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Abstract

Bacterial species interactions significantly shape growth and behavior in communities, determining the emergence of community
functions. Typically, these interactions are studied through bulk population measurements, overlooking the role of cell-to-cell vari-
ability and spatial context. This study uses real-time surface growth measurements of thousands of sparsely positioned microcolonies
to investigate interactions and kinetic variations in monocultures and cocultures of Pseudomonas putida and P. veronii under substrate
competition (succinate) or substrate independence (d-mannitol and putrescine). In monoculture, microcolonies exhibited expected
substrate-dependent expansion rates, but individual colony sizes were affected by founder cell density, spatial positioning, growth
rates, and lag times. In coculture, substrate competition favored P. putida, but unexpectedly, reduced the maximum growth rates of
both species. In contrast, 10% of P. veronii microcolonies under competition grew larger than expected, likely due to founder cell phe-
notypic variation and stochastic spatial positioning. These effects were alleviated under substrate independence. A linear relationship
between founder cell ratios and final colony area ratios in local neighborhoods (6.5-65 pm radius) was observed in coculture, with
its slope reflecting interaction type and strength. Measured slopes in the P. putida to P. veronii biomass ratio under competition were
one-third reduced compared to kinetic predictions using a cell-agent growth model, which exometabolite analysis and simulations
suggested may be due to metabolite cross-feeding or inhibitory compound production. This indicates additional factors beyond inher-
ent monoculture growth kinetics driving spatial interactions. Overall, the study demonstrates how microcolony growth experiments
offer valuable insights into bacterial interactions, from local to community-level dynamics.
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Introduction

Understanding how interactions between microbial cells of dif-
ferent species shape the formation and functioning of multi-
species communities, remains a long coveted goal in microbial
ecology (Faust and Raes 2012, Coyte et al. 2015, Zelezniak et al.
2015, Kehe et al. 2021, Schéfer et al. 2023), and multiple meth-
ods to measure interspecific interactions have been put forward
(Pacheco et al. 2022). Depending on the data type and the theo-
retical framework, interaction concepts have been based on, for
example, species co-occurrence networks (Faust and Raes 2012,
Widder et al. 2022), machine-learned community compositional
patterns (Emmenegger et al. 2023), resource utilization (Piccardi
et al. 2019, Rodriguez Amor and Dal Bello 2019, Dal Bello et al.
2021, Nestor et al. 2023) and nutrient niche overlap predictions
(Schafer et al. 2023), metabolite exchange (Zelezniak et al. 2015,
Pachecoetal. 2019, Kehe et al. 2021), or growth expansion patterns
(Momeni et al. 2013, Goldschmidt et al. 2017, Borer et al. 2020), and
even on cell-cell contact secretion systems (Basler et al. 2013, Nig-
gli et al. 2021). In addition, species interactions can evolve under
spatially structured conditions, leading to diversification (Rainey
and Rainey 2003) and increased cooperation (Hansen et al. 2007).
One of the difficulties to extrapolate from different interaction
levels to community formation, is their integration across spatial

scales and time, and their embedment in appropriate growth ki-
netic frameworks (van den Berg et al. 2022). Connecting here to
classical Monod-type growth kinetics would make sense, given its
prevalence and acceptance in the context of pure culture physi-
ology, and recent adaptations to the level of multispecies growth
(Goldford et al. 2018, Liao et al. 2020, Dal Bello et al. 2021, van den
Bergetal. 2022, Guex et al. 2023). However, co- or multispecies cul-
ture data adaptable to multispecies Monod-type growth kinetic
frameworks are still scarce, as one needs appropriate parameter
values for monoculture growth rates and yields, their dependen-
cles on nutrient conditions, starting ratios, and their variability
under influence of emerging interspecific interactions in cocul-
tures. To achieve this, we develop here a scalable methodology
to extract kinetic and interaction parameters from real-time spa-
tial microcolony growth patterns in mono- and cocultures, based
on previous pure culture tools in the area of environmental, food,
and medical microbiology (Reinhard and van der Meer 2010, Eij-
lander and Kuipers 2013, Koutsoumanis and Lianou 2013, Nghe et
al. 2013, Jung and Lee 2016).

In contrast to growth kinetic and interaction measurements
for two or more species in mixed liquid (suspended) cultures,
real-time microcolony growth measurements can differentiate
species by their spatial position and measure individual growth
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kinetics from colony expansion and final colony sizes. By placing
dividing cells on the surface at start within a ca. 10-50 pm range,
substrate and metabolite diffusion allow metabolic interactions
to emerge. Quantifying growth and interactions at microcolony
level would have the additional advantage of maintaining similar
spatial scales that many bacterial cells face in natural, heteroge-
neous habitats, and under resource-diffusion limited growth con-
ditions. In the context of unsaturated soil, for example, microbial
growth habitats are characterized by small water-filled pockets,
pores, and water-film covered surfaces (Tecon and Or 2017). It has
been estimated that the majority of cell clusters in unsaturated
soils have fewer than 100 cells (Bickel and Or 2023), with intercell
distances averaging between 10 and 100 ym (Raynaud and Nunan
2014). Interspecific interactions are, therefore, also expected to
emerge across short distances, with cells, potentially, going only
through short growth cycles as a result of limited carbon, water,
and space.

The objectives of this research were to expand a microcolony
growth framework from single pure to mixed cultures, such that
relevant kinetic parameters can be extracted of the individual
species in the mixture and emerging interspecific interactions can
be quantified across relevant local scales (10-100 pm intercell dis-
tances). Our set-up consists of microscopic growth chambers with
cells growing on miniature nutrient surfaces (Reinhard and van
der Meer 2010, 2014) that can be operated under long incuba-
tion times (2—4 days), enabling real-time microscopy of all growth
phases from individual founder cells to mature microcolonies (i.e.
lag times, exponential growth, and stationary phase). To bench-
mark the concept, we deployed two fluorescently labeled soil bac-
teria: Pseudomonas veronii (Morales et al. 2016) and P. putida (Zylstra
and Gibson 1989), and quantified growth in individual mono- and
cocultures under both competitive (i.e. same primary substrate
or shared metabolites) or substrate independence conditions (i.e.
each species has its own unique substrate). In previous work, we
had tested both strains in mono- or coculture homogenous lig-
uid culture conditions and different starting ratios, showing that
P. putida outcompetes P. veronii under single substrate competition
as expected from growth kinetic differences, but with more than
expected metabolite sharing (Guex et al. 2023). In addition to the
microcolony growth experiments, we also developed an individ-
ual cell-agent model based on Monod growth under substrate-
diffusion conditions and with inclusion of interspecific interac-
tions (Guex et al. 2023), that we parametrized using the empir-
ical kinetic data in order to understand growth and interaction
effects both at the scale of local individual microcolonies, and at
the level of the community as a whole (the ensemble of all micro-
colonies on the growth surface). Our results indicate good agree-
ment of averaged microcolony growth in mono- and cocultures
and bulk population interaction measurements, with local (13-
40 pm diameter) neighborhood analysis, but surprising effects of
variations in single (founder) cell kinetic parameters on the local
reproductive success. Contrary to the typical influence of interac-
tions on species yields, we find that competitive interactions can
also reduce maximum specific growth rates of either partner. Al-
though shown here for a defined coculture, the same microscopic
growth platform is scalable to more complex mixed cultures.

