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Abstract 

Bacterial species interactions significantly shape growth and behavior in communities, determining the emergence of community 
functions. Typicall y, these interactions ar e studied thr ough bulk population measur ements, ov erlooking the r ole of cell-to-cell v ari- 
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 , substr ate 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 μm radius) was observed in coculture, with 

its slope reflecting interaction type and str ength. Measur ed 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 monocultur e gr owth kinetics dri ving spatial interactions. Ov erall, the study demonstrates how microcolony growth experiments 
offer v alua b le insights into bacterial interactions, fr om local to comm unity-lev el dynamics. 

Ke yw ords: gro wth kinetics; Pseudomonas putida ; Pseudomonas ver onii ; substr ate competition; phenotypic heterogeneity; spatiality 
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Introduction 

Understanding how interactions between microbial cells of dif- 
fer ent species sha pe the formation and functioning of multi- 
species comm unities, r emains a long cov eted goal in microbial 
ecology (Faust and Raes 2012 , Coyte et al. 2015 , Zelezniak et al.
2015 , Kehe et al. 2021 , Schäfer et al. 2023 ), and multiple meth- 
ods to measure interspecific interactions have been put forw ar d 

(P ac heco et al. 2022 ). Depending on the data type and the theo- 
r etical fr ame work, inter action concepts hav e 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 , Rodríguez Amor and Dal Bello 2019 , Dal Bello et al.
2021 , Nestor et al. 2023 ) and nutrient niche overlap predictions 
(Schäfer et al. 2023 ), metabolite exchange (Zelezniak et al. 2015 ,
P ac heco et al. 2019 , Kehe et al. 2021 ), or growth expansion patterns 
(Momeni et al. 2013 , Goldschmidt et al. 2017 , Borer et al. 2020 ), and 

e v en on cell–cell contact secretion systems (Basler et al. 2013 , Nig- 
gli et al. 2021 ). In addition, species interactions can evolve under 
spatiall y structur ed conditions, leading to div ersification (Rainey 
and Rainey 2003 ) and incr eased cooper ation (Hansen et al. 2007 ).
One of the difficulties to extr a polate fr om differ ent inter action 

le v els to community formation, is their integration across spatial 
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r e pr oduction in any medium, provided the original work is properly cited. For com
cales and time, and their embedment in a ppr opriate gr owth ki-
etic fr ame works (v an den Ber g et al. 2022 ). Connecting here to
lassical Monod-type growth kinetics would make sense, given its 
r e v alence and acceptance in the context of pure culture physi-
logy, and r ecent ada ptations to the le v el of m ultispecies gr owth
Goldford et al. 2018 , Liao et al. 2020 , Dal Bello et al. 2021 , van den
erg et al. 2022 , Guex et al. 2023 ). Ho w e v er, co- or m ultispecies cul-
ure data adaptable to multispecies Monod-type growth kinetic 
r ame works ar e still scarce, as one needs a ppr opriate par ameter
 alues for monocultur e gr owth r ates and yields, their dependen-
ies on nutrient conditions, starting ratios, and their variability 
nder influence of emerging interspecific interactions in cocul- 
ur es. To ac hie v e this, we de v elop her e a scalable methodology
o extract kinetic and interaction parameters from real-time spa- 
ial micr ocolon y gr owth patterns in mono- and cocultures, based
n pr e vious pur e cultur e tools in the ar ea of envir onmental, food,
nd medical microbiology (Reinhard and van der Meer 2010 , Eij-
ander and Kuipers 2013 , Koutsoumanis and Lianou 2013 , Nghe et
l. 2013 , Jung and Lee 2016 ). 

In contrast to growth kinetic and interaction measurements 
or two or more species in mixed liquid (suspended) cultures,
 eal-time micr ocolon y gr owth measur ements can differ entiate
pecies by their spatial position and measure individual growth 
 is an Open Access article distributed under the terms of the Cr eati v e 
es/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and 
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inetics from colony expansion and final colony sizes. By placing
ividing cells on the surface at start within a ca. 10–50 μm range,
ubstrate and metabolite diffusion allow metabolic interactions
o emerge. Quantifying growth and interactions at microcolony
e v el would hav e the ad ditional ad v anta ge of maintaining similar
patial scales that many bacterial cells face in natur al, heter oge-
eous habitats, and under resource-diffusion limited growth con-
itions. In the context of unsaturated soil, for example, microbial
rowth habitats are characterized by small water-filled pockets,
ores , and water-film co vered surfaces (Tecon and Or 2017 ). It has
een estimated that the majority of cell clusters in unsaturated
oils have fewer than 100 cells (Bickel and Or 2023 ), with intercell
istances av er a ging between 10 and 100 μm (Raynaud and Nunan
014 ). Interspecific inter actions ar e, ther efor e, also expected to
mer ge acr oss short distances, with cells, potentially, going only
hr ough short gr o wth c ycles as a result of limited carbon, water,
nd space. 

The objectives of this resear ch w ere to expand a microcolony
r owth fr ame work fr om single pur e to mixed cultur es, suc h that
 ele v ant kinetic parameters can be extracted of the individual
pecies in the mixture and emerging interspecific interactions can
e quantified acr oss r ele v ant local scales (10–100 μm intercell dis-
ances). Our set-up consists of microscopic growth chambers with
ells growing on miniature nutrient surfaces (Reinhard and van
er Meer 2010 , 2014 ) that can be operated under long incuba-
ion times (2–4 days), enabling real-time microscopy of all growth
hases from individual founder cells to matur e micr ocolonies (i.e.

ag times, exponential growth, and stationary phase). To bench-
ark the concept, we deplo y ed tw o fluor escentl y labeled soil bac-

eria: Pseudomonas veronii (Morales et al. 2016 ) and P. putida (Zylstra
nd Gibson 1989 ), and quantified growth in individual mono- and
ocultures under both competitive (i.e. same primary substrate
r shared metabolites) or substrate independence conditions (i.e.
ach species has its own unique substrate). In previous w ork, w e
ad tested both strains in mono- or coculture homogenous liq-
id culture conditions and different starting ratios, showing that
 . putida outcompetes P . veronii under single substrate competition
s expected from growth kinetic differences, but with more than
xpected metabolite sharing (Guex et al. 2023 ). In addition to the
icr ocolon y gr o wth experiments, w e also de v eloped an individ-

al cell-agent model based on Monod growth under substrate-
iffusion conditions and with inclusion of interspecific interac-
ions (Guex et al. 2023 ), that we parametrized using the empir-
cal kinetic data in order to understand growth and interaction
ffects both at the scale of local individual microcolonies, and at
he le v el of the community as a whole (the ensemble of all micro-
olonies on the growth surface). Our results indicate good agree-
ent of av er a ged micr ocolon y gr owth in mono- and cocultur es

nd bulk population interaction measurements, with local (13–
0 μm diameter) neighborhood anal ysis, but sur prising effects of
ariations in single (founder) cell kinetic parameters on the local
 epr oductiv e success. Contr ary to the typical influence of interac-
ions on species yields, we find that competitive interactions can
lso reduce maximum specific growth rates of either partner. Al-
hough shown here for a defined coculture, the same microscopic
rowth platform is scalable to more complex mixed cultures. 

aterials and methods 

tudy system design for interspecific interaction 

easurements from microcolony growth 

e deplo y ed a closed sterile micr oscopy c hamber with a 1-mm-
hin a gar ose-solidified disk (“a gar ose patc h;” Fig. 1 A), containing
ow carbon substrate concentrations (1 mM, to avoid multilayered
r owth), onto whic h individual cells ar e r andoml y and sparsel y
eeded (Reinhard and van der Meer 2014 ). Cell division into micro-
olonies is imaged and recor ded b y time-lapse epifluorescence mi-
roscopy (Fig. 1 A), from which colony expansion rates, lag times,
nal colony size area, colony distances, and other relevant pa-
 ameters ar e extr acted and compar ed between individual mono-
nd coculture incubations . T he system was benchmarked with
seudomonas putida (Ppu) and P. veronii (Pv e), cultur ed either un-
er conditions of (assumed) direct substrate competition or sub-
trate independence. To induce substrate competition, we added
uccinate to the a gar ose patc h, wher eas substr ate independence
 as generated b y adding both d -mannitol, as a specific substrate

or Pve, and putrescine for Ppu (Guex et al. 2023 ). Local biomass
ormation (by microscopy) for either strain alone or in coculture
as compared to bulk yields across the whole patch, by washing

ells from the surfaces at the end of the experiment and count-
ng either species by flow cytometry on the basis of its fluorescent

arker. 

