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Abstract

Leaf litter microbes collectively degrade plant polysaccharides, influencing land-atmosphere carbon exchange. An open question
is how substrate complexity—defined as the structure of the saccharide and the amount of external processing by extracellular
enzymes—influences species interactions. We tested the hypothesis that monosaccharides (i.e. xylose) promote negative interactions
through resource competition, and polysaccharides (i.e. xylan) promote neutral or positive interactions through resource partitioning
or synergism among extracellular enzymes. We assembled a three-species community of leaf litter-degrading bacteria isolated from a
grassland site in Southern California. In the polysaccharide xylan, pairs of species stably coexisted and grew equally in coculture and
in monoculture. Conversely, in the monosaccharide xylose, competitive exclusion and negative interactions prevailed. These pairwise
dynamics remained consistent in a three-species community: all three species coexisted in xylan, while only two species coexisted in
xylose, with one species capable of using peptone. A mathematical model showed that in xylose these dynamics could be explained
by resource competition. Instead, the model could not predict the coexistence patterns in xylan, suggesting other interactions exist
during biopolymer degradation. Overall, our study shows that substrate complexity influences species interactions and patterns of
coexistence in a synthetic microbial community of leaf litter degraders.
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Introduction

Microbial communities regulate biogeochemical processes, in-
cluding the cycling of organic materials such as carbon through
decomposition of recalcitrant plant materials (e.g. cellulose,
lignin, and xylan). Bacteria and fungi associated with the top layer
of soil—i.e. the leaf litter microbiome—break down plant saccha-
rides, releasing carbon dioxide through respiration, which influ-
ences land-atmosphere carbon exchange (Coliteaux et al. 1995).
Therefore, studying saccharide degradation is key for predicting
climate change feedbacks and the rate of carbon remineralization
(Bardgett et al. 2008, Arnosti et al. 2021).

During leaf litter decomposition, microbes incrementally de-
compose plant-derived saccharides and generate a shared pool
of saccharides varying in substrate complexity. On the one end
of the substrate complexity gradient are complex saccharides,
defined as polymeric saccharides requiring external processing
for microbial consumption (Lindemann 2020). An example of
complex saccharides is xylan, the second most abundant plant
cell wall polysaccharide after cellulose. Xylan can vary in struc-
tural complexity from a linear chain of -1,4-linked xylose (ho-
moxylan) to a decorated xylose backbone with branching sugar
residues other than xylose (heteroxylan). Xylans are degraded by
carbohydrate-active enzymes (CAZymes), which hydrolyze spe-
cific bonds within the polysaccharide chain. For example, endo-

1,4,-B-xylanase hydrolyzes the xylan backbone and converts xy-
lan into an accessible form of xylose. On the other end of the
substrate complexity gradient are simple saccharides, including
the monomeric forms of the polysaccharides (e.g. xylose), that
are easily transported inside the cell without external processing.
While a broad range of species have the transporters to import
mono- and oligosaccharides, fewer species produce CAZymes that
degrade polysaccharides (here referred to as “degraders”). Further-
more, degraders vary in the composition and abundance of their
CAZymes, with the copy and type of genes varying widely among
species.