Materials and methods

Study system design for interspecific interaction
measurements from microcolony growth

We deployed a closed sterile microscopy chamber with a 1-mm-
thin agarose-solidified disk (“agarose patch;” Fig. 1A), containing

low carbon substrate concentrations (1 mM, to avoid multilayered
growth), onto which individual cells are randomly and sparsely
seeded (Reinhard and van der Meer 2014). Cell division into micro-
colonies is imaged and recorded by time-lapse epifluorescence mi-
croscopy (Fig. 1A), from which colony expansion rates, lag times,
final colony size area, colony distances, and other relevant pa-
rameters are extracted and compared between individual mono-
and coculture incubations. The system was benchmarked with
Pseudomonas putida (Ppu) and P. veronii (Pve), cultured either un-
der conditions of (assumed) direct substrate competition or sub-
strate independence. To induce substrate competition, we added
succinate to the agarose patch, whereas substrate independence
was generated by adding both D-mannitol, as a specific substrate
for Pve, and putrescine for Ppu (Guex et al. 2023). Local biomass
formation (by microscopy) for either strain alone or in coculture
was compared to bulk yields across the whole patch, by washing
cells from the surfaces at the end of the experiment and count-
ing either species by flow cytometry on the basis of its fluorescent
marker.

Bacterial strains and preparation of founder cell
cultures

Ppu F1 (Zylstra and Gibson 1989), was genetically labeled with a
single copy mini-Tn5 insertion (Martinez-Garcia et al. 2011) con-
stitutively expressing enhanced green fluorescent protein (eGFP)
under the control of the ICEclc-promoter P (Sentchilo et al. 2003)
and containing a gene for kanamyecin resistance. Pve 1YdBTEX2
(Morales et al. 2016) was labeled with a single copy mini-Tn7 in-
sertion constitutively expressing mCherry under the control of
the P promoter and providing gentamicin resistance (Rochat
et al. 2010). Cultures were stocked at -80°C in 15% v/v glycerol
and regrown for each experiment on nutrient agar medium (Ox-
oid CM 0067) with the appropriate antibiotics to obtain individual
colonies. A single fresh colony was then precultured in liquid 21C
minimal medium without vitamins (MM) (Gerhardt et al. 1981)
supplemented with 5 mM of the carbon source to be tested in the
patch, with the appropriate antibiotic included, and incubated at
30°C with rotary shaking (160 rpm). Cells were harvested from a
2-ml aliquot sampled from exponentially growing (culture den-
sity of ODggo = 0.8) or from stationary phase cultures. The aliquot
was centrifuged for 2 min at 13000 rpm in a Heraeus Fresco 21
microfuge (Thermo Scientific) at room temperature. The super-
natant was decanted, and the cell pellet was resuspended in 1 ml
MM (without carbon source). This procedure was repeated twice
more. After the final resuspension, the culture turbidity was again
measured, and suspensions were diluted with MM to an ODggg of
0.07 for Ppu and 0.11 for Pve. Cell numbers were quantified fur-
ther by flow cytometry (see below). These suspensions were then
used directly for monoculture patch seeding or mixed in a 1:1 v/v
ratio to produce cocultures with approximately equal founder cell
numbers (seeding density details for each experimentin Table S1).

Preparation of microcolony growth surfaces

Molten agarose solution was prepared with 10 g 1! UltraPure™
Agarose (Invitrogen, 16500-100) in MM, to which the desired car-
bon source was added while the agarose mixture was still liquid
at 45°C. Stocks of individual carbon sources (succinate, 490 mM;
putrescine, 33 mM; and D-mannitol, 150 mM) were prepared by
weighing from the pure substance (Sigma Aldrich) in ultrapure
water, which was sterilized by passing through a 0.2-um mem-
brane filter (ClearLine, 037 044). Carbon substrates were diluted in
the agarose solution to achieve final concentrations of: 0.01, 0.05,
0.5,1,0or 5mM (for succinate); or 0.66 mM for putrescine plus 1 mM
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Figure 1. Set-up and principle of the microcolony growth expansion experiments. (A) Closed microcolony growth chamber to incubate the agarose
patches (¢ 10 mm, 1 mm thick) and the surface-deposited cells in inverse orientation for real-time epifluorescence microscopy. (B) Example of an
imaged surface area with Ppu microcolonies in phase-contrast (PhC); epifluorescence snapshots (GFP) taken at difference time points (0, 2.7, and 5.3 h)
and the resulting colony segmentation. (C) Deduction of maximum specific growth rates as the slope from In-transformed segmented microcolony
areas (colors correspond to individual microcolonies) over time. (D) Cell-agent used for the Monod-based growth model, assuming cylindrical cells
with length L(t) and poles with half-circle radius d, expanding and in x, y direction on the surface substrate. (E) Comparison of observed
(phase-contrast) and simulated Ppu microcolonies at the same seeding positions and incubation times.

for D-mannitol (i.e. to have equal C-molarity for the independence
scenario). Agarose without any added carbon substrate served as
a control for background growth.

Avolume of 1.5 ml of agarose-carbon substrate solution at 45°C
was poured on a circular 42-mm diameter and 0.37-mm thick
glass slide (H. Saur Laborbedarf, Germany) enclosed with a I-mm
thick silicon ring (Fig. 1A; Fig. S1A) (Reinhard and van der Meer
2010). Immediately after pouring, a second glass slide was placed
on top to give the patch the desired thickness. After 5 min solidi-
fication, the top slide was gently removed (Fig. S1B) and multiple
1-cm g circular disks were punched from the solid agarose us-
ing a steel hole puncher previously sterilized with the flame (e.g.
hammer-driven hole punch, McMaster-Carr, Cleveland, OH, USA,
catalog number 3418A1; Fig. S1C). Circular disks were arranged

on a new round glass slide (maximum four per slide; Fig. 1A). An
aliquot of 10 pl of diluted founder cell suspension (either mono-
or coculture mixture), was then carefully pipetted on each sur-
face and spread homogenously, and dried for 10 min in a laminar
sterile flow hood at 21°C (Fig. S1D). The slide with patches was
turned upside down on a new clean round glass coverslip with a
separation silicon ring of 1 mm thickness, which was mounted in
a sterilized black anodized chamber (Perfusion Open and Close -
POC chamber; H. Saur Laborbedarf). A further 0.5-mm thick sil-
icon gasket was placed on the top glass coverslip, before closing
the chamber with a screw ring (without putting pressure on the
slide). In the final setup (Fig. 1A), cells are caught in between the
lower cover slip and the agarose surface, whereas the top of the
agarose touches the upper coverslip (i.e. no air space in between to
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avoid condensation droplets; Fig. 1A). The remainder of the cham-
ber has ambient air that diffuses into the patches from the sides.

Time-lapse imaging of microcolony growth

Microscope chambers were mounted (cells facing down) and incu-
bated on a Nikon ECLIPSE Ti Series inverted microscope coupled
with a Hamamatsu C11440 22CU camera and a Nikon CFI Plan
Apo Lambda 100x oil objective (1.45 numerical aperture, 1000 x
final magnification). The temperature was kept between 22°C and
24°C. Time-lapse programming was controlled by a script in Mi-
croManager Studio version 1.4.23. Images in phase contrast, GFP
or mCherry fluorescence were taken every 20 min, with exposure
times of 30 ms, 50 ms, and 100 ms, respectively, and using a 4%
power-set pE-100 LED illumination system from CoolLED. Imag-
ing positions (between 8 and 10 per patch) were defined randomly
at the start, but within a 3-mm radius of the patch center to avoid
edge effects, and then kept for the remainder of the experiment.
The total duration of the growth varied between experiments,
from 12 h (in case of imaging only exponential growth) to 72 h
(capturing stationary phase microcolonies). Images (2048 x 2048
pixels) were saved as 16-bit .tif files for each channel, per position
and per time point. Images for display were cropped to the neces-
sary size using Adobe Photoshop (version 2022), and saved at 300
dpi resolution before placing.