acterial strains and preparation of founder cell 
ultures 

pu F1 (Zylstra and Gibson 1989 ), was genetically labeled with a
ingle copy mini-Tn 5 insertion (Martinez-Garcia et al. 2011 ) con-
titutiv el y expr essing enhanced gr een fluor escent pr otein (eGFP)
nder the control of the ICE clc -promoter P circ (Sentchilo et al. 2003 )
nd containing a gene for kanamycin r esistance. Pv e 1YdBTEX2
Morales et al. 2016 ) was labeled with a single copy mini-Tn 7 in-
ertion constitutiv el y expr essing mCherry under the contr ol of
he P tac promoter and providing gentamicin resistance (Rochat
t al. 2010 ). Cultures were stocked at –80 ◦C in 15% v/v glycerol
nd r egr own for eac h experiment on nutrient agar medium (Ox-
id CM 0067) with the a ppr opriate antibiotics to obtain individual
olonies. A single fresh colony was then precultured in liquid 21C
inimal medium without vitamins (MM) (Gerhardt et al. 1981 )

upplemented with 5 mM of the carbon source to be tested in the
atc h, with the a ppr opriate antibiotic included, and incubated at
0 ◦C with rotary shaking (160 rpm). Cells were harvested from a
-ml aliquot sampled fr om exponentiall y gr owing (cultur e den-
ity of OD 600 = 0.8) or from stationary phase cultures . T he aliquot
as centrifuged for 2 min at 13 000 rpm in a Her aeus Fr esco 21
icrofuge (Thermo Scientific) at room temperature . T he super-

atant was decanted, and the cell pellet was resuspended in 1 ml
M (without carbon source). This pr ocedur e was repeated twice
ore. After the final resuspension, the culture turbidity was again
easur ed, and suspensions wer e diluted with MM to an OD 600 of

.07 for Ppu and 0.11 for Pve. Cell numbers were quantified fur-
her by flow cytometry (see below). These suspensions were then
sed dir ectl y for monocultur e patc h seeding or mixed in a 1:1 v/v
atio to produce cocultures with approximately equal founder cell
umbers (seeding density details for each experiment in Table S1 ).

repar a tion of microcolony growth surfaces 

olten a gar ose solution was pr epar ed with 10 g l –1 Ultr aPur e™
gar ose (Invitr ogen, 16500–100) in MM, to whic h the desir ed car-
on sour ce w as added while the a gar ose mixtur e was still liquid
t 45 ◦C. Stocks of individual carbon sources (succinate, 490 mM;
utrescine, 33 mM; and d -mannitol, 150 mM) were prepared by
eighing from the pure substance (Sigma Aldrich) in ultr a pur e
 ater, which w as sterilized b y passing through a 0.2- μm mem-
rane filter (ClearLine, 037 044). Carbon substrates were diluted in
he a gar ose solution to ac hie v e final concentr ations of: 0.01, 0.05,
.5, 1, or 5 mM (for succinate); or 0.66 mM for putrescine plus 1 mM

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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Figure 1. Set-up and principle of the micr ocolon y gr owth expansion experiments. (A) Closed micr ocolon y gr owth c hamber to incubate the a gar ose 
patches (ø 10 mm, 1 mm thick) and the surface-deposited cells in inverse orientation for real-time epifluorescence microscopy. (B) Example of an 
ima ged surface ar ea with Ppu micr ocolonies in phase-contr ast (PhC); epifluor escence sna pshots (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 ln-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. 
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for d -mannitol (i.e. to have equal C-molarity for the independence 
scenario). Agar ose without an y added carbon substr ate serv ed as 
a control for background growth. 

A volume of 1.5 ml of a gar ose–carbon substr ate 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 1-mm 

thick silicon ring (Fig. 1 A; Fig. S1 A) (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. S1 B) and multiple 
1-cm ø circular disks wer e punc hed fr om the solid a gar ose us- 
ing a steel hole puncher previously sterilized with the flame (e.g.
hammer-driv en hole punc h, McMaster-Carr, Cle v eland, OH, USA,
catalog number 3418A1; Fig. S1 C). Circular disks were arranged 
n a new round glass slide (maximum four per slide; Fig. 1 A). An
liquot of 10 μl of diluted founder cell suspension (either mono-
r cocultur e mixtur e), was then car efull y pipetted on eac h sur-
ace and spread homogenously, and dried for 10 min in a laminar
terile flow hood at 21 ◦C ( Fig. S1 D). The slide with patches was
urned upside down on a new clean round glass coverslip with a
eparation silicon ring of 1 mm thickness, which was mounted in
 sterilized black anodized chamber (Perfusion Open and Close -
OC chamber; H. Saur Laborbedarf). A further 0.5-mm thick sil-
con gasket was placed on the top glass cov erslip, befor e closing
he chamber with a scr e w ring (without putting pr essur e on the
lide). In the final setup (Fig. 1 A), cells are caught in between the
o w er cover slip and the agarose surface, whereas the top of the
 gar ose touc hes the upper co verslip (i.e . no air space in between to

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
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
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void condensation droplets; Fig. 1 A). The remainder of the cham-
er has ambient air that diffuses into the patches from the sides.

ime-lapse imaging of microcolony growth 

icr oscope c hambers wer e mounted (cells facing down) and incu-
ated on a Nikon ECLIPSE Ti Series inverted microscope coupled
ith a Hamamatsu C11440 22CU camera and a Nikon CFI Plan
po Lambda 100 × oil objective (1.45 numerical a pertur e, 1000 ×
nal magnification). The temperature was k e pt between 22 ◦C and
4 ◦C. Time-la pse pr ogr amming was contr olled by a script in Mi-
r oMana ger Studio version 1.4.23. Images in phase contrast, GFP
r mCherry fluorescence were taken every 20 min, with exposure
imes of 30 ms, 50 ms, and 100 ms, r espectiv el y, and using a 4%
o w er-set pE-100 LED illumination system fr om CoolLED. Ima g-

ng positions (between 8 and 10 per patc h) wer e defined r andoml y
t the start, but within a 3-mm radius of the patch center to avoid
dge effects, and then k e pt for the remainder of the experiment.
he total duration of the gr owth v aried between experiments,
rom 12 h (in case of imaging only exponential growth) to 72 h
capturing stationary phase microcolonies). Images (2048 × 2048
ixels) were saved as 16-bit .tif files for each channel, per position
nd per time point. Images for display were cropped to the neces-
ary size using Adobe Photoshop (version 2022), and saved at 300
pi resolution before placing. 

mage analysis and extraction of growth kinetic 

arameters 

icr ocolon y gr o wth w as extr acted fr om the fluor escent time-
a pse ima ge files, whic h wer e pr ocessed in a custom-made Python
cript (version 3.8.3) through a Jupyter Notebook (version 6.0.3).
olonies were segmented at each time step on the fluorescent

mages using the Otsu algorithm with a variable threshold that
da pts to e v ery fr ame. We noticed that the segmented fluorescent
rea of stationary phase microcolonies of Pve increased slightly
espite not showing any further cell division, which we attribute
o continued expression of the fluor escent pr otein and cells be-
oming brighter. This effect was not further corrected but does
ot influence colony expansion rate measurements. Segmented
r eas wer e stor ed as individual objects (in pixels), aligned acr oss
mages, and then overlaid from a complete time-series in order
o extr act colon y ar ea expansion r ates (Fig. 1 B and C). Nondivid-
ng single cells (objects with the same size at the beginning and
t the end of the time-lapse) were removed by filtering, but single
longating cells were included (even if eventually they did not di-
ide). Microcolonies positioned near the image edges (within 200
x from the bor der) w er e r emov ed to avoid taking incomplete mi-
rocolonies into account. 