Given that the degradation of complex saccharides involves
CAZymes that act as public goods and any microbe in the vicin-
ity can directly profit from the hydrolyzed products, the process
of polysaccharide degradation has the potential to shape micro-
bial behaviors and interactions (D’Souza et al. 2021, Pontrelli et al.
2022). For example, Caulobacter crescentus displayed different be-
haviors depending on its growth on the polysaccharide xylan or
the monosaccharide xylose (D’Souza et al. 2021). In xylan, cells
interact positively by coaggregating to localize extracellular en-
zymes that would otherwise be lost to diffusion. In contrast, in xy-
lose, cells interact negatively and disperse to avoid resource com-
petition (D’Souza et al. 2021). Thus, substrate complexity influ-
ences interactions among closely related individuals.
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Yet, its effect on interspecific interactions remains less under-
stood (but see Deng and Wang 2016, 2017). It is well-established
that (1) simple carbohydrates promote negative interspecies in-
teractions through resource competition (Tilman 1977) and (2)
complex carbohydrates promote positive interactions between
specialized degraders and downstream consumers, the latter of
which lack the CAZymes necessary to degrade polysaccharides
and, subsequently, cross-feed on simple saccharides released by
the degraders (Datta et al. 2016, Enke et al. 2019, Pontrelli et
al. 2022). Beyond these observations, it is unknown how sub-
strate complexity influences interspecific interactions among de-
graders. Here, we hypothesized three outcomes (Fig. 1). In the
no interactions hypothesis, degraders differentially hydrolyze and
consume variable breakdown products from the polysaccharide
that other degraders do not use (i.e. resource partitioning; Fig. 1,
H2a). Alternatively, positive interactions among degraders are ex-
pected when synergisms emerge from the division of labor be-
tween species through their CAZymes (Lindemann 2020). For ex-
ample, some CAZymes may initially degrade the branching sugar
residues, facilitating other CAZymes to target other oligosaccha-
rides (Fig. 1, H2b). Finally, a combination of interactions is plausi-
ble (Fig. 1, H2c).

Understanding species interactions during polysaccharide
degradation can also provide insights into how nutrient complex-
ity affects patterns of species coexistence. In theory, an environ-
ment with one resource can sustain one species only due to com-
petition (Hardin 1960). However, recent models and experiments
have shown that multiple species can coexist in a single resource
(Goldford et al. 2018, Manhart et al. 2018). Thus, even a simple sce-
nario is more nuanced than expected. Similarly, predicting coexis-
tence patterns in polysaccharides is not trivial. One could expect
that polysaccharides promote species coexistence through niche
partitioning (Tilman 1982), or because species’ growth is limited
due to increased energetic investment in extracellular enzyme
production to degrade polysaccharides. These expectations have
rarely been directly tested.

Here, we study the influence of carbohydrate complexity on the
interactions and coexistence among three xylan-degraders iso-
lated from the leaf litter microbiome of a Mediterranean grassland
site in Southern California (Potts et al. 2012). The leaf litter mi-
crobiome has been used as a model system to study microbial re-
sponses to climate change as it performs an important ecosystem
function—the decomposition of plant polysaccharides—and be-
cause it is less complex compared to bulk soil (Martiny et al. 2017,
Glassman et al. 2018). While the leaf litter microbiome is less com-
plex than bulk soil, it is still composed of hundreds of “species”
(Glassman et al. 2018). Therefore, studying species interactions
within leaf litter communities remains challenging. To tackle this
challenge, we simplified the leaf litter microbiome by assembling
a three-species synthetic community, with strains isolated from
surface litter collected on the same field season, that is easy to
manipulate and trackable. The three species—Curtobacterium sp.,
Flavobacterium sp., and Erwinia sp.—were selected for two reasons.
First, the species belong to the most diverse and abundant phyla
(Actinobacteria, Bacteroidetes, and Proteobacteria, respectively)
from the grass litter communities comprising 95% of total bacte-
rial abundance (Berlemont et al. 2014, Matulich et al. 2015, Chase
et al. 2018). At the genus level, Curtobacterium is the most abun-
dantin the grassland and represents 8%-12% of the bacterial cells
on grass litter (Matulich et al. 2015, Chase et al. 2018). Second,
the three species capture the metabolic diversity of the leaf lit-
ter microbiome. While most of the species from the leaf litter mi-
crobiome degrade complex polymers, species within each phylum

share unique carbon use patterns (Dolan et al. 2017). For instance,
species from the genus Curtobacterium are excellent “degraders”
and breakdown complex polymers such as cellulose, hemicellu-
lose (xylan), and other plant polysaccharides (Berlemont and Mar-
tiny 2015, Chase et al. 2016, 2017); whereas, y-Proteobacterium
species (e.g. Erwinia) are considered “consumers” defined as fast
growers that specialize on oligosaccharides and monosaccha-
rides such as glucose and xylose (Dolan et al. 2017). Finally, Bac-
teroidetes (e.g. Flavobacterium) are considered “generalists” having
the genomic potential to use a broad set of polysaccharides and
oligosaccharides (Berlemont and Martiny 2015).