Image analysis and extraction of growth kinetic
parameters

Microcolony growth was extracted from the fluorescent time-
lapse image files, which were processed in a custom-made Python
script (version 3.8.3) through a Jupyter Notebook (version 6.0.3).
Colonies were segmented at each time step on the fluorescent
images using the Otsu algorithm with a variable threshold that
adapts to every frame. We noticed that the segmented fluorescent
area of stationary phase microcolonies of Pve increased slightly
despite not showing any further cell division, which we attribute
to continued expression of the fluorescent protein and cells be-
coming brighter. This effect was not further corrected but does
not influence colony expansion rate measurements. Segmented
areas were stored as individual objects (in pixels), aligned across
images, and then overlaid from a complete time-series in order
to extract colony area expansion rates (Fig. 1B and C). Nondivid-
ing single cells (objects with the same size at the beginning and
at the end of the time-lapse) were removed by filtering, but single
elongating cells were included (even if eventually they did not di-
vide). Microcolonies positioned near the image edges (within 200
px from the border) were removed to avoid taking incomplete mi-
crocolonies into account.

Maximum colony expansion rates were calculated from the ex-
ponential growth phase as the mean of moving linear slopes of In-
transformed colony areas versus time, including at least five con-
secutive time points and only slopes with an r? > 0.99. Colonies
with starting areas <150 px (which can be the result of faulty im-
age overlays) were corrected to the minimum cell size (=120 px for
Ppu and 150 px for Pve) before calculating In-transformed slopes.
Since colony area is a proxy for cell biomass, the maximum colony
expansion rate r from the In-transformed areas was taken as the
Umax Of blomass growth of the respective colony.

Flow cytometry quantification of total cell
numbers

To quantify the final (combined) cell numbers of either strain
growing on the agarose patches, the cells were washed from the

surface at the end of the experiment by dismounting the POC
chamber, flooding each individual patch with 2 ml MM, and pipet-
ting repeatedly to resuspend the cells. This suspension was sub-
sequently 10-fold serially diluted in MM and aspired on a Novo-
Cyte Flow cytometer (OMNI Life Science Agilent) at a flow rate
of 14 pl min™' and a total analysed volume of 15 pl. Counts in
diluted samples were retained for the final abundance calcula-
tion if less than 107 events. Strains were gated based on their spe-
cific fluorescence using the NovoExpress software (version 1.4.1).
GFP was measured with the instrument’s FITC channel (excitation
at 488 nm and emission/detection at 530 nm), whereas mCherry
fluorescence was detected in the PE-Texas Red channel (561 and
615 nm).

Individual cell-agent surface growth model

To better understand the underlaying factors causing growth
kinetic variations in mono and cocultures, we simulated mi-
crocolony growth on the agarose patch in an agent-based sur-
face growth kinetic model with a continuum field description of
chemical reaction and transport (Fig. 1D and E; Supplementary
methods). The model simulates microcolony growth in 2D from
dividing single cell agents as a function of substrate diffusion, up-
take, and metabolism, and of excretion/utilization of metabolic
by- or end-products. Individual cell-agents (with volumes simi-
lar to actual Ppu or Pve cells) are positioned on a grid surface
with similar dimensions as the experimentally imaged surface ar-
eas (134 x 134 pm?). The number and positions of founder cell
agents in the model can be chosen according to experimentally
observed cell densities and geometric cell center positions, or ran-
domly. Cell-agents are given inherent growth kinetic properties
(i.e. Umax, Ks and yield) by sampling from experimental data or
by some a priori definition, allowing cell-to-cell variations and/or
individual lag times (i.e. before the onset of growth and division).
The model then assumes substrate to biomass conversion follow-
ing Monod growth and yield, which is translated into cell elon-
gation and division. Simulations calculate changes in resources,
metabolites, cell-agent biomass, and positions for each time step
At (corresponding to ca. 0.72 s) and per volumetric box of 3.7 pL
in the surface grid. Molecular diffusion across boxes is recalcu-
lated after every time step. Cell agents reposition after each time
interval as a function of cell pushing and shoving when forming
microcolonies (Angeles-Martinez and Hatzimanikatis 2021). After
the preset simulation time (typically, 10-20 h, or 50000-100 000
time steps), the final attained individual microcolony biomasses
are quantified as the descent of each positioned cell-agent, and
individual microcolony growth rates are fitted from biomass-over-
time increases. Users can vary the concentration of resources in
the model, the production rates of metabolites, and run different
interaction scenarios (e.g. see Supplementary data simulations).

To simulate interspecific interactions, we varied production
and consumption rates of byproducts, assuming, for simplicity,
byproduct “groups;” as proposed in Guex et al. (2023). The in-
fluence of mutual or cross-wise utilization of excreted byprod-
ucts was then tested by varying the yu fraction attributed to the
main substrate and to the byproducts, under the restriction that
the total u cannot surpass its experimentally observed value
(Supplementary data simulations). To plot simulations and com-
pare to microscopy images, the simulated cell-agent positions and
areas across the surface grid at 20 min intervals were saved as .tif
files and segmented using the Python script described above. The
cell-agent model was entirely coded in MATLAB (version 2021b,
MathWorks Inc).
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Metabolite analysis in liquid culture

To characterize appearing metabolites during growth of either
species in mono- or coculture, we grew Pve and Ppu in liquid MM
with 10 mM succinate in Erlenmeyer flasks (500 ml with 100 ml
culture, incubated at 30°C and 120 rpm rotary movement), and
then swapped the cells at mid-exponential phase to continue
growing in either their own culture medium or that of the other
species. Individual monocultures were grown in biological tripli-
cates to mid-exponential phase (3-6 h after inoculation, measured
by culture turbidity—ODgqo, using a Ultrospec 500 pro spectropho-
tometer from Amersham Biosciences), after which 90 ml were re-
moved and centrifuged to recover the cells. The supernatant was
decanted without disturbing the cell pellet and then further pu-
rified from cells by passing over a 0.2-pm membrane filter (Clear-
Line, 037044). The cell pellet was carefully resuspended in 2 ml
sterile saline solution (0.9% NacCl) and its turbidity was measured.
The cell-free supernatant was divided in equal volumes in two
new sterile Erlenmeyer flasks, one of which was inoculated with
its own resuspended cell pellet; the other with the resuspended
cell pellet from the other species; both targeting a starting OD of
0.005. The cultures were then again incubated as before, and their
growth was followed by spectrophotometry.

Aliquots (1.5 ml) for liquid chromatography-mass spectrom-
etry (LC-MS) analysis were taken at the start (i.e. uninocu-
lated medium); the mid-exponential phase (i.e. the filtered super-
natants before swapping), and at the end of the incubations (i.e.
swapped cultures). All samples were purified by filtering across a
0.2-pm membrane filter, then snap-frozen in liquid nitrogen, and
stored at -80°C until analysed by targeted LC-MS (Agilent 6495
LC-MS QqgQ system, conducted at the University of Lausanne,
Metabolomics Unit). Compound abundances are reported as their
mean peak areas across replicates.