Maxim um colon y expansion r ates wer e calculated fr om the ex-
onential growth phase as the mean of moving linear slopes of ln-
r ansformed colon y ar eas v ersus time, including at least five con-
ecutive time points and only slopes with an r 2 > 0.99. Colonies
ith starting areas < 150 px (which can be the result of faulty im-
 ge ov erlays) wer e corr ected to the minim um cell size ( = 120 px for
pu and 150 px for Pve) before calculating ln-transformed slopes.
ince colony area is a proxy for cell biomass, the maximum colony
xpansion rate r from the ln-transformed areas was taken as the

max of biomass growth of the respective colony. 

low cytometry quantification of total cell 
umbers 

o quantify the final (combined) cell numbers of either strain
rowing on the agarose patches, the cells were washed from the
urface at the end of the experiment by dismounting the POC
 hamber, flooding eac h individual patc h with 2 ml MM, and pipet-
ing r epeatedl y to r esuspend the cells . T his suspension was sub-
equentl y 10-fold seriall y diluted in MM and aspir ed on a Novo-
yte Flow cytometer (OMNI Life Science Agilent) at a flow rate
f 14 μl min 

–1 and a total analysed volume of 15 μl. Counts in
iluted samples were retained for the final abundance calcula-
ion if less than 10 7 e v ents. Str ains wer e gated based on their spe-
ific fluorescence using the NovoExpress software (version 1.4.1).
FP was measured with the instrument’s FITC channel (excitation
t 488 nm and emission/detection at 530 nm), whereas mCherry
uorescence was detected in the PE-Texas Red channel (561 and
15 nm). 

ndividual cell-agent surface growth model 
o better understand the underlaying factors causing growth
inetic variations in mono and cocultures, we simulated mi-
r ocolon y gr owth on the a gar ose patc h in an agent-based sur-
ace growth kinetic model with a continuum field description of
 hemical r eaction and tr ansport (Fig. 1 D and E; Supplementary
ethods ). The model simulates microcolony growth in 2D from

ividing single cell agents as a function of substrate diffusion, up-
ake, and metabolism, and of excretion/utilization of metabolic
y- or end-products. Individual cell-agents (with volumes simi-
ar to actual Ppu or Pve cells) are positioned on a grid surface
ith similar dimensions as the experimentally imaged surface ar-

as (134 × 134 μm 

2 ). The number and positions of founder cell
gents in the model can be chosen according to experimentally
bserved cell densities and geometric cell center positions, or ran-
oml y. Cell-a gents ar e giv en inher ent gr owth kinetic pr operties

i.e. μmax , K s and yield) by sampling from experimental data or
y some a priori definition, allowing cell-to-cell variations and/or

ndividual lag times (i.e. before the onset of growth and division).
he model then assumes substrate to biomass conversion follow-

ng Monod growth and yield, which is translated into cell elon-
ation and division. Simulations calculate changes in resources,
etabolites , cell-agent biomass , and positions for each time step
t (corresponding to ca. 0.72 s) and per volumetric box of 3.7 pL

n the surface grid. Molecular diffusion across boxes is recalcu-
ated after e v ery time step. Cell agents reposition after each time
nterval as a function of cell pushing and shoving when forming

icrocolonies (Angeles-Martinez and Hatzimanikatis 2021 ). After
he pr eset sim ulation time (typicall y, 10–20 h, or 50 000–100 000
ime steps), the final attained individual micr ocolon y biomasses
re quantified as the descent of each positioned cell-agent, and
ndividual micr ocolon y gr owth r ates ar e fitted fr om biomass-ov er-
ime increases. Users can vary the concentration of resources in
he model, the production rates of metabolites, and run different
nteraction scenarios (e.g. see Supplementary data simulations ). 

To simulate interspecific interactions, we varied production
nd consumption rates of byproducts, assuming, for simplicity,
ypr oduct “gr oups;” as pr oposed in Guex et al. ( 2023 ). The in-
uence of mutual or cross-wise utilization of excreted byprod-
cts was then tested by varying the μ fraction attributed to the
ain substrate and to the byproducts, under the restriction that

he total μ cannot surpass its experimentally observed value
 Supplementary data simulations ). To plot simulations and com-
are to microscopy images, the simulated cell-agent positions and
r eas acr oss the surface grid at 20 min interv als wer e sav ed as .tif
les and segmented using the Python script described abo ve . T he
ell-agent model was entirely coded in MATLAB (version 2021b,
athWorks Inc). 

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
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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Metabolite analysis in liquid culture 

To c har acterize a ppearing metabolites during gr owth 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 w ere gro wn in biological tripli- 
cates to mid-exponential phase (3–6 h after inoculation, measured 

by culture turbidity—OD 600 , using a Ultrospec 500 pro spectropho- 
tometer from Amersham Biosciences), after which 90 ml were re- 
moved and centrifuged to recover the cells . T he supernatant was 
decanted without disturbing the cell pellet and then further pu- 
rified from cells by passing over a 0.2- μm membrane filter (Clear- 
Line , 037044). T he cell pellet was car efull y r esuspended in 2 ml 
sterile saline solution (0.9% NaCl) 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 
gro wth w as follo w ed b y spectrophotometry. 

Aliquots (1.5 ml) for liquid c hr omatogr a phy–mass spectr om- 
etry (LC–MS) analysis were taken at the start (i.e. uninocu- 
lated medium); the mid-exponential phase (i.e. the filtered super- 
natants befor e swa pping), and at the end of the incubations (i.e.
swa pped cultur es). All samples wer e purified by filtering acr oss a 
0.2–μm membrane filter, then snap-frozen in liquid nitrogen, and 

stored at –80 ◦C until analysed by targeted LC–MS (Agilent 6495 
LC–MS QqQ 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 per centiles) w ere cal- 
culated using r espectiv e functions in R studio or MA TLAB (ver - 
sion 2021b, MathWorks Inc.). Pearson and Spearman correlations 
wer e inferr ed using the ggplot and ggstatsplot R- pac ka ges, 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 r egr ession was conducted using the polyfit function in MAT- 
LAB, and outliers for the 20- μm neighborhood were categorized as 
being above 3 × SD of the residual variation of the regression at 
65- μm neighborhood r adius. Metabolites wer e consider ed statis- 
ticall y significantl y differ ent between Ppu and Pv e their own and 

swapped supernatants if the Benjamin–Hochberg multiple testing 
adjusted P -value < .05. 

Results 

Extr acting gro wth r a tes fr om micr ocolony 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 Pv e, sparsel y seeded on the 
surface of an a gar ose patc h (1 mm thick and 1 cm diameter). The 
patch is embedded in a closed microscopy chamber under inclu- 
sion of air (Fig. 1 A) (Reinhard and van der Meer 2014 ). The agarose 
contains a limiting amount of substrates to control the extent of 
olon y gr owth (while ac knowledging that the a gar ose itself also
rovides some carbon and nutrients for gro wth—see belo w). The
 gar ose patc hes pr ovide the cells with a solid surface to form
icrocolonies while preserving the diffusion rates of substrate 
olecules and metabolites close to that in liquid. Dividing cells
ill expand primarily in the two-dimensional plane, because they 
re enclosed between the agarose surface and the glass coverslip,
acilitating imaging (Fig. 1 A). By reducing the amount of primary
arbon substrate or increasing the density of founder cells on the
atch, the number of divisions per cell is limited and we observed
hat the colonization of the surface remains restricted to single-
ayer ed individual micr ocolonies, whic h occasionall y mer ge when
ounder cells fall r elativ el y close to each other. To avoid boundary
ffects on micr ocolon y gr owth under influence of a radial oxygen
radient ( Fig. S2 ), we imaged microcolonies in a 3 mm 

2 × 3 mm 

2 

rea close to the patch center for consistenc y. Gro wth kinetic data
f both species at different substrate concentrations show sub- 
trate limitation (see below), but we do not wish to claim that the
atch center behavior is re presentati ve for all conditions of Ppu
r Pve growth. 

