters; db
version 5.0)7*.

Imaging

Bacterial colonies on agar plates were imaged with a UVP Colony Doc-It
Imaging Station (using its original software 7.0.3) with epi white light,
using the same brightness and contrast settings for all images. The
same z-plane focus was applied to all images within the same inde-
pendent experiment.

Microscopic imaging was performed using a Keyence BZ-X710
microscope and Keyence BZX Software Suite 1.3.1.1. To image a whole
swarming colony, its entire plate was scanned and imaged, and the
resulting images were stitched using the built-in algorithm of the
software.

Image analysis
A custom Python script was used for processing and analyzing the
colonized area for bacterial colony images. This script firsts finds and
removes the plate boundaries. Then, the bacterial colony (or colonies
when applicable) is automatically segmented using a user-defined
threshold intensity value (The script can also generate a segmented
image on white background for display purposes). When applicable,
the script calculated the seeding distance between different species as
the Euclidean distance between two positions, defined by the user
based on the distinct appearance of the inoculum zones. For each case,
the segmentation results were manually validated and corrected using
Image ] manual tools when necessary.

Custom MATLAB scripts were used for the coarse-grained kinetic
model simulations and the corresponding analyses.

Coarse-grained kinetic model
Pseudomonas cell density time change is given by Eq. (2):

where P is Pseudomonas cell density (cell density unit: cu), a, is the
growth rate constant of Pseudomonas (h™), Q indicates the
entire colony domain, and [, indicates an integral over the entire
colony domain. G, is the Pseudomonas growth function as defined by
Eq. 3):

N Gy <1

P+E
Cp= N+KyCp+PFE > ®)

- Ke

where N is the local nutrient (casamino acids) concentration (g 1™), Ky
is the local nutrient concentration for half-maximum growth rate (g17),
C,, is the local cell density for the half-maximum suppression of the
growth rate (cu), P is the local Pseudomonas cell density (cu), E is the
local Klebsiella cell density (cu), and K¢ is the local carrying
capacity (cu).

Pseudomonas branch extension is governed by Eq. (4):

d;, vy A’CZ
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PYP A2+Ah ( )
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where L; is the length of branch i (mm), y is Pseudomonas spatial
expansion efficiency (mm h™ cu™), W is the branch width previously
measured from experimental data (mm)*, A is the local cefotaxime
antibiotic concentration (mol 1), A, is the cefotaxime concentration
for half-maximum suppression of Pseudomonas effective spatial
expansion ability (mol 1), h is the steepness of the suppression of
Pseudomonas effective spatial expansion ability by cefotaxime, Q;
indicates the domain of branch i, and [, indicates an integral over
branch i domain.
Klebsiella cell density time change is given by Eq. (5):

oF
% =ap(Gg — Lg)E+DgV*E ®)

where Dy is the diffusive dispersal rate of Klebsiella (mm* h™), and G,
and L; are Klebsiella growth and lysis functions, respectively, as
defined by Egs. (6),(7):

Ge=p:Gp (6)

where 1, is the growth rate constant of Klebsiella in proportion to that
of Pseudomonas.

Al
Le=@G W (7)

where ¢, is the proportionality constant between the growth and lysis
rates of Klebsiella, Ay is the cefotaxime concentration for half-
maximum Klebsiella lysis rate (mol I™"), and h, is the steepness of the
onset of Klebsiella lysis by cefotaxime.

Nutrient concentration time change is defined by Eq. (8):

?)L;/ = —PBNGpP—PBenGeE + Dy VN ®)

where By and By are the rate constants for nutrient consumption by
Pseudomonas and Klebsiella, respectively, cell density growth (g I h™
cu* for both). Note that B, must be constrained tightly as Pseudo-
monas would otherwise avoid Klebsiella-colonized territory due to
nutrient depletion. Dy is the diffusivity of nutrients (mm? h™).
Antibiotic concentration time change is given by Eq. (9) as follows:

oP _ [qapGpPdx A

—__=-JaoQ7r7r 77 — 2

o Todx @ ap = KsBA+DV?A 9
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where Bis the local concentration of extracellular Bla (mol 1), k is the
rate constant for cefotaxime antibiotic degradation by Bla (Imol™ h™),
and D, is the diffusivity of antibiotics (mm? h™).