Using this simplified system, we showed that substrate com-
plexity influenced physiological responses (i.e. growth kinetics
over 2 days), mediated interspecific interactions, and promoted
the coexistence of leaf litter degraders over short ecological
timescales (10 days or ~50 generations).

Materials and methods
Bacterial isolates

To assemble a simple community representative of the grass lit-
ter microbiome, we followed a bottom-up approach and selected
three bacterial strains isolated from the Loma Ridge site (Table 1).
The grassland site from the Loma Ridge Global Change Experi-
ment (Irvine, California, USA, 33° 44’ N, 117° 42" W), is dominated
by the annual grasses from the genera Avena, Bromus, and Lolium,
and the perennial grass Nassella pulchra (Potts et al. 2012, Dolan et
al. 2017). Strains were collected from surface litter sampled the
same field season and isolated as previously described (Dolan et
al. 2017). Briefly, grounded grass litter was resuspended on DI wa-
ter and passed through a 100-pm filter. The filtered litter solution
(i.e. the slur) was then plated on Luria broth agar plates or leaf
litter tea agar plates and incubated at 21°C for up to 2 weeks. Sin-
gle colonies were picked and restreaked at least three time to en-
sure purity. Finally, sample were stored at —80°C in glycerol stocks
(32.5%) for genomic and culturing analyses.

The genome of Curtobacterium MMLR14002 was previously
sequenced (GeneBank’s accession NZ_MJGT00000000; Chase et
al. 2021). We sequenced the genomes of Flavobacterium sp.
and Erwinia sp. (accession numbers JAWVWO000000000 and
JAWVWPO000000000, respectively). Bacterial isolates were revived
from glycerol stocks and streaked on lysogeny broth (LB) agar
plates. A colony was grown in 10 ml of LB media for 48 h
at 26°C with shaking (100 rotations per minute, rpm). We
used 1 ml of cultures and isolated the genomic DNA using
the Wizard Genomic DNA Purification Kit (Promega; Madison,
WI). We used the DNA with the Illumina DNA Prep kit (II-
lumina; San Diego, CA, USA) with the low-volume protocol
(dx.doi.org/10.17504/protocols.io.bvv8ne9w) for library prepara-
tion that was quality assessed using a Bioanalyzer, prior to se-
quencing on the NovaSeq6000 S4 flow cell.

Raw reads were processed for quality control (trimg=32
gtrim=rl) and adapter removal (ktrim=r k=25) with bbduk.sh
(Bushnell 2014) and used as input for de novo assembly with
SPAdes (Bankevich et al. 2012) by increasing k-mers from 31
to 111 under the “careful” h-path removal strategy to reduce
mismatches and indels. Draft assemblies were screened for
quality by constructing taxon-annotated GC-coverage plots using
blastn (Chen et al. 2015) and bowtie2 (Langmead and Salzberg
2012), respectively. Based on the resulting metrics, we removed all
contigs <5000 bp and coverage <30 for further analyses. Genome
completeness and contamination were calculated checkM
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Figure 1. Expected interspecific interactions on simple and complex carbohydrates. In xylose, negative interactions among species are expected due to
increased resource competition for simpler substrates (H1). Under this scenario, species’ densities in a community (represented by solid-colored lines)
are expected to be lower than observed in monoculture. In xylan, several interactions may occur. First, no interactions are expected if species
specialize in hydrolyzing and consuming part of the polysaccharide through differential production of various extracellular enzymes (represented by
scissors) that differ in their hydrolytic enzyme activity. (H2a). Under this scenario, species’ densities are expected to be similar in the community than
in monoculture. Second, positive interactions are expected if species cooperate to degrade the polysaccharide. Synergistic interactions can occur if the
polysaccharide is degraded sequentially (H2b). Specialized CAZymes hydrolyze parts of the polysaccharide, and only after the hydrolysis products are
removed the next hydrolysis step can proceed. Due to this synergism, species densities in the community are expected to be higher than in
monoculture because species on their own cannot fully hydrolyze the polysaccharide. Finally, several interactions could be occurring simultaneously
(H2c), which could be a combination of negative (H1), neutral (H2a), and/or positive interactions (H2b). In one possible scenario (of many), species may
act synergistically to degrade the polymer but compete for the breakdown products released. Under this scenario, positive and negative effects may
cancel each other out so that species’ densities are similar in the community than in monoculture.