Since cells are tracked over time by imaging from the onset of
he experiment (Fig. 1 B), their a ppar ent maxim um specific gr owth
ate can be calculated from the segmented colony area expan-
ion during the exponential growth phase for each microcolony 
Fig. 1 C) under inclusion of local spatial positioning. To support
he empirical observations of colony gro wth, w e developed an ac-
ompanying model based on substrate diffusion, uptake, and uti- 
ization b y spheroc ylindrical cell-agents with similar geometry as
ither Ppu or Pve cells (Fig. 1 D). The model takes into account cell
longation, division, and cell–cell pushing during colony develop- 
ent, and r eca pitulated observ ed micr ocolon y gr owth and spatial

atterns (Fig. 1 E). We then further used the model simulations to
nderstand diffusive substrate-growth effects and the nature of 
mer ging inter actions in the observed mono- and coculture ex-
eriments (see below). 

icr ocolony gr owth rates as a function of added 

ubstr a te concentr a tion 

n order to benchmark the system of surface colonization for
onod kinetics, we first examined the dependency of monocul- 

ur e gr owth r ates on incr easing substr ate concentr ations . For this ,
e added succinate at increasing concentrations (0.01, 0.05, 0.5, 1,
nd 5 mM) and seeded cells of either Ppu or Pve individually, with
 founder cell density per imaged area (ca. 1.7 × 10 4 μm 

2 ) rang-
ng from 30 to 70 cells for Ppu and from 30 to 150 cells for Pve.
itted av er a ge colon y expansion r ates incr eased fr om 0 to 5 mM
uccinate, indicativ e for Monod-substr ate dependency and sug- 
esting carbon-limited growth (Fig. 2 A). Both fitted average μmax 

nd K S on succinate were higher for Ppu (1.01 h 

–1 and 0.018 mM,
 espectiv el y), than for Pve (0.47 h 

–1 and 0.004 mM). Colony expan-
ion rates did not decrease to zero in absence of any added succi-
ate, indicating that both species can extract some carbon from
he a gar ose medium (Fig. 2 A; Fig. S3 ). By interpolating the fitted
onod curve, we estimated ca. 50 μM of succinate-equivalent car-

on source to be available from the agarose . T hese results thus
ndicated that Ppu is the faster gro w er, but Pve potentially has a
o w er affinity for the substrate under the patch conditions. 

To better understand the dynamics of substrate utilization by 
ells on the surface, we simulated Ppu growth at different cell
eeding densities using the observed colony expansion rates at 
 mM succinate, and calculated the av er a ge r emaining substr ate
oncentrations in the agarose patch as a function of incubation

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
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F igure 2. Gro wth kinetic properties of surface-grown Ppu or Pve founder cells. (A) Mean colony expansion rates of Ppu (green) or Pve (magenta) as a 
function of succinate concentration in the agarose disks . Circles , means of av er a ge expansion rates across image areas (d_PPU, d_PVE; range of 
observed seeding densities of founder cells). Lines and values show nonlinear Monod fitting. (B) Simulated substrate depletion as a function of 
incubation time and micr ocolon y size in a virtual image area (134 μm 

2 × 134 μm 

2 ). Cells are shown in red (simulated sizes and orientations). Shades of 
gr een corr espond to the sim ulated substr ate concentr ation ar ound the cells, according to the r espectiv e color scale on the right. (C) Av er a ge sim ulated 
substrate depletion times (starting from 1 mM succinate) as a function of cell seeding density (darker line color represents denser seeding as per the 
color scale). (D) Mean simulated colony expansion rates (solid lines) and their 95% confidence bounds (transparent colored zone) for the indicated 
starting cell densities after a predefined incubation interval (colors). Note how within 1 h (e.g. after depositing the cells and starting the imaging) one 
can expect to faithfully measure the maximum exponential colony expansion rate in the cell density range used for experiments here. (E) Effect of 
starting cell density (cells per image area position, ca. 0.017 mm 

2 ) on the measured colony expansion rates of Ppu on 1 mM succinate. Solid line 
connects the median expansion rates within an image area, with green dots being the individual microcolony values and the transparent green zone 
denoting the median ± 1 SD. Statistics from linear regression on the means, testing the significance of difference to a zero slope ( r is the Pearson 
correlation coefficient; F is the F -value; and P is the P -value). (F) As (E), but for Pve. (G) Distribution of colony expansion rates at 1 mM succinate for Ppu 
and Pve in monoculture conditions (six independent experiments). n , number of measured microcolonies; m, mean; and cv, coefficient of variation 
(mean μ/standard deviation). Vertical dashed lines indicate the mean ± 0.5 × the mean, to r epr esent the proportion of colonies with outlier behavior 
(low and hi; in %). 



Miguel Trabajo et al. | 7 

 

 

 

 

 

c  

a  

t  

C  

t  

r  

s  

w  

a  

j  

m  

t  

p  

s  

(  

f
m  

t  

o  

s
v  

D  

c  

s  

e  

w  

e  

g  

s  

m  

t
g  

l
 

e  

c  

r  

s  

c  

b  

I  

d
t  

m
d
c
p
d  

s  

a  

e
s  

i

S
g
e
H  

r
p  

t
w  
time (Fig. 2 B). This indicated, as expected, that the denser the 
amount of seeded cells on the surface, the faster the substrate 
is depleted (Fig. 2 C). In other w or ds, this w ould mean that at very 
high starting cell densities ( > 200 per image area), the time window 

to accur atel y measur e the exponential gr owth r ate after seeding 
the cells would be less than 2 h (Fig. 2 D). In our further proto- 
col, ther efor e, we tar geted < 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 
r estricting m ultilayer ed colon y gr owth (as empiricall y observ ed). 

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 

2 ). Ppu colony expansion rates decreased slightly 
but statistically significantly as function of increasing founder cell 
density (Fig. 2 E; Pearson’s coefficient r = –0.2100, P = 1.84 × 10 –6 ),
whereas those of Pve did not (Fig. 2 F; r = 0.0193, P = .2160). The ob- 
serv ed colon y expansion r ates at 1 mM succinate were less vari- 
able for Ppu ( n = 4 experiments, mean = 0.87 h 

–1 , coefficient of 
variation = 0.19; Fig. 2 G) than for Pve (0.57 h 

–1 and a coefficient of 
variation = 0.39), with 1% low and high Ppu microcolony outliers 
versus 5% and 8% for Pve (Fig. 2 G; low and high defined as below 

or above the mean expansion rate ± 0.5 × the mean). As the sub- 
strate is homogenously present in the patches, this suggests an 

inher ent phenotypic v ariability among founder cells, determining 
their r epr oductiv e 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. 3 A) reached stationary phase 
sooner than Pve (Fig. 3 B; 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. 1 E), suggests almost homogenous de- 
pletion of growth factors at the scale of the ima ged ar eas . T here- 
for e, e v en though larger colonies tend to locally deplete substrate 
concentrations (as indicated by simulations in Fig. 2 B), molec- 
ular diffusion would r a pidl y counterbalance and equalize sub- 
str ate concentr ations at the ima ged ar ea scales (Fig. 2 C). As a 
consequence of the near simultaneous growth cessation, the mi- 
cr ocolonies r eac hed differ ent stationary phase sizes . T he mean 

micr ocolon y sizes for both Ppu and Pv e decr eased fr om 1 to 0.5 
and 0 mM succinate (with same founder cell densities), as ex- 
pected (Fig. 3 C). Simulations sho w ed, ho w ever, that individual mi- 
cr ocolon y sizes at stationary phase are largely dependent on the 
founder cell density (Fig. 3 D and E), and their absolute sizes are,
ther efor e, onl y 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 a ppar ent colon y expansion r ate, the la g phase of the founder 
ells (here taken as the time until first doubling of the initial cell
rea), and the area of available substrate intak e [appro ximated by
he Voronoi space at time of founder cell seeding, as described in
hacon et al. ( 2018 )]. The number of nearby neighbors (scored as

he number of neighboring founder cells in circles with increasing
 adii) corr elated negativ el y with the final observ ed micr ocolon y
ize, both for Ppu (Fig. 4 A) and for Pve (Fig. 4 B). Significant but
 eak correlations w ere found betw een the Vor onoi ar ea at start
nd the final attained micr ocolon y ar eas for both Ppu and Pve (ad-
usted R 

2 = 0.405 and 0.561, r espectiv el y, fr om a general linearized
odel; Fig. S4 ). Ho w e v er, ther e was no consistent corr elation of

he number of neighbors and the observ ed maxim um colon y ex-
ansion rates and a weak negative correlation of colony expan-
ion rates at the highest neighbor densities at later growth stages
Spearman correlations; Fig. S5 ). This means that at the start, all
ounder cells perceive sufficient substrate influx to grow at maxi- 
 um exponential r ates. Most founder cells taken from exponen-

iall y gr owing pr ecultur es did not exhibit an y a ppar ent la g phase
nce they were deposited on the surface and the imaging had
tarted, because their measured colony expansion rates were in- 
 ersel y pr oportional to the time of their first doubling (Fig. 4 C and
; expo , exponential phase pr ecultur es). In contr ast, Ppu founder
ells pr epar ed fr om stationary phase liquid suspended cultur es
ho w ed ca. 10% of cells with a detectable longer lag phase than
xpected from their colony expansion rate (Fig. 4 C, grey zone),
hereas this was less than 1% for Pve (Fig. 4 D). Interestingly, how-
 v er, Ppu cells with longer lag times still displayed fast maximum
r owth r ates. Collectiv el y, these r esults indicated that the variable
tarting maxim um gr owth r ates of individual cells ar e pr edeter-
ined at the time of seeding, perhaps as a consequence of precul-

uring history and cell phenotypic variability. Starting (maximum) 
r owth r ates of individual cells are not necessarily decreased by
onger lag times. 