Statistics

Basic distribution parameters (median, mean, standard deviation,
standard error, coefficient of variation, and percentiles) were cal-
culated using respective functions in R studio or MATLAB (ver-
sion 2021b, MathWorks Inc.). Pearson and Spearman correlations
were inferred using the ggplot and ggstatsplot R-packages, or MAT-
LAB’s corr function. T-tests were two-sided and unpaired, as imple-
mented in MATLAB's ttest2 function. The Monod substrate corre-
lation was nonlinearly fitted with 95% confidence boundaries on
the general function a * (x/(b + x)) using MATLAB’s fit algorithm.
Linear regression was conducted using the polyfit function in MAT-
LAB, and outliers for the 20-pm neighborhood were categorized as
being above 3 x SD of the residual variation of the regression at
65-pm neighborhood radius. Metabolites were considered statis-
tically significantly different between Ppu and Pve their own and
swapped supernatants if the Benjamin-Hochberg multiple testing
adjusted P-value < .05.

Results

Extracting growth rates from microcolony area
expansion in time-lapse microscopy

To extract kinetic and interaction parameters, we followed posi-
tions and real-time formation of microcolonies from individual
cells of mono- or cocultures of Ppu and Pve, sparsely seeded on the
surface of an agarose patch (1 mm thick and 1 cm diameter). The
patch is embedded in a closed microscopy chamber under inclu-
sion of air (Fig. 1A) (Reinhard and van der Meer 2014). The agarose
contains a limiting amount of substrates to control the extent of
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colony growth (while acknowledging that the agarose itself also
provides some carbon and nutrients for growth—see below). The
agarose patches provide the cells with a solid surface to form
microcolonies while preserving the diffusion rates of substrate
molecules and metabolites close to that in liquid. Dividing cells
will expand primarily in the two-dimensional plane, because they
are enclosed between the agarose surface and the glass coverslip,
facilitating imaging (Fig. 1A). By reducing the amount of primary
carbon substrate or increasing the density of founder cells on the
patch, the number of divisions per cell is limited and we observed
that the colonization of the surface remains restricted to single-
layered individual microcolonies, which occasionally merge when
founder cells fall relatively close to each other. To avoid boundary
effects on microcolony growth under influence of a radial oxygen
gradient (Fig. S2), we imaged microcolonies in a 3 mm? x 3 mm?
area close to the patch center for consistency. Growth kinetic data
of both species at different substrate concentrations show sub-
strate limitation (see below), but we do not wish to claim that the
patch center behavior is representative for all conditions of Ppu
or Pve growth.

Since cells are tracked over time by imaging from the onset of
the experiment (Fig. 1B), their apparent maximum specific growth
rate can be calculated from the segmented colony area expan-
sion during the exponential growth phase for each microcolony
(Fig. 1C) under inclusion of local spatial positioning. To support
the empirical observations of colony growth, we developed an ac-
companying model based on substrate diffusion, uptake, and uti-
lization by spherocylindrical cell-agents with similar geometry as
either Ppu or Pve cells (Fig. 1D). The model takes into account cell
elongation, division, and cell-cell pushing during colony develop-
ment, and recapitulated observed microcolony growth and spatial
patterns (Fig. 1E). We then further used the model simulations to
understand diffusive substrate-growth effects and the nature of
emerging interactions in the observed mono- and coculture ex-
periments (see below).

Microcolony growth rates as a function of added
substrate concentration

In order to benchmark the system of surface colonization for
Monod kinetics, we first examined the dependency of monocul-
ture growth rates on increasing substrate concentrations. For this,
we added succinate at increasing concentrations (0.01, 0.05,0.5, 1,
and 5 mM) and seeded cells of either Ppu or Pve individually, with
a founder cell density per imaged area (ca. 1.7 x 10* pm?) rang-
ing from 30 to 70 cells for Ppu and from 30 to 150 cells for Pve.
Fitted average colony expansion rates increased from 0 to 5 mM
succinate, indicative for Monod-substrate dependency and sug-
gesting carbon-limited growth (Fig. 2A). Both fitted average Mmax
and Ks on succinate were higher for Ppu (1.01 h™! and 0.018 mM,
respectively), than for Pve (0.47 h™* and 0.004 mM). Colony expan-
sion rates did not decrease to zero in absence of any added succi-
nate, indicating that both species can extract some carbon from
the agarose medium (Fig. 2A; Fig. S3). By interpolating the fitted
Monod curve, we estimated ca. 50 pM of succinate-equivalent car-
bon source to be available from the agarose. These results thus
indicated that Ppu is the faster grower, but Pve potentially has a
lower affinity for the substrate under the patch conditions.

To better understand the dynamics of substrate utilization by
cells on the surface, we simulated Ppu growth at different cell
seeding densities using the observed colony expansion rates at
1 mM succinate, and calculated the average remaining substrate
concentrations in the agarose patch as a function of incubation
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time (Fig. 2B). This indicated, as expected, that the denser the
amount of seeded cells on the surface, the faster the substrate
is depleted (Fig. 2C). In other words, this would mean that at very
high starting cell densities (>200 per image area), the time window
to accurately measure the exponential growth rate after seeding
the cells would be less than 2 h (Fig. 2D). In our further proto-
col, therefore, we targeted <150 seeded cells per unit of imaged
area, and started the imaging maximally 30 min after seeding the
cells. Based on these results, we used 1 mM succinate in the fol-
lowing experiments, which we concluded is not maximum growth
rate-limiting and would permit substrate competition, while still
restricting multilayered colony growth (as empirically observed).

In accordance with model predictions, the measured mean in-
dividual colony expansion rates at 1 mM succinate in six inde-
pendent monoculture experiments remained relatively consis-
tent across a range of starting cell densities (5-200 per imaging
area of 0.017 mm?). Ppu colony expansion rates decreased slightly
but statistically significantly as function of increasing founder cell
density (Fig. 2F; Pearson’s coefficient r = -0.2100, P = 1.84 x 107°),
whereas those of Pve did not (Fig. 2F; r = 0.0193, P = .2160). The ob-
served colony expansion rates at 1 mM succinate were less vari-
able for Ppu (n = 4 experiments, mean = 0.87 h™', coefficient of
variation = 0.19; Fig. 2G) than for Pve (0.57 h™' and a coefficient of
variation = 0.39), with 1% low and high Ppu microcolony outliers
versus 5% and 8% for Pve (Fig. 2G; low and high defined as below
or above the mean expansion rate + 0.5 x the mean). As the sub-
strate is homogenously present in the patches, this suggests an
inherent phenotypic variability among founder cells, determining
their reproductive success.

Growth kinetic heterogeneity among individual
microcolonies

Despite different maximum specific colony expansion rates, all
colonies in the imaged areas entered stationary phase at almost
the same moment (visible from the arrest of colony area increase),
whereby Ppu in mono-culture (Fig. 3A) reached stationary phase
sooner than Pve (Fig. 3B; note that a further slow increase is de-
tected at t >300 min, which is due to continued expression of the
fluorescent marker in nondividing Pve-cells that inflates the seg-
mented colony area). Growth arrest of individual microcolonies is
a consequence of one or more factors becoming growth-limiting.
Their near-simultaneous stalling, despite being surrounded by ap-
preciable empty space (Fig. 1E), suggests almost homogenous de-
pletion of growth factors at the scale of the imaged areas. There-
fore, even though larger colonies tend to locally deplete substrate
concentrations (as indicated by simulations in Fig. 2B), molec-
ular diffusion would rapidly counterbalance and equalize sub-
strate concentrations at the imaged area scales (Fig. 2C). As a
consequence of the near simultaneous growth cessation, the mi-
crocolonies reached different stationary phase sizes. The mean
microcolony sizes for both Ppu and Pve decreased from 1 to 0.5
and 0 mM succinate (with same founder cell densities), as ex-
pected (Fig. 3C). Simulations showed, however, that individual mi-
crocolony sizes at stationary phase are largely dependent on the
founder cell density (Fig. 3D and E), and their absolute sizes are,
therefore, only of limited value to judge differences in biomass
productivities as a result of interspecific interactions (such as
substrate competition, for which we will introduce the species
summed biomass ratio per unit of surface; see below).