Table 1. Bacterial isolates used in this study.

Previous studies that
have characterized the

Phylum (average

relative abundance of Genus (relative

phylum) Family abundance of genus) Species (strain) Accession number* isolate
Actinobacteria Microbacteriaceae Curtobacterium Curtobacterium sp. PRINA524191 Chase et al. (2016, 2017,
(48.0%1-51.5%2) (10.4%53-18.64%2) (MMLR14002) MMLR14_002 2018, 2021), Ramin and
NZ_MJGT00000000 Allison (2019)
Bacteroidetes Flavobacteriaceae Flavobacterium Flavobacterium sp. PRJNA391502 Ramin and Allison (2019)
(6.8%'-26.5%7) (0.78%2-5.5%°) (LR40) MMLR14_040
JAWVWO000000000
Proteobacteria Erwiniaceae Erwinia Erwinia sp. PRJNA391502 Dolan et al. (2017), Ramin
(25%2-35.4%") (<0.01% 2) (LR17) MMLR14_017 and Allison (2019)
JAWVWP000000000

! Average from metagenomic sequencing data (Chase et al. 2018)

?From natural litter pyrosequencing data (Matulich et al. 2015)

3From 16S sequencing of the grassland microbial community (Finks et al. 2021)

“Gene Bank accession number: BioProject, Organism, Accession number (this and previous studies).

(Parks et al. 2015) and taxonomy was verified using the gtdbtk
classifier (Chaumeil et al. 2019). To maintain consistency across
genomes, all genomes were assigned open reading frames (ORFs)
using prodigal (Hyatt et al. 2010) and gene annotations with
prokka (Seemann 2014).

Whole genome analysis

To identify strains’ genomic potential for carbohydrate degrada-
tion and characterize the diversity of CAZymes present in each
species, we screened all ORFs against the protein family database,
Pfam-A (Finn et al. 2014), using hidden Markov models, hmm-
search (Finn et al. 2011). Resulting protein domains were filtered

for their top match based on e-value and bitscore. Using a curated
list, we queried the top domain hits for the presence of glycoside
hydrolase (GH) and carbohydrate binding module (CBM) domains
in each strain (Chase et al. 2017). This approach identified GH/CBM
families with their associated enzymatic activity and target sub-
strate (Berlemont and Martiny 2013). Potential xylan degraders
were defined as bacteria having at least one GH/CBM gene tar-
geting xylan (Table S1).

Growth conditions

Strains were grown in a modified M63 medium supplemented
with either xylan or xylose. Xylan was selected as a focal
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polysaccharide instead of cellulose (the most abundant plant cell
wall polysaccharide) because all three strains grew poorly on cel-
lulose. The chemical composition of this modified M63 medium
was: 47 mM K,HPO4, 39 mM KH,POy, 15 mM (NHy),SO4, 1.8 pM
FeSO4, 1 mM MgSQOy, 34 nM CaCl,, 92 nM Fe III Chloride, 0.73 nM
ZnCl,, 6.3 nM CuSQ, 5H,0, 8.4 nM CoCl, 6H,0, 4.1 nM Na,MoO,
2H,0, 5.9 uM thiamine, and 0.02% (w/v) peptone. Peptone (Sigma
Aldrich, USA) was added to the medium as a source of amino
acids. We added p-(+)-xylose (Sigma Aldrich) or xylan from corn
core (Tokyo Chemical Industry, Japan), composed of at least 76%
xylose after hydrolysis, to the medium as source of carbon. All
solutions were sterilized using 0.22-pm PES filters. Growth curve
experiments were performed in 96-well plates and batch cul-
ture experiments were performed in 40 ml glass vials with screw
caps containing TFE-lined silicone septa (Rodriguez-Verdugo et al.
2019).