As a consequence, stationary phase colony areas were not well
xplained fr om measur ed expansion r ates (Fig. 4 E; Spearman r ank
orrelation coefficients –0.1701 and –0.0349, P = .0041 and .2700,
 espectiv el y, for Ppu and Pve). That this is not a general rule is
ho wn b y cells taken from stationary phase pr ecultur es on suc-
inate and seeded on surface without succinate (ther efor e onl y
eing able to profit from residual carbon in the agarose; Fig. 4 F).
n such case, the final microcolony sizes do correlate to the in-
ividual colony expansion rates (Fig. 4 F; Spearman rank correla- 
ion coefficients of 0.6419 for Ppu and 0.3177 for Pve). In sum-

ary, variability in monoculture (maximum) growth rates of in- 
ividual founder cells seems mostly predetermined by preculture 
onditions and phenotypic v ariation, wher eas individual colony 
roductivity (i.e. their stationary phase size) is to some extent 
ependent on the number of neighbors and the available sub-
tr ate intake ar ea, r epr esented by the Voronoi space (Chacon et
l. 2018 ). In addition, faster or bigger growing microcolonies may
nhance their growth proportionally to others by locally depleting 
ubstr ate faster, whic h biases further diffusion to w ar d them and
ncreases the net substrate flux into the colony. 

ubstr a te competition in cocultures leads to 

ro wth r a te reduction and local colon y size 

ffects 

aving defined the range and variability of micr ocolon y gr owth
ates and yields in monocultures, we next quantified colony ex- 
ansion parameters in cocultures of Ppu and Pve, in order to de-
ermine interaction effects. We first focused on conditions where 
e 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
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Figure 3. Micr ocolon y pr oductivity v ariation as a function of substr ate concentr ation and founder cell density. (A) and (B) Micr ocolon y gr owth 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. 1 B). Note how all colonies arrest growth at approximately the same time. n , number of colonies; d, founder cell density. (C) 
Observ ed micr ocolon y size v ariability in stationary phase as a function of succinate concentr ation. Eac h dot is an individual micr ocolon y, 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 r epr esent the mean of individual simulated microcolonies 
(colored dots), with bars representing ± 1 SD. 
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rimary substrate (succinate). Since Ppu grows faster than Pve on
uccinate (Fig. 2 E), our expectation here was that Ppu would out-
ompete Pv e gr owth as seen in homogenous liquid cultures (Guex
t al. 2023 ). Unexpectedl y, micr ocolon y expansion r ates of both
pu and Pve w ere lo w er in coculture than in monoculture, but co-
ulturing had no or little effect on measur ed la g times (Fig. 5 A).
he cocultur e-dependent decr ease of colon y expansion r ates was
onsistent across multiple different experiments, even at differ-
nt succinate concentrations and seeding densities ( Fig. S6 ), with
n av er a ge decr ease of 16.4% for Ppu and 14.9% for Pve (Fig. 5 B;
 = 10 and 8, and P -values of 6.39 × 10 –5 and .0026, r espectiv el y,
r om unpair ed two-sided t -tests). Individual micr ocolonies of ei-
her strain at the same seeding density grew on average to smaller
ize in co- than in corresponding monocultures ( Fig. S7 ). In terms
f global productivity (e.g. summed stationary phase colony size
or each of the strains per imaged area position), Pve lost 90% in
oculture with Ppu compared to monoculture, whereas Ppu lost
n av er a ge 27% (Fig. 5 C). Ther e was no significant differ ence in
ummed productivity of both species in coculture and that of Ppu
n monoculture ( P = .1776; Fig. 5 C). If we define the competitive
oss factor on growth rate for Ppu as the relative difference com-
ar ed to monocultur e gr owth, this then equalled 1–0.164 = 0.836
nd on productivity 1–0.27 = 0.73, whereas that of Pve equalled
–0.149 = 0.871 on growth rate and 1–0.90 = 0.10 on productivity.
ell counts measured by flow cytometry across the whole patch at
tationary phase sho w ed similar competitive loss for Pve in the co-
ultur e compar ed to its monocultur es (0.10; Fig. 5 D), but no signifi-
ant difference for Ppu productivity in the mixture compared to its
onocultures ( P = .3075, n = 10). This difference between bulk and

atch center measurements is possibly the result of higher repli-
ate variation in the cocultures (Fig. 5 D) or of boundary growth
ffects ( Fig. S2 ) that are taken into account in quantification of
he a gar ose-surface washed cell suspension but not by the mi-
r oscopy measur ements. 

To estimate competition at a local scale, we compared the num-
er and summed micr ocolon y ar eas of either species surr ounded
y colonies of itself or of the other species, in circles of increas-

ng radius, for each detected microcolony (Fig. 5 E). This procedure
a ptur es local differences in seeding densities and ratios, which
an be used to calculate and plot the relation between the species
atio at start and their final biomass ratio (Fig. 5 E). In case of
quall y competitiv e str ains for the same substr ate, one would ex-
ect the slope of the starting species ratio and their final biomass
atio to be equal to 1, since the summed biomass yield ( X) per unit
f surface would remain the same and will be divided proportion-
lly by either species based on its founder cells (Fig. 5 E, slope line).

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
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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Figure 4. Dependencies of micr ocolon y gr owth pr operties on av ailable surface ar ea. (A) and (B) Relationship between attained colon y ar eas (individual 
dots) and area occupation by neighboring kin, calculated as the number of colonies within a circle of diameter 6.5, 13, 20, or 65 μm around each cell 
(as depicted in the cartoon). Colony data from patches with 1 mM succinate in monoculture. n , number of plotted microcolonies; d, range of founder 
cell densities; exp, number of independent experiments, and pos, imaged positions. Red lines connect the means with the color tr anspar ent zone 
bounding the 25th–75th percentile range. (C) and (D) Relationship between measured colony expansion rate and the time to first doubling (as the sum 

of the fitted lag time and the inverse of the measured colony expansion rate) for Ppu (C) or Pve (D) monocultures on 1 mM succinate, seeded either 
fr om exponentiall y gr owing pr ecultur es (expo), or stationary phase cultur es (stat). n , number of micr ocolonies in the plotted datasets (Pv e subsampled 
to 350); d, mean founder cell density per image area. Dotted line shows the expected time to first doubling without lag phase (as 1/colony expansion 
r ate). Shaded ar eas ar e manuall y added to highlight cells with extended la g times. (E) and (F) Stationary phase colon y ar eas as a function of measur ed 
colony expansion rates for Ppu or Pve at 1 mM succinate, with precultures from exponential phase (E) on the same substrate, or from stationary phase 
cultures seeded on patches without succinate added (F). rho, Spearman correlation coefficient; P , corresponding P -value for the Spearman correlation. 
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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, r espectiv el y. (B) Differ ence of mean micr ocolon y expansion r ates in cocultur e 
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 
experiments with the same succinate concentr ation. P -v alues fr om unpair ed two-sided t -testing. Co-sum, per ima ge field summed ar eas of both Ppu 
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 micr ocolon y (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 
number of imaged positions (pos) reported on top. Colors correspond to circle radii of panel (E). The slope line of the linear regression at the circle 
radius of 65 μm is used to define the residual variation and 5 × the standard deviation of the residuals is used as a threshold (thr) to identify the 
proportion of outlier colonies at the neighborhood radius of 20 μm (red circles, as reported in Table 1 ). Slope lines from 65- μm radius are reproduced 
on the other dia gr ams for clarity. 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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Table 1. Local competitive interaction parameters. 