To further understand the cause of colony size variability, we
examined four possible factors: the number of neighbors at start,
the apparent colony expansion rate, the lag phase of the founder
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cells (here taken as the time until first doubling of the initial cell
area), and the area of available substrate intake [approximated by
the Voronoi space at time of founder cell seeding, as described in
Chacon et al. (2018)]. The number of nearby neighbors (scored as
the number of neighboring founder cells in circles with increasing
radii) correlated negatively with the final observed microcolony
size, both for Ppu (Fig. 4A) and for Pve (Fig. 4B). Significant but
weak correlations were found between the Voronoi area at start
and the final attained microcolony areas for both Ppu and Pve (ad-
justed R? = 0.405 and 0.561, respectively, from a general linearized
model; Fig. S4). However, there was no consistent correlation of
the number of neighbors and the observed maximum colony ex-
pansion rates and a weak negative correlation of colony expan-
sion rates at the highest neighbor densities at later growth stages
(Spearman correlations; Fig. S5). This means that at the start, all
founder cells perceive sufficient substrate influx to grow at maxi-
mum exponential rates. Most founder cells taken from exponen-
tially growing precultures did not exhibit any apparent lag phase
once they were deposited on the surface and the imaging had
started, because their measured colony expansion rates were in-
versely proportional to the time of their first doubling (Fig. 4C and
D; expo, exponential phase precultures). In contrast, Ppu founder
cells prepared from stationary phase liquid suspended cultures
showed ca. 10% of cells with a detectable longer lag phase than
expected from their colony expansion rate (Fig. 4C, grey zone),
whereas this was less than 1% for Pve (Fig. 4D). Interestingly, how-
ever, Ppu cells with longer lag times still displayed fast maximum
growth rates. Collectively, these results indicated that the variable
starting maximum growth rates of individual cells are predeter-
mined at the time of seeding, perhaps as a consequence of precul-
turing history and cell phenotypic variability. Starting (maximum)
growth rates of individual cells are not necessarily decreased by
longer lag times.

As a consequence, stationary phase colony areas were not well
explained from measured expansion rates (Fig. 4E; Spearman rank
correlation coefficients -0.1701 and -0.0349, P = .0041 and .2700,
respectively, for Ppu and Pve). That this is not a general rule is
shown by cells taken from stationary phase precultures on suc-
cinate and seeded on surface without succinate (therefore only
being able to profit from residual carbon in the agarose; Fig. 4F).
In such case, the final microcolony sizes do correlate to the in-
dividual colony expansion rates (Fig. 4F; Spearman rank correla-
tion coefficients of 0.6419 for Ppu and 0.3177 for Pve). In sum-
mary, variability in monoculture (maximum) growth rates of in-
dividual founder cells seems mostly predetermined by preculture
conditions and phenotypic variation, whereas individual colony
productivity (i.e. their stationary phase size) is to some extent
dependent on the number of neighbors and the available sub-
strate intake area, represented by the Voronoi space (Chacon et
al. 2018). In addition, faster or bigger growing microcolonies may
enhance their growth proportionally to others by locally depleting
substrate faster, which biases further diffusion toward them and
increases the net substrate flux into the colony.

Substrate competition in cocultures leads to
growth rate reduction and local colony size
effects

Having defined the range and variability of microcolony growth
rates and yields in monocultures, we next quantified colony ex-
pansion parameters in cocultures of Ppu and Pve, in order to de-
termine interaction effects. We first focused on conditions where
we expected both species to engage in competition for the same


https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data

8 | microlife, 2024, Vol. 5

A p putida ®) P veronii (€)
. ~ o)
1 mM succinate 1 mM succinate - & g4
oy oy (LT
TT TT TT
L 150 S
_ n=50 T
- — 80/ d=151 _ "
g E T . e .
= = 3100 i @ P. putida
] @ 60 = @ P.veronii
Y — = 5 mean,
5 - § 40 = T +onesE
S 2 S 50
v S
20
0 0 ‘ ~
) ) 300 400 0 100 ) 200 ) 300 400 omM 05mM 1mM
Time:(min) Time (min) Succinate concentration
(D) P. veronii (E) P. veronii
50 400
— . : — Simulation for
™ Simulation for ™ -+
350 T
E_ a0l .o 1 mM succinate @ 4 h g_ ¥ mM succinate @ 10h
; . @ 300
© bi ]
E\ é 250
2 K=}
S S 200
3 8 5o}
£ g o
5 S
£ : g 0|0
) —_ [} h-._
-~ __i 501 Ot
s ; . ol ﬁbﬂ— SR
0 200 400 600 0 200 400 600

Founder density (cells per frame)

Founder density (cells per frame)

Figure 3. Microcolony productivity variation as a function of substrate concentration and founder cell density. (A) and (B) Microcolony growth and
steady state area variation of Ppu (A) or Pve (B) with 1 mM succinate on a single imaged area as function of time, measured from area occupied by the
fluorescent cells (as in Fig. 1B). Note how all colonies arrest growth at approximately the same time. n, number of colonies; d, founder cell density. (C)
Observed microcolony size variability in stationary phase as a function of succinate concentration. Each dot is an individual microcolony, horizontal
black bars indicate the mean + 1 standard error (SE). d, mean founder cell density (cells per frame). (D) and (E) Simulated microcolony areas of Pve on
1 mM succinate after 4 h (D) and 10 h (E) as a function of founder cell density. Circles represent the mean of individual simulated microcolonies

(colored dots), with bars representing + 1 SD.

primary substrate (succinate). Since Ppu grows faster than Pve on
succinate (Fig. 2E), our expectation here was that Ppu would out-
compete Pve growth as seen in homogenous liquid cultures (Guex
et al. 2023). Unexpectedly, microcolony expansion rates of both
Ppu and Pve were lower in coculture than in monoculture, but co-
culturing had no or little effect on measured lag times (Fig. SA).
The coculture-dependent decrease of colony expansion rates was
consistent across multiple different experiments, even at differ-
ent succinate concentrations and seeding densities (Fig. S6), with
an average decrease of 16.4% for Ppu and 14.9% for Pve (Fig. 5B;
n = 10 and 8, and P-values of 6.39 x 10~ and .0026, respectively,
from unpaired two-sided t-tests). Individual microcolonies of ei-
ther strain at the same seeding density grew on average to smaller
size in co- than in corresponding monocultures (Fig. S7). In terms
of global productivity (e.g. summed stationary phase colony size
for each of the strains per imaged area position), Pve lost 90% in
coculture with Ppu compared to monoculture, whereas Ppu lost
on average 27% (Fig. 5C). There was no significant difference in
summed productivity of both species in coculture and that of Ppu
in monoculture (P = .1776; Fig. 5C). If we define the competitive
loss factor on growth rate for Ppu as the relative difference com-
pared to monoculture growth, this then equalled 1-0.164 = 0.836
and on productivity 1-0.27 = 0.73, whereas that of Pve equalled

1-0.149 = 0.871 on growth rate and 1-0.90 = 0.10 on productivity.
Cell counts measured by flow cytometry across the whole patch at
stationary phase showed similar competitive loss for Pve in the co-
culture compared toits monocultures (0.10; Fig. 5D), but no signifi-
cant difference for Ppu productivity in the mixture compared toits
monocultures (P =.3075,n = 10). This difference between bulk and
patch center measurements is possibly the result of higher repli-
cate variation in the cocultures (Fig. 5D) or of boundary growth
effects (Fig. S2) that are taken into account in quantification of
the agarose-surface washed cell suspension but not by the mi-
croscopy measurements.