Growth curves experiments

To determine if xylose and xylan were limiting growth factors, we
performed growth curves experiments at different concentrations
of xylan and xylose (from 0% to 0.36% w/v). We revived the bacte-
ria by streaking 10 ul of glycerol stock onto LB agar plates and in-
cubating the plates at room temperature. We then picked a colony
from each species and grew them in 10 ml of fresh M63 medium
supplemented with 0.06% xylose. Cultures were incubated for 48 h
at 26°C with shaking (100 rpm). We then transferred 2 pl of the sat-
urated culture into 198 pl of fresh media dispensed in each of the
wells of the 96-wells plate. An additional washing step was per-
formed for Erwinia sp. which grew poorly in xylan. This washing
step was performed to remove any excess of xylose that could be
carry over in the fresh medium. We washed the saturated culture
by spinning down the cells and washing them three times with 1%
MgSO, solution. We then used 2 pl of washed cells to inoculate the
plates with fresh medium. To avoid evaporation, we covered the
plates with a lid, which we sealed with silicon grease. We incu-
bated the plates at 30°C with shaking inside a photospectrometer
plate reader (Epoch2™ Agilent™), which lower detection limit is
0.005. Optical density (ODgoo) measurements were acquired every
10 min for 72 h (48 h for Erwinia sp.). Three technical replicates per
strain and condition were obtained. From each growth curve, we
estimated three parameters as in Rodriguez-Verdugo et al. (2019).
These parameters were: (1) the maximum growth rate p max, de-
fined as the maximum growth rate during the exponential growth
phase (h™1); (2) the maximum population size ODyy, defined as
the maximum OD after saturation minus the minimum OD at the
start of the experiment (unitless OD); (3) the yield Y, defined as the
amount of biomass produced per unit of resource (unitless OD
mM1). The fitting of parameters was done using Matlab (version
R2018b, Mathworks) and R (version 4.1.3).

Finally, we did an in-depth characterization of the growth kinet-
ics for a selected concentration of xylan/xylose which was 0.06%
(w/v). We used the same protocol, except that we incubated the
plate at 26°C and used mineral oil instead of a lid to avoid evapo-
ration and condensation. These adjustment were made to match
the conditions between growth curve experiments and the batch
culture experiments (full details in Supplementary material and
methods).

Coculture invasion experiments

To determine if species could coexist in pairs regardless of their
initial frequency (e.g. if one species could establish itself in a co-
culture despite starting from rare), we did coculture invasion ex-

periments in batch culture. We coinoculated species at varying
initial fractions so each species was underrepresented, equally
represented, and overrepresented. To reach these initial fractions,
we first determined the relationship between the OD and the cell
density estimated by colony forming units (CFU) counts. To do
so, we grew each species in M63 medium with 0.25% of xylose
to reach high bacterial densities. We then used the saturated cul-
tures and diluted them to obtain 2-, 4-, and 8-fold dilutions. We
measured the OD from these dilutions in the plate reader and
plated them in LB agar to estimate their CFU. We replicated the
experiment two times and fitted a linear relationship between the
OD and the cell density for each species (Fig. S1).