Comparison Substr a te 
Simulation or 
experiment 

Mean 
interaction 

slope d 

Inverse 
interaction 

slope 
Mean outliers 

up e 
Mean outliers 

down e 

Proportion local 
competition 

overturn f 

Ppu versus Pve Succinate Cross-feeding a 2 .78 0 .36 0 .0079 0 .1058 
Succinate Direct competition a 2 .93 0 .34 0 .0310 0 .0959 
Succinate No variation a 2 .24 0 .45 0 0 
Succinate 1 mM 

b 1.95 ± 0.118 0 .51 0.021 ± 0.013 0.055 ± 0.023 
Putrescine and 

d -mannitol 
Two substrates a 0 .74 1 .56 0 .125 0 .121 

Putrescine and 
d -mannitol 

1 + 0.6 mM 

c 0 .348 2 .87 0 .015 0 .257 

Pv e v ersus Ppu Succinate Cross-feeding a 0 .347 2 .88 0 .095 0 .204 
Succinate Direct competition a 0 .426 2 .37 0 .218 0 .142 
Succinate No variation a 0 .407 2 .46 0 0 .008 
Succinate 1 mM 

b 0.559 ± 0.06 1 .789 0.145 ± 0.025 0.071 ± 0.037 0.130 ± 0.018 
Putrescine and 

d -mannitol 
Two substrates a 3 .84 0 .260 0 .301 0 .077 

Putrescine and 
d -mannitol 

1 + 0.6 mM 

c 3 .19 0 .313 0 .182 0 .127 

a n = 5 sim ulations, eac h with seeding density of 49 Pve + 51 Ppu cells per simulated image area. 
b n = 4 experimental data sets combined. 
c n = 1 experiment with four imaged positions. 
d Linear r egr ession as in Fig. 5 (E), for the 20- μm r adius calculation; inv erse is 1/slope. 
e Proportion of points with residual values for the 20- μm radius calculation > 3 × standard deviation to the r egr ession line and its variation at radius 65 μm. For 
example, down outliers in the Ppu versus Pve comparison refer to cases where Pve grows better than expected. 
f Defined as Pve colonies within 20- μm radius with summed colony area more than that of Ppu, corrected for founder cell ratio. 
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In other w or ds, the term in Fig. 5 (E) ( X Sp 1 , start 
) / ( X Sp 2 , start 

) (1 −μSp 2 /μSp 1 ) = 

1 at identical maximum growth rates. 
Analysis of the slope lines for different circle diameters (Fig. 5 F; 

Fig. S8 ) sho w ed tw o inter esting aspects: (i) the slopes r emained 

almost constant for neighborhood circles fr om lar ge to small, al- 
though individual variation increased, and (ii) the slopes for the 
final biomass ratio/founder cell ratio relationships from Pve per- 
spectiv e wer e almost perfectl y inv erted to those fr om Ppu per- 
spective (Fig. 5 F, Table 1 ; Table S2 ). The analysis thus captures the 
expected competitiv e inter action with Ppu being the stronger and 

Pve the weaker competitor on succinate, and even at the small- 
est neighborhood scale of 6.5 μm radius. When assuming that the 
global relation is best captured by the largest circle radius (65 μm; 
Fig. 5 F), one can use the variation of the residuals on the linear re- 
gression slope to set a threshold (here: 3 × SD, or 99.5% likelihood),
abov e whic h an individual micr ocolon y would behav e statisticall y 
differ entl y than the global trend. We applied this criterium for the 
circle radius of 20 μm, which indicated, for example, that 14.5% 

of Pve microcolonies locally grow bigger than expected from the 
competitiv e inter action (or 5.5% fr om the perspectiv e of Ppu mi- 
crocolonies, Table 1 ). In 13% of the local Pve microcolonies within 

20- μm 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 exclusi v e substr a tes 

To place the effect of primary substrate competition into perspec- 
tiv e, we r epeated the same experiment, but with an exclusive sub- 
strate for each of the species such that they would become indif- 
fer ent for eac h other. The best combination to ac hie v e this and 

which abolished competition in liquid culture (albeit not perfect) 
used putrescine as selective substrate for Ppu and d -mannitol for 
Pve (Guex et al. 2023 ). Despite the intended independence, some 
10% of Pve colonies sho w ed diauxic gro wth, indicating they may 
e able to use putrescine (at a later stage; Fig. 6 A). As intended,
he productivity of both species on the combination of putrescine
nd d -mannitol in coculture was less dr asticall y affected (Fig. 6 B;
oss factors 0.61 and 0.67 for Ppu and Pv e, r espectiv el y) than with
uccinate (0.73 and 0.10; Fig. 5 E), although in this substrate com-
ination the summed stationary phase productivity in the cocul- 
ure was less than the sum of the monoculture productivities
Fig. 6 B). This indicates that also under substrate independence
onditions both species do not gr ow completel y independentl y
r om eac h other. Individual maxim um gr owth r ates observ ed for
pu (taken at the first 4 h) were on av er a ge 2-fold incr eased in
r esence of Pv e (Fig. 6 C and D), but no different for Pve in pres-
nce or absence of Ppu (Fig. 6 D). In presence of Ppu, ho w ever,
he variability among growth rates of Pve microcolonies increased 

Fig. 6 C). Local competition analysis by the ratio of founder cells
o the ratio of final biomasses indicated a reversal of the slope
ines for Pve and Ppu (Fig. 6 E), which was again robust for differ-
nt neighborhood scales (Fig. 6 E and F). In contrast to what was
bserv ed for succinate, Pv e was the str onger competitor (slope
f 3.19) than Ppu (slope of 0.348) on putrescine and d -mannitol
Table 1 ). 

urface coculture gro wth simula tions underscore 

eta bolite-dri v en interactions 

o better understand the potential causes of observed cocul- 
ure effects on kinetics of microcolony gro wth, w e simulated
ifferent interspecific interaction scenarios ( Supplementary data 
im ulations ). Cocultur e sim ulations wer e started with r andoml y
laced founder cells of either species or else with starting posi-
ions matching those of the experiments. Cells of either species
er e giv en gr owth kinetic pr operties based on their monocultur e
xperimental values, plus a random variation equal to the ob-
erved standard deviation. We did not exhaustively investigate 
arameter space effects, but concentrated on simulating a num- 
er of potential credible scenarios (Fig. 7 A). Direct competition for

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
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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Figur e 6. Coculture beha vior under substrate independence conditions . (A) Micr ocolon y gr owth of Ppu or Pv e separ atel y or in mixtur e on d -mannitol 
and putr escine. Onl y the first incr ease is used to calculate the maxim um specific gr owth r ate (i.e. typicall y 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 -v alues fr om two-sided unpair ed t -testing ( n = 4). (C) Colon y expansion r ates as a function of stationary phase colon y ar ea. (D) Ratio of mean gr owth 
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- μm (E) or 13- μm radius neighborhood (F). Colors correspond to circle radii in Fig. 5 (E). Note the 
r e v ersal of the slopes in comparison to succinate (Fig. 5 F). Slope values reported in Table 1 . 
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he single added substrate (succinate), was not able to explain the
bserv ed r eduction in gr owth r ates; neither was a sim ulation sce-
ario with sharing of the same metabolites (Fig. 7 B). In contrast,
im ulating both cr oss-feeding (i.e. pr oduction and uptake of dif-
erent metabolites) or cross-feeding with interspecific inhibition
esulted in a reduction in growth rates of both species (Fig. 7 B). As
xpected, all scenarios predicted a lo w er productivity of Pve com-
ared to Ppu, and all but direct substrate competition caused a
eduction in the normalized productivity sum (Fig. 7 C). Inclusion
f a mutual inhibition resulted in the largest reduction in the pro-
uctivity sum (Fig. 7 C). Also, the relation of founder cell ratios to
nal biomass ratios across all experiments with 1 mM succinate

slope = 1.76) was better explained by the cross-feeding (slope =
.16) than by the direct competition scenario (slope = 2.60; Fig. 7 D;
 = 5 simulations for three founder cell ratios each). These values
re close to the values obtained for the 20- μm neighborhood radii
s in Table 1 , and this indicates that the surface competitive inter-
ction on succinate is decreased by 1–1.76/2.60 = 0.32 for Ppu and
ncreased by 2.60/1.76–1 = 0.48 for Pv e, compar ed to what would
e expected from monoculture growth rate and yield differences
lone (i.e. direct competition scenario). 