To estimate competition at a local scale, we compared the num-
ber and summed microcolony areas of either species surrounded
by colonies of itself or of the other species, in circles of increas-
ing radius, for each detected microcolony (Fig. 5E). This procedure
captures local differences in seeding densities and ratios, which
can be used to calculate and plot the relation between the species
ratio at start and their final biomass ratio (Fig. 5E). In case of
equally competitive strains for the same substrate, one would ex-
pect the slope of the starting species ratio and their final biomass
ratio to be equal to 1, since the summed biomass yield (X) per unit
of surface would remain the same and will be divided proportion-
ally by either species based on its founder cells (Fig. 5E, slope line).
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Figure 5. Interspecific interactions from microcolony growth properties of cocultured Ppu and Pve on a single competing substrate. (A) Colony
expansion rates for Ppu (green dots) or Pve (magenta) in monoculture, or in coculture on 1 mM succinate, as a function of time to first doubling (h;
being the inverse of the measured colony expansion rate plus fitted lag time). Dotted lines show the expected inverse relation of growth rate and time
to first doubling in absence of lag time. Precultures were taken from exponential phase on the same substrate. d, density range of seeded founder cells;
n, pos, exp, number of microcolonies, imaged positions, and experiments, respectively. (B) Difference of mean microcolony expansion rates in coculture
compared to monoculture (n, number of experiments; P-values from unpaired two-sided t-testing). (C) Productivity decrease in coculture compared to
monoculture, taken as the sum of microcolony stationary phase areas per imaged field. Dots represent technical replicates (image fields) across
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and Pve. (D) Total number of cells on patches of mono- or cocultures, grown with 1 mM succinate, determined by flow cytometry of washed
suspensions. (E) Principle of quantifying local neighbor competition. The number and colony areas of neighboring self or nonkin microcolonies (based
on the geometric center at the first image frame) are quantified within circles of increasing radii (here represented by different colors) around each
individual detected microcolony (either Ppu—green; or Pve—magenta). This is used to calculate and plot the ratio of summed species colony areas
(biomass ratio) as a function of the ratio of the founder cell numbers. In case of equal competitors, one would expect a slope of 1. The equation
indicates the theoretical relation for logistic coculture growth (Sp, species). (F) Derived local neighborhood competition, shown here for a single
experiment example (all experiments shown in Fig. S8) of coculture growth with 1 mM succinate for the five circle radii, either from Pve (top row), or
the inverse Ppu microcolony perspective (bottom row). Seeding densities (d_PPU and d_PVE), total number of microcolonies (n_PPU and n_PVE) and
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Table 1. Local competitive interaction parameters.
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Mean Inverse Proportion local
Simulation or interaction interaction = Mean outliers Mean outliers competition
Comparison Substrate experiment sloped slope up® down® overturnf
Ppu versus Pve Succinate Cross-feeding?® 2.78 0.36 0.0079 0.1058
Succinate Direct competition?® 2.93 0.34 0.0310 0.0959
Succinate No variation® 2.24 0.45 0 0
Succinate 1mMmP 1.95+0.118 0.51 0.021+£0.013  0.055 £ 0.023
Putrescine and Two substrates? 0.74 1.56 0.125 0.121
D-mannitol
Putrescine and 14 0.6 mM* 0.348 2.87 0.015 0.257
D-mannitol
Pve versus Ppu Succinate Cross-feeding® 0.347 2.88 0.095 0.204
Succinate Direct competition? 0.426 2.37 0.218 0.142
Succinate No variation?® 0.407 2.46 0 0.008
Succinate 1mMmP 0.559 + 0.06 1.789 0.145 £ 0.025  0.071 £ 0.037 0.130 £ 0.018
Putrescine and Two substrates? 3.84 0.260 0.301 0.077
D-mannitol
Putrescine and 14 0.6 mM* 3.19 0.313 0.182 0.127
D-mannitol

an = 5 simulations, each with seeding density of 49 Pve + 51 Ppu cells per simulated image area.

Pn = 4 experimental data sets combined.
‘n = 1 experiment with four imaged positions.

dLinear regression as in Fig. 5(E), for the 20-um radius calculation; inverse is 1/slope.

¢Proportion of points with residual values for the 20-pm radius calculation >3 x standard deviation to the regression line and its variation at radius 65 pm. For
example, down outliers in the Ppu versus Pve comparison refer to cases where Pve grows better than expected.

‘Defined as Pve colonies within 20-um radius with summed colony area more than that of Ppu, corrected for founder cell ratio.

(g /igy1) _

In other words, the term in Fig. 5(E) (Xsp, ...)/(Xsp, ....)
1 atidentical maximum growth rates.

Analysis of the slope lines for different circle diameters (Fig. 5F;
Fig. S8) showed two interesting aspects: (i) the slopes remained
almost constant for neighborhood circles from large to small, al-
though individual variation increased, and (ii) the slopes for the
final biomass ratio/founder cell ratio relationships from Pve per-
spective were almost perfectly inverted to those from Ppu per-
spective (Fig. SF, Table 1; Table S2). The analysis thus captures the
expected competitive interaction with Ppu being the stronger and
Pve the weaker competitor on succinate, and even at the small-
est neighborhood scale of 6.5 um radius. When assuming that the
global relation is best captured by the largest circle radius (65 pm;
Fig. 5F), one can use the variation of the residuals on the linear re-
gression slope to set a threshold (here: 3 x SD, or 99.5% likelihood),
above which an individual microcolony would behave statistically
differently than the global trend. We applied this criterium for the
circle radius of 20 pm, which indicated, for example, that 14.5%
of Pve microcolonies locally grow bigger than expected from the
competitive interaction (or 5.5% from the perspective of Ppu mi-
crocolonies, Table 1). In 13% of the local Pve microcolonies within
20-pm circle radius, their collective biomass ratio to that of Ppu
surpasses a value of 1, indicating they would locally overturn the
competition to their favor (Table 1).

Characterizing the Ppu-Pve interaction under
conditions with exclusive substrates

To place the effect of primary substrate competition into perspec-
tive, we repeated the same experiment, but with an exclusive sub-
strate for each of the species such that they would become indif-
ferent for each other. The best combination to achieve this and
which abolished competition in liquid culture (albeit not perfect)
used putrescine as selective substrate for Ppu and b-mannitol for
Pve (Guex et al. 2023). Despite the intended independence, some
10% of Pve colonies showed diauxic growth, indicating they may

be able to use putrescine (at a later stage; Fig. 6A). As intended,
the productivity of both species on the combination of putrescine
and D-mannitol in coculture was less drastically affected (Fig. 6B;
loss factors 0.61 and 0.67 for Ppu and Pve, respectively) than with
succinate (0.73 and 0.10; Fig. 5E), although in this substrate com-
bination the summed stationary phase productivity in the cocul-
ture was less than the sum of the monoculture productivities
(Fig. 6B). This indicates that also under substrate independence
conditions both species do not grow completely independently
from each other. Individual maximum growth rates observed for
Ppu (taken at the first 4 h) were on average 2-fold increased in
presence of Pve (Fig. 6C and D), but no different for Pve in pres-
ence or absence of Ppu (Fig. 6D). In presence of Ppu, however,
the variability among growth rates of Pve microcolonies increased
(Fig. 6C). Local competition analysis by the ratio of founder cells
to the ratio of final biomasses indicated a reversal of the slope
lines for Pve and Ppu (Fig. 6E), which was again robust for differ-
ent neighborhood scales (Fig. 6E and F). In contrast to what was
observed for succinate, Pve was the stronger competitor (slope
of 3.19) than Ppu (slope of 0.348) on putrescine and p-mannitol
(Table 1).