To start the invasion experiments, we acclimated cultures by
inoculating a colony from each species into 10 ml fresh M63
medium with 0.25% xylose and incubated them for 48 h. We used
the OD/CFU relationship (Fig. S1) to calculate the volumes needed
from each acclimated culture to reach the targeted cell densi-
ties. We used these adjusted volumes and mixed the competing
species to reach the targeted ratios of 10:90%, 50:50%, and 90:10%.
We launched two cocultures targeting each initial ratio but some-
times failed to achieve the targeted ratios. Ultimately, we obtained
six cocultures (independent observations) per species pair. The
cocultures were then incubated at 26°C with shaking (100 rpm).
After 48 h, we transferred 0.1% of the population into a fresh
medium and repeated this transfer again to obtain three growth-
dilution cycles (i.e. 6 days). After each cycle, we estimated the
species densities by plating cultures on LB plates and determining
the CFU for each species. This was possible given that each species
has a unique colony size and morphology on LB plates (Fig. S2).
Species densities were used to estimate relative abundances for
pairs of species estimated as fractions; e.g. fraction species A =
cell density species A/(cell density species A + cell density species
B). Initial fractions were 0.1 & 0.15 (rare), 0.5 + 0.15 (equal), and
0.9 £ 0.15 (common). Changes in relative abundances over time
were used to determine the type of competition outcome (Chang
et al. 2023). Coexistence occurred when one species increased in
frequency when rare and decreased in frequency when common
until it reached a final fraction statistically different from 0 or 1
(one sample t-test, n = 5-6). Competitive exclusion was observed
when one species increased or decreased in frequency regardless
of its initial frequency and reached a final fraction nondifferent
from 0 or 1 (one sample t-test, n = 5-6).

Pairwise species interactions

To quantify the ecological interactions between pairs of species
in each carbon source (xylose or xylan), we compared the den-
sities of species grown alone (monocultures) or with a second
species (pairwise cocultures). We used the same data from the in-
vasion experiments previously described. We compared the densi-
ties (CFU ml~1) at day 6 in monoculture and coculture, performing
a two sample t-test over the means (n = 3-6). If the densities were
not significantly different in both monocultures and cocultures,
we concluded that species had no interaction. If the densities in
cocultures were significantly lower than in monocultures, we con-
cluded that species had a negative interaction.

Three-species community experiments

To determine if all three species coexisted in a community, we
did batch culture experiments over 10 days. We also determined
the effect that other species had on growth by comparing species
densities in monoculture and in a community. Monocultures were
started by diluting the acclimated cultures 1000-fold into 10 ml
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M63 medium with xylose or xylan. In communities, the three
species were mixed at an equal ratio by adjusting the volumes
of each species to reach an initial target population density of
10° cells ml~! per species. Cultures were incubated at 26°C with
shaking (100 rpm) for 48 h. Monocultures and communities were
propagated by transferring 0.01 ml of the culture into 9.99 ml
of fresh medium every 48 h for a total of 10 days. We repeated
these experiments two more times to obtain three temporal
replicates.

To define the effect that other species have on growth, we com-
pared the densities over 10 days for each species in monocul-
ture and in the community and performed a two sample t-test
over the means (n = 3). If the densities were not significantly
different between a species grown in monoculture and in the
community, we concluded that species in the community had
no effect on the species of interest. If the densities in mono-
cultures were higher than in communities, we concluded that
species in the community had a negative effect on the species of
interest.

Statistical analyses

For all the density data (CFU ml~?) obtained from pairwise and
community experiments, we tested that the data followed the as-
sumption of normality and equal variance with a Shapiro-Wilk
normality test and an F test, respectively. When the assumption
of equality of variance was not met, we conducted a Welch two
sample t-test. For the few cases in which the data did not follow
the assumption of normality, we performed a Wilcox test instead
of a t-test. Finally, when temporal replicates were used, we con-
trolled for the effect of the weeks in which the experiments were
conducted and the grouped data structure by using a linear mixed
model. We used the Imer function in the R package “Ime4,” us-
ing the formula Imer (density ~ treatment + (1|replicate)), where
treatment (fixed effects) refers to the comparison between mono-
cultures and communities, and replicate (random effects) refers
to the weeks in which the experiment was conducted. All statisti-
cal analyses were done using R (version 4.1.3).