The variation of simulated individual colony sizes and their
aximum expansion rates for the cross-feeding and inhibition

cenarios ca ptur ed the main tr ends observ ed in the experimen-
al data, both for succinate and for the mixture of putrescine and
 -mannitol (Fig. 7 E). Ho w e v er, r emoving fr om the sim ulations ei-
her the variation in maximum growth kinetics or variation in lag
hase of starting cells, yielded m uc h less variation in colony ex-
ansion r ates, whic h is not in a gr eement with experimental obser-
 ations (Fig. 7 E). This underscor es, ther efor e, the crucial effect of
nher ent differ ences in gr owth kinetic pr operties of founder cells
n the productivity of their microcolony descendants. 
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Figure 7. Sim ulated inter action scenarios explain r educed gr owth r ates in cocultur es. (A) Differ ent tested scenarios of cr oss-feeding or inhibition 
between Ppu and Pve. (B) Relative growth rates of either Ppu or Pve in competition scenarios compared to their monoculture simulations ( n = 5–7 
simulations; Supplementary data simulations ). P -values correspond to unpaired t -tests between co- and monoculture simulation replicates. (C) as (B), 
but for the final attained micr ocolon y ar ea sum (per sim ulated ima ge field). Sum ar ea, sum of Pv e and Ppu colon y ar eas in that sim ulated ima ge field. 
(D) Comparison of empirical local neighborhoud competition at 1 mM succinate ( n = 4 experiments) with cross-feeding and direct substrate 
competition simulations ( n = 5 simulations, each with 3 starting ratios). Data points are the ratio of the mean starting density ratio of Ppu/Pve per 
ima ged ar ea and their final mean biomass r atio (summed micr ocolon y ar eas). Slope lines and v alues fr om linear r egr ession ar e indicated. Inset shows 
region of founder cell ratio below 2 (i.e. where Pve is more abundant). (E) Comparison of observed (1 mM succinate and putrescine and d -mannitol) 
final colony areas versus colony expansion rates of Pve and Ppu in coculture, and four simulation conditions, as indicated and explained in panel (A). 
(F) Effect of spatial densities of self and nonkin neighboring microcolonies on the mean summed colony areas within a radius of 20 μm (1 mM 

succinate) or 13 μm (putrescine and d -mannitol, due to the higher seeding density in this experiment). Mean summed colony areas as function of 
neighbor density is shown as heatmap according to the provided color scale, either from the perspective of Pve microcolonies (top row; simulations in 
fg biomass, experiments in μm 

2 area) or Ppu (bottom row). Plots compare three simulation interaction scenarios (SIM, as explained in panel A), and two 
experimental data set (EXP). Note how the cross-feeding simulation better represents the experimental data for succinate than the direct competition 
scenario . Also , note the slight benefit of Ppu to grow better with few Ppu but Pve neighbors in case of succinate (and vice versa ), and the positive effect 
of Ppu neighbors but few Pve neighbors on Pve growth, and of Ppu growth with Pve but no other Ppu neighbors with putrescine and d -mannitol. 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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Finall y, we explor ed whether inter actions w ould sho w as lo-
al variations of final colony areas as a function of the density of
eighboring kin or nonkin colonies, assuming that, for example,
ross-feeding might only be detectable if a colony of one species
ould be surrounded by few nonkin but not kin colonies. Di-

ect competition would generally predict no local effects of kin
nd nonkin density differences (Fig. 7 F, Fig. S9 ), although it cap-
ur es the str ong excess of Ppu compared to Pv e gr owth on suc-
inate. In contr ast, the cr oss-feeding scenario pr edicts a slightl y
igher Ppu biomass when locally few other Ppu but twice as many

4–7) Pve colonies are present. In experimental data, we detect
lightl y lar ger Ppu colonies with no or one Ppu neighbors, and one
eighboring Pve colony. Overall, ho w ever, the variation of colony
rea distributions as a function of neighbors in experimental data
ooks more similar to the cross-feeding than the direct competi-
ion simulations. For the case of two substrates we observed gen-
r al positiv e influence of Ppu neighbors ar ound fe w Pv e colonies
one or two), and vice versa (slightly higher Ppu colony areas in ab-
ence of neighboring Ppu but in presence of few Pve neighbors in
he same area, Fig. 7 F; Fig. S9 ). This was not captured by the two
ubstr ate sim ulations for the independence scenario (Fig. 7 F), and
ndicates that both species are indeed not growing completely or-
hogonal on the two substrates. 

xtensi v e production and sharing of metabolites 

n competition 

o support the suggestion that differential metabolite production
nd uptake can determine interaction outcomes, we repeated Ppu
nd Pve mono- and coculture growth in liquid suspension to fa-
ilitate targeted metabolomics analysis. No significant effects on
pu or Pve growth rates could be detected after swapping their
exponential phase) culture medium to that of the other species
Fig. 8 A; Fig. S10 ), although Pve with Ppu-supernatant sho w ed a
horter delay in resuming growth ( Fig. S10 ). The excreted metabo-
ites in pure cultures were very similar among both species, and all
ccum ulated ov er time, except dihydr our acil (Fig. 8 B). Ppu notably
roduced higher peak areas (here taken as a proxy for concen-
rations) of (5 ′ -)deoxyadenosine, cis -aconitate and homocysteine
han Pv e, wher eas Pv e pr oduced mor e alpha-ketoglutar ate, cyclic-
MP, ethanolamine , N -acetylputrescine , and salicylate than Ppu

Fig. 8 B). The sum of the peak areas of the produced metabo-
ites accounted for 25.4% of the initial succinate concentration (in
eak area) for Ppu, and 23.5% for Pve. Despite a number of obvi-
us differences in mono-culture metabolite production, both Ppu
nd Pve sho w ed very few significant differences in the utilization
nd production of metabolites starting from their own exponen-
ial phase supernatant or from that of the other species (Fig. 8 C).
t a cutoff of 2-fold difference and adjusted P -value of .05, only
pu pr oduced mor e cyclic-GMP, deoxyguanosine , N -acetyl leucine ,
nd thymidine with Pve’s supernatant than with its own (Fig. 8 C).
hese results thus indicated that both Ppu and Pv e pr oduce v ery
imilar metabolites, but can r ecipr ocall y r eutilize those, whic h ar e
pecificall y pr oduced by the other species. 

iscussion 

e successfully sho w ed that a simple microcolony growth plat-
orm can be expanded from mono- (Eijlander and Kuipers 2013 ,
outsoumanis and Lianou 2013 , Nghe et al. 2013 , Jung and Lee
016 , Sankaran et al. 2019 ) to cocultures to parametrize growth ki-
etic and interspecific interaction effects. Similar setups to study
air ed inter actions ar e so far extr emel y r ar e (Niggli et al. 2021 ,
affont et al. 2024 ), but, as we demonstrate , ha ve a high poten-
ial for producing rich data sets that encompass both individual
nd local variability as well as global growth interaction effects. In
hat sense, the micr ocolon y platform is v ersatile, quantitativ e and
xtr a polates acr oss scales (Fig. 5 F). The platform is easil y ada pt-
ble to different growth conditions or spatial heterogeneities, and
an potentially be scaled to higher order mixed cultures by colony
henotypic recognition (Marcoux et al. 2014 , Paquin et al. 2022 ,
oh et al. 2023 ) instead of genetically encoded fluorescence to dif-

erentiate the strains. 
Ho w w ell does the micr ocolon y platform ca ptur e and scale the

mposed interaction effects (substrate competition and indepen-
ence)? The loss of individual biomass formation for Ppu or Pve
nder substrate competition in co- compared to monocultures as
bserved for the entire patch-population (e.g. Fig. 5 D) was similar
o that measured previously in liquid suspended cultures (Guex
t al. 2023 ). As expected from its higher maximum specific growth
ate on succinate, Ppu globally outcompeted Pve both for surface-
nd liquid grown cocultures . T he dominance of Ppu over Pve, and
he loss of individual biomass in cocultures was also reflected in
he decrease of global mean individual stationary phase micro-
olon y ar eas ( Fig. S5 ), the summed colony areas per image field
Fig. 5 C), and in the relation between final species biomass ratios
nd founder cell ratios (Fig. 5 F). Especially the biomass to founder
ell r atio anal ysis was consistent to local neighborhoods as small
s 13 μm in diameter, which accentuated more the individual vari-
tion. The individual variation is lar gel y dependent on random
ositioning, general seeding density effects (Fig. 3 D and E; Fig. S4 ),
nd the phenotypic variation of founder cells (Fig. 4 E and F). At
ocal scales, we find that the competitive disadv anta ge for Pv e
an be overturned, and the stochastic positioning and founder cell
henotypic variations can result in better than expected Pve mi-
r ocolon y gr owth (e.g. outlier definitions in Fig. 5 F and Table 1 ).
he frequency of overturned competitive effects is low (ca. 13%)
ut non-negligible (Table 1 ), and may contribute to a better than
xpected pr olifer ation of poor er competing species in a spatial
ontext. 