Surface coculture growth simulations underscore
metabolite-driven interactions

To better understand the potential causes of observed cocul-
ture effects on kinetics of microcolony growth, we simulated
different interspecific interaction scenarios (Supplementary data
simulations). Coculture simulations were started with randomly
placed founder cells of either species or else with starting posi-
tions matching those of the experiments. Cells of either species
were given growth kinetic properties based on their monoculture
experimental values, plus a random variation equal to the ob-
served standard deviation. We did not exhaustively investigate
parameter space effects, but concentrated on simulating a num-
ber of potential credible scenarios (Fig. 7A). Direct competition for


https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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Figure 6. Coculture behavior under substrate independence conditions. (A) Microcolony growth of Ppu or Pve separately or in mixture on bD-mannitol
and putrescine. Only the first increase is used to calculate the maximum specific growth rate (i.e. typically between 0 and 200 min). (B) Stationary
phase productivity difference in mono- or coculture growth (productivity is the sum of microcolony areas per image field, here as individual dots).
P-values from two-sided unpaired t-testing (n = 4). (C) Colony expansion rates as a function of stationary phase colony area. (D) Ratio of mean growth
rates in co- versus monoculture for either Ppu (PPU) or Pve. Local neighborhood competition of Pve and Ppu on putrescine and D-mannitol as ratio of
founder cells and final colony biomass area ratio in a 20-pm (E) or 13-pm radius neighborhood (F). Colors correspond to circle radii in Fig. 5(E). Note the
reversal of the slopes in comparison to succinate (Fig. 5F). Slope values reported in Table 1.

the single added substrate (succinate), was not able to explain the
observed reduction in growth rates; neither was a simulation sce-
nario with sharing of the same metabolites (Fig. 7B). In contrast,
simulating both cross-feeding (i.e. production and uptake of dif-
ferent metabolites) or cross-feeding with interspecific inhibition
resulted in a reduction in growth rates of both species (Fig. 7B). As
expected, all scenarios predicted a lower productivity of Pve com-
pared to Ppu, and all but direct substrate competition caused a
reduction in the normalized productivity sum (Fig. 7C). Inclusion
of a mutual inhibition resulted in the largest reduction in the pro-
ductivity sum (Fig. 7C). Also, the relation of founder cell ratios to
final biomass ratios across all experiments with 1 mM succinate
(slope = 1.76) was better explained by the cross-feeding (slope =
2.16) than by the direct competition scenario (slope = 2.60; Fig. 7D;
n =5 simulations for three founder cell ratios each). These values
are close to the values obtained for the 20-um neighborhood radii

asin Table 1, and this indicates that the surface competitive inter-
action on succinate is decreased by 1-1.76/2.60 = 0.32 for Ppu and
increased by 2.60/1.76-1 = 0.48 for Pve, compared to what would
be expected from monoculture growth rate and yield differences
alone (i.e. direct competition scenario).

The variation of simulated individual colony sizes and their
maximum expansion rates for the cross-feeding and inhibition
scenarios captured the main trends observed in the experimen-
tal data, both for succinate and for the mixture of putrescine and
p-mannitol (Fig. 7E). However, removing from the simulations ei-
ther the variation in maximum growth kinetics or variation in lag
phase of starting cells, yielded much less variation in colony ex-
pansion rates, which is not in agreement with experimental obser-
vations (Fig. 7E). This underscores, therefore, the crucial effect of
inherent differences in growth kinetic properties of founder cells
on the productivity of their microcolony descendants.
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Figure 7. Simulated interaction scenarios explain reduced growth rates in cocultures. (A) Different tested scenarios of cross-feeding or inhibition
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Finally, we explored whether interactions would show as lo-
cal variations of final colony areas as a function of the density of
neighboring kin or nonkin colonies, assuming that, for example,
cross-feeding might only be detectable if a colony of one species
would be surrounded by few nonkin but not kin colonies. Di-
rect competition would generally predict no local effects of kin
and nonkin density differences (Fig. 7F, Fig. S9), although it cap-
tures the strong excess of Ppu compared to Pve growth on suc-
cinate. In contrast, the cross-feeding scenario predicts a slightly
higher Ppu biomass when locally few other Ppu but twice as many
(4-7) Pve colonies are present. In experimental data, we detect
slightly larger Ppu colonies with no or one Ppu neighbors, and one
neighboring Pve colony. Overall, however, the variation of colony
area distributions as a function of neighbors in experimental data
looks more similar to the cross-feeding than the direct competi-
tion simulations. For the case of two substrates we observed gen-
eral positive influence of Ppu neighbors around few Pve colonies
(one or two), and vice versa (slightly higher Ppu colony areas in ab-
sence of neighboring Ppu but in presence of few Pve neighbors in
the same areaq, Fig. 7F; Fig. S9). This was not captured by the two
substrate simulations for the independence scenario (Fig. 7F), and
indicates that both species are indeed not growing completely or-
thogonal on the two substrates.

Extensive production and sharing of metabolites
in competition

To support the suggestion that differential metabolite production
and uptake can determine interaction outcomes, we repeated Ppu
and Pve mono- and coculture growth in liquid suspension to fa-
cilitate targeted metabolomics analysis. No significant effects on
Ppu or Pve growth rates could be detected after swapping their
(exponential phase) culture medium to that of the other species
(Fig. 8A,; Fig. S10), although Pve with Ppu-supernatant showed a
shorter delay in resuming growth (Fig. 510). The excreted metabo-
lites in pure cultures were very similar among both species, and all
accumulated over time, except dihydrouracil (Fig. 8B). Ppu notably
produced higher peak areas (here taken as a proxy for concen-
trations) of (5'-)deoxyadenosine, cis-aconitate and homocysteine
than Pve, whereas Pve produced more alpha-ketoglutarate, cyclic-
GMP, ethanolamine, N-acetylputrescine, and salicylate than Ppu
(Fig. 8B). The sum of the peak areas of the produced metabo-
lites accounted for 25.4% of the initial succinate concentration (in
peak area) for Ppu, and 23.5% for Pve. Despite a number of obvi-
ous differences in mono-culture metabolite production, both Ppu
and Pve showed very few significant differences in the utilization
and production of metabolites starting from their own exponen-
tial phase supernatant or from that of the other species (Fig. 8C).
At a cutoff of 2-fold difference and adjusted P-value of .05, only
Ppu produced more cyclic-GMP, deoxyguanosine, N-acetyl leucine,
and thymidine with Pve’s supernatant than with its own (Fig. 8C).
These results thus indicated that both Ppu and Pve produce very
similar metabolites, but can reciprocally reutilize those, which are
specifically produced by the other species.

Discussion

We successfully showed that a simple microcolony growth plat-
form can be expanded from mono- (Eijlander and Kuipers 2013,
Koutsoumanis and Lianou 2013, Nghe et al. 2013, Jung and Lee
2016, Sankaran et al. 2019) to cocultures to parametrize growth ki-
netic and interspecific interaction effects. Similar setups to study
paired interactions are so far extremely rare (Niggli et al. 2021,

Laffont et al. 2024), but, as we demonstrate, have a high poten-
tial for producing rich data sets that encompass both individual
and local variability as well as global growth interaction effects. In
that sense, the microcolony platform is versatile, quantitative and
extrapolates across scales (Fig. SF). The platform is easily adapt-
able to different growth conditions or spatial heterogeneities, and
can potentially be scaled to higher order mixed cultures by colony
phenotypic recognition (Marcoux et al. 2014, Paquin et al. 2022,
Doh et al. 2023) instead of genetically encoded fluorescence to dif-
ferentiate the strains.