Extracellular Bla concentration time change is given by Eq. (10):

B_ apl B, E — dzB+DzV*B (10

98
ac

where B;, is the intracellular concentration of Bla (mol cell™’; applies to
Klebsiella only), dg is the spontaneous degradation rate constant for
Bla (h™), and Dy is the diffusivity of Bla (mm? h™).

We have formulated the above mathematical model building
upon our previous models for Pseudomonas branching pattern
formation*® and Bla-producing bacteria population dynamics under [3-
lactam treatment™:

As we lack a complete mechanistic understanding of how Pseudo-
monas colonies develop branches, our model defines the colony mor-
phology formation based on a set of explicit rules®: (1) A colony initiates
from a circular inoculum. (2) Branches emerge with a defined branch
width W and branch density D (number of branch tips per unit area),
both measured from experimental data. (3) Each branch i extends at an
extension rate dL;/dt, which is proportional to cell growth within the
branch. (4) Each branch extends following the local nutrient gradient
(towards where the nutrient concentration increases most steeply) and
bifurcates when the local cell density reaches the threshold D.

At each timestep, we compute cell growth, nutrient consumption,
antibiotics degradation, etc., and determine the extension rate from
cell growth using the equations described above. For simplicity, we
assume that the cell density redistributes and becomes uniform within
the colony at each timestep.

Based on this framework, we incorporated antibiotic inhibition
into the branch extension to account for the effect of antibiotics on
colony expansion. Also, from our previous model for Bla-producing
bacteria population dynamics under B-lactam treatment®, we incor-
porated Klebsiella growth and lysis due to antibiotics, Bla production
by lysing Klebsiella, and antibiotic degradation by Bla.

We used the parameter values from the two original papers®***,
with some minor modifications, when possible. The diffusivities of the
antibiotic and Bla were chosen based on their molecular weights
relative to nutrients (i.e., casamino acids), as suggested by Einstein’s
relation. The parameter values for the cefotaxime concentration for
the half-maximum suppression of Pseudomonas effective spatial
expansion ability (A-) and the sharpness of this suppression (h) were
used from the Hill-fits to our experimental data above (see Supple-
mentary Fig. 9a caption).

We assumed no spontaneous degradation of the antibiotic or
nutrient recycling after lysis. Finally, we added another parameter to
account for our experimental observation above that Pseudomonas
spatial expansion is effectively biased towards Klebsiella (Fig. 2b and
Supplementary Fig. 14). This parameter essentially determines the
relative dominance of Pseudomonas’ range expansion on nutrient
gradients versus antibiotic gradients depending on their global pro-
files: Pseudomonas would move towards decreasing antibiotic con-
centration (i.e., the Klebsiella neighborhood), except when d = O, if the
spatial global average of antibiotic concentration is greater than A
and if the global minimum of nutrient concentration is greater than a
factor (A, = 0.7 as the default value) of the nutrient concentration for
half maximum specific growth rate (K,). For d =0, this factor was
applied as A, = 10 to represent an infinitely large value.

The partial differential equations were numerically solved using a
custom MATLAB implementation of the alternating direction implicit
method by applying no-flux boundary conditions. The numerical
simulations were run in a 1001-by-1001-pixel spatial domain, where
each pixel dimension was equivalent to a ~0.106 mm spatial length
based on the model parameters used. Each population was started in a

circular zone equivalent of 5 mm radius. The simulation timestep used
was equivalent to 0.02 h, again, based on the model parameters used.

See Supplementary Table 2 for the values of the model para-
meters as well as the initial conditions used.

Statistics and reproducibility

No statistical method was used to predetermine sample size. Cultures
were randomly allocated to treatment groups (antibiotic or control)
and to incubator positions. Wells within multi-well plates were not
randomized; however, all plates were handled consistently and incu-
bated under uniform conditions. Investigators were not blinded to
allocation during experiments and outcome assessment. For micro-
biome sequencing data presentation, a cut-off threshold of 0.5% rela-
tive abundance was applied to remove taxa absent from the SynkC
design that appeared in the results, likely reflecting noise or minor
contamination.

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

Data availability
16S rDNA sequencing results supporting Table 1 and whole-genome
sequencing results supporting Supplementary Table 1 have been
deposited in NCBI database (accession numbers: PX457886-PX457893
and BioProject ID: PRINA1345047, respectively). Source data are pro-
vided with this paper.

Code availability
Codes are available at https://github.com/youlab/FacilitatedExpansion
(https://doi.org/10.5281/zenodo.17343543).
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