A more unexpected finding with the microcolony coculturing
latform was the consistent measur ed decr ease in maxim um spe-
ific gr owth r ates of both Ppu and Pve by ca. 15% in surface-grown
ocultur es compar ed to monocultur es at the same seeding den-
ities (Fig. 5 A and B). This is not a priori expected from Monod-
heory, which dictates that maximum specific growth rates should
e solely dependent on pr e v ailing substr ate concentr ations, whic h
 e sho w ed her e (Fig. 2 ) ar e not limiting for both Ppu and Pve, at

east not during the duration for measuring the colony expansion
ates . T he decrease in maximum specific growth rates in coculture
nder succinate competition is consistent with the differences in
easured slope of the founder cell ratio to final biomass ratio and

heoretical competition (Fig. 7 D), indicating that competitive in-
er actions hav e an additional component not ca ptur ed by inher-
nt mono-cultur e gr owth kinetic differ ences. Our contr ol experi-
ent to generate independence growth conditions indeed allevi-

ted the observ ed r eduction in growth rates (Fig. 6 D) and inversed
he interaction behavior between the strains (Fig. 6 E), but was not
ompletely orthogonal since both strains lost some biomass pro-
uction in co- versus monocultures (Fig. 6 B). 

The question remains as to the mec hanism underl ying gr owth
 ate r eductions under competition. Model sim ulations with the
ocultur e a gent-based model suggested that neither primary sub-
trate competition nor metabolite sharing can explain maxi-
 um gr owth r ate r eduction (Fig. 7 B). The onl y two likel y scenar-

os that could yield gr owth r ate and biomass r eduction ar e the

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
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
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
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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 
cell-free supernatants harvested from exponential cultures of either strain (for more detailed time series and growth rate determinations, see Fig. S6 ). 
Dots r epr esent the means of independent biological triplicates. T1, T2: sampling and s wapping times . (B) Targeted detected metabolites in 
monoculture supernatants of either strain in exponential (T1) and early stationary phase (T2). Bars show the mean detected peak area from biological 
triplicates, with circles (for T1) and triangles (for T2) showing individual values. Inset repeats low abundance compounds on different scale. (C) Log 10 

ratio of the compounds’ T2 areas in incubations of the other species’ and its own supernatant ( kin ). Significance of difference by paired t -test corrected 
for multiple testing (as filled circles at P < .05). 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae020#supplementary-data
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roduction of some nonkin-targeted inhibitor compound, the uti-
ization of a major metabolite that is not used by the producer
train, or a combination of both (Fig. 7 B and C). Indeed, the LC–
S tar geted anal ysis confirmed that both strains, as assumed
or e in gener al for gr owing bacterial cultur es (Goldford et al.

018 , P ac heco et al. 2019 ) are rather leaky, and efflux a large
ariety of (similar) metabolites during exponential growth. By
nalysing mono- and coculture swapped supernatants of the
tr ains gr own in liquid suspension, we found one compound
hic h is exclusiv el y formed by Ppu but not accum ulating in Pv e

ultures (5 ′ -deoxyadenosine; Fig. 8 B and C), and a few minor ones
or the r ecipr ocal dir ection (e.g. c-GMP, N -acetylputr escine). No-
ably, 5 ′ -deoxyadenosine is a side-product of biotin formation,
hich was shown to be an inhibitor for Esc heric hia coli in absence
f a deoxyadenosine-cleaving nucleosidase (Choi-Rhee and Cro-
an 2005 ), whereas also 2 ′ ,3 ′ -cyclic nucleotide monophosphates
r e r eported to hav e physiological and signaling effects (Marotta
nd Weinert 2023 ). Suspected inhibitory effects on growth rates,
o w e v er, could not be r eca pitulated by liquid suspended cultur-

ng of either strain in r ecipr ocal exponential phase cell-free su-
ernatant. We can, ther efor e, neither confirm nor r efute the inhi-
ition hypothesis, which would require testing of individual com-
ounds from the exometabolites on species growth. In addition,
ome effects may be specific for the dynamic spatial setting of
r owing micr ocolonies and difficult to r eca pitulate in liquid co-
ultures. 

The underlying context for compound-diffusible interactions
o emerge is that monoculture growth constitutes a combination
f dir ect substr ate metabolism leading to new cell biosynthesis,
nd conversion of substrate to intermediates. Some of those leak
ut but then are taken up again either by the cells of their own kin,
r by subpopulations of cells with different physiology (Dal Co et
l. 2019 ) or by neighboring species (Hansen et al. 2007 ). Mathemat-
cally speaking, this can be approached by a summation of mul-
iple gr owth r ates that combine into a single maximum specific
r owth r ate ( Supplementary data sim ulations ). In a spatial setting,
he efflux of metabolic intermediates would lead to microcolonies
ecoming net producers and effectiv el y losing carbon thr ough r a-
ial diffusion, from which nearby other competing species may
rofit, as suggested earlier (Guex et al. 2023 ). Metabolic exchange
as been seen before for a binary couple of engineered amino
cid auxotrophies in E. coli under microfluidic growth (Dal Co et
l. 2020 ), but our data suggest that this should be a m uc h mor e
eneral phenomenon. Local variation in microcolony and individ-
al cell physiologies, seeding densities, and species starting ratios
an then lead to local deviation of global interaction effects (as in
igs 5 E, F, and 7 F). 

The a gar ose patc h platform r eflects the d ynamic n utrient situ-
tion for most bacteria in natural habitats. As example, by seed-
ng cells on the a gar ose surface in a closed microscope chamber
s pr esented her e, with glass slides touc hing either surface, popu-
ation growth not only results in carbon source depletion but po-
entially also in reduction of the radial oxygen diffusion rate. For
he two strains that we use; Ppu as an obligate aerobic bacterium
nd Pve as a facultative denitrifier, this may result in more pro-
use Ppu growth near the patch edges ( Fig. S2 ), temporarily low-
ring the oxygen diffusion to the patch center. For consistency of
he measur ements acr oss the differ ent experiments we only fo-
used on micr ocolon y gr owth in the patc h center, but by exploit-
ng the differences in locally measured interactions at positions
long the patch cross-section, one could characterize the dynamic
ature of the emerging interactions in a broader spatial context.
lso, by embedding local or solid substrate sources or including
eterogenous obstacles for diffusion in the patch, one could bet-
er describe the effects of spatial nutrient context, formation of
r adients, substr ate flow and diffusion, or substrate dissolution—
ither c hemicall y or thr ough activities of other micr oor ganisms. 

In conclusion, the direct quantification of growth kinetic pa-
 ameters fr om surface-gr own micr ocolonies in mono- and cocul-
ure permits detecting global as well as local interaction effects,
hich can be used to describe the effects of interspecific inter-
ctions on growth in a spatial context. The robust capturing of

nteraction effects even at small local scales would permit study-
ng the types and variations of emerging interactions from surface
r owth of mor e species-div erse comm unities in r eal-time . T he mi-
r ocolon y gr owth platform is thus a useful expansion to tr ans-
uce scales in comm unity gr owth behavior and link to physiolog-

cal theory. 
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