How well does the microcolony platform capture and scale the
imposed interaction effects (substrate competition and indepen-
dence)? The loss of individual biomass formation for Ppu or Pve
under substrate competition in co- compared to monocultures as
observed for the entire patch-population (e.g. Fig. SD) was similar
to that measured previously in liquid suspended cultures (Guex
et al. 2023). As expected from its higher maximum specific growth
rate on succinate, Ppu globally outcompeted Pve both for surface-
and liquid grown cocultures. The dominance of Ppu over Pve, and
the loss of individual biomass in cocultures was also reflected in
the decrease of global mean individual stationary phase micro-
colony areas (Fig. S5), the summed colony areas per image field
(Fig. 5C), and in the relation between final species biomass ratios
and founder cell ratios (Fig. S5F). Especially the biomass to founder
cell ratio analysis was consistent to local neighborhoods as small
as 13 pumin diameter, which accentuated more the individual vari-
ation. The individual variation is largely dependent on random
positioning, general seeding density effects (Fig. 3D and E; Fig. S4),
and the phenotypic variation of founder cells (Fig. 4E and F). At
local scales, we find that the competitive disadvantage for Pve
can be overturned, and the stochastic positioning and founder cell
phenotypic variations can result in better than expected Pve mi-
crocolony growth (e.g. outlier definitions in Fig. 5F and Table 1).
The frequency of overturned competitive effects is low (ca. 13%)
but non-negligible (Table 1), and may contribute to a better than
expected proliferation of poorer competing species in a spatial
context.

A more unexpected finding with the microcolony coculturing
platform was the consistent measured decrease in maximum spe-
cific growth rates of both Ppu and Pve by ca. 15% in surface-grown
cocultures compared to monocultures at the same seeding den-
sities (Fig. 5A and B). This is not a priori expected from Monod-
theory, which dictates that maximum specific growth rates should
be solely dependent on prevailing substrate concentrations, which
we showed here (Fig. 2) are not limiting for both Ppu and Pve, at
least not during the duration for measuring the colony expansion
rates. The decrease in maximum specific growth rates in coculture
under succinate competition is consistent with the differences in
measured slope of the founder cell ratio to final biomass ratio and
theoretical competition (Fig. 7D), indicating that competitive in-
teractions have an additional component not captured by inher-
ent mono-culture growth kinetic differences. Our control experi-
ment to generate independence growth conditions indeed allevi-
ated the observed reduction in growth rates (Fig. 6D) and inversed
the interaction behavior between the strains (Fig. 6E), but was not
completely orthogonal since both strains lost some biomass pro-
duction in co- versus monocultures (Fig. 6B).

The question remains as to the mechanism underlying growth
rate reductions under competition. Model simulations with the
coculture agent-based model suggested that neither primary sub-
strate competition nor metabolite sharing can explain maxi-
mum growth rate reduction (Fig. 7B). The only two likely scenar-
ios that could yield growth rate and biomass reduction are the
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Figure 8. Exometabolite analysis of growing mono- and cocultures. (A) Growth of Ppu and Pve in monocultures on 10 mM succinate and on reciprocal
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production of some nonkin-targeted inhibitor compound, the uti-
lization of a major metabolite that is not used by the producer
strain, or a combination of both (Fig. 7B and C). Indeed, the LC-
MS targeted analysis confirmed that both strains, as assumed
more in general for growing bacterial cultures (Goldford et al.
2018, Pacheco et al. 2019) are rather leaky, and efflux a large
variety of (similar) metabolites during exponential growth. By
analysing mono- and coculture swapped supernatants of the
strains grown in liquid suspension, we found one compound
which is exclusively formed by Ppu but not accumulating in Pve
cultures (5'-deoxyadenosine; Fig. 8B and C), and a few minor ones
for the reciprocal direction (e.g. c-GMP, N-acetylputrescine). No-
tably, 5'-deoxyadenosine is a side-product of biotin formation,
which was shown to be an inhibitor for Escherichia coli in absence
of a deoxyadenosine-cleaving nucleosidase (Choi-Rhee and Cro-
nan 2005), whereas also 2,3'-cyclic nucleotide monophosphates
are reported to have physiological and signaling effects (Marotta
and Weinert 2023). Suspected inhibitory effects on growth rates,
however, could not be recapitulated by liquid suspended cultur-
ing of either strain in reciprocal exponential phase cell-free su-
pernatant. We can, therefore, neither confirm nor refute the inhi-
bition hypothesis, which would require testing of individual com-
pounds from the exometabolites on species growth. In addition,
some effects may be specific for the dynamic spatial setting of
growing microcolonies and difficult to recapitulate in liquid co-
cultures.

The underlying context for compound-diffusible interactions
to emerge is that monoculture growth constitutes a combination
of direct substrate metabolism leading to new cell biosynthesis,
and conversion of substrate to intermediates. Some of those leak
outbut then are taken up again either by the cells of their own kin,
or by subpopulations of cells with different physiology (Dal Co et
al. 2019) or by neighboring species (Hansen et al. 2007). Mathemat-
ically speaking, this can be approached by a summation of mul-
tiple growth rates that combine into a single maximum specific
growth rate (Supplementary data simulations). In a spatial setting,
the efflux of metabolic intermediates would lead to microcolonies
becoming net producers and effectively losing carbon through ra-
dial diffusion, from which nearby other competing species may
profit, as suggested earlier (Guex et al. 2023). Metabolic exchange
has been seen before for a binary couple of engineered amino
acid auxotrophies in E. coli under microfluidic growth (Dal Co et
al. 2020), but our data suggest that this should be a much more
general phenomenon. Local variation in microcolony and individ-
ual cell physiologies, seeding densities, and species starting ratios
can then lead to local deviation of global interaction effects (as in
Figs 5E, F, and 7F).

The agarose patch platform reflects the dynamic nutrient situ-
ation for most bacteria in natural habitats. As example, by seed-
ing cells on the agarose surface in a closed microscope chamber
as presented here, with glass slides touching either surface, popu-
lation growth not only results in carbon source depletion but po-
tentially also in reduction of the radial oxygen diffusion rate. For
the two strains that we use; Ppu as an obligate aerobic bacterium
and Pve as a facultative denitrifier, this may result in more pro-
fuse Ppu growth near the patch edges (Fig. S2), temporarily low-
ering the oxygen diffusion to the patch center. For consistency of
the measurements across the different experiments we only fo-
cused on microcolony growth in the patch center, but by exploit-
ing the differences in locally measured interactions at positions
along the patch cross-section, one could characterize the dynamic
nature of the emerging interactions in a broader spatial context.
Also, by embedding local or solid substrate sources or including

heterogenous obstacles for diffusion in the patch, one could bet-
ter describe the effects of spatial nutrient context, formation of
gradients, substrate flow and diffusion, or substrate dissolution—
either chemically or through activities of other microorganisms.

In conclusion, the direct quantification of growth kinetic pa-
rameters from surface-grown microcolonies in mono- and cocul-
ture permits detecting global as well as local interaction effects,
which can be used to describe the effects of interspecific inter-
actions on growth in a spatial context. The robust capturing of
interaction effects even at small local scales would permit study-
ing the types and variations of emerging interactions from surface
growth of more species-diverse communities in real-time. The mi-
crocolony growth platform is thus a useful expansion to trans-
duce scales in community growth behavior and link to physiolog-
ical theory.
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