Resource-explicit model

To evaluate if we could predict community dynamics from single-
species behaviors, we build a mathematical model with param-
eters estimated from monocultures. A similar resource-explicit
model has been shown to recapitulate community dynamics in
a two-species system (Rodriguez-Verdugo et al. 2019). The full de-
tails on how we estimated the parameters from growth curve ex-
periments are found in the Supplementary materials and meth-
ods.

The model explicitly modeled the changes in resources (xylose,
xylan, and peptone) and the bacterial growth of the three species
grown in isolation in each carbon source. The model assumes the
resources are readily used, regardless of whether they are in poly-
meric or monomeric form. Bacteria and resource concentrations
were modeled with the following differential equations:

. B R;
Bacterial growth: i—t =B mR?X (;LR,B (m)) ,
R Ve R
Resource changes: (jTt =—-R kR:B—]i- R

if is max

in which B is the density of bacteria (unitless OD), R is the con-
centration of resources in the culture (mM), u gp is the maxi-
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mum growth rate of bacteria B on resource R (h~?), kg 5 is the half-
saturation constant of bacteria B on resource R (mM), and Vg 3
the maximum uptake rate of bacteria B on resource R (mM unit-
less OD~* h™1). Each resource is used only if bacteria grow on it
(if is max).

The growth of each species was dependent on the concentra-
tion of resources, which was modeled explicitly using Matlab’s
ODE45 solver. We incorporated the daily dilution that resulted
from transferring 1/1000 of the culture into fresh media every
48 h and added an extinction threshold in which extinction oc-
curred when less than one bacterium was transferred to the next
cycle. Finally, to compare the results generated by the mathemat-
ical model to the experimental data, we converted the numerical
values generated by the model (in OD units) to cell densities (in
CFU) using the slope of the linear relationship between the OD
and the cell density as the conversion rate (Fig. S1).

Metabolic analyses

To assess the degree to which resource competition and niche
partitioning influenced the community dynamics, we performed
genome-level metabolic profiling. We used dbCAN3 (Version 12)
to identify CAZymes and potential substrates and METABOLIC-
G (version 4.0) to build on dbCAN3 and predict biogeochemical
and metabolic functional traits. The three genomes were inde-
pendently fed into each respective pipeline using the defaults set-
tings. Within the output files generated, we focused on the car-
bon cycles and the type and frequency of CAZymes. To validate
some of the substrate use predictions and the potential to use the
branched parts of the xylan, we did growth curve experiments in
different carbon sources at a concentration of 4 mM. We tested
growth on D-(-)-arabinose, D-(+)-galactose, D-(+)-glucose mono-
hydrate, D-glucuronic acid, and D-(+)-mannose (all from Sigma
Aldrich). These monosaccharides have been previously identified
as part of the branched sugar residues of xylan from corn cobs
(Melo-Silveira et al. 2019). We performed growth curve experi-
ments with the same protocol previously described with some
minor modifications. We acclimated the strains by growing them
in M63 medium supplemented with a mixture of xylose (0.25%),
xylan (0.25%), and glucose (0.25%) to reach high bacterial densi-
ties. We then washed the cells three times with 1% MgSO4 solu-
tion to remove any excess carbon that could be carried over in
the fresh medium. Finally, instead of using a lid to avoid evapora-
tion, we added 50 pl of mineral oil to each well containing 200 ul
culture. ODgop measurements were acquired every 10 min for
48 h.

Results

Species in monoculture are capable of degrading
xylan but utilize it less efficiently than xylose

First, we assessed the genomic potential for xylan degradation of
the three isolates by characterizing the abundance and composi-
tion of CBM and GH protein families associated with xylanase ac-
tivity. The abundance of CBM/GH genes involved in xylan degra-
dation varied among genomes, with Flavobacterium encoding the
most xylanases (34 CBM/GH xylanases copies), followed by Cur-
tobacterium (6 CBM/GH xylanases copies) and Erwinia (2 CBM/GH
xylanases copies; Table S1). All strains had at least two copies of
endo-1-4-xylanases (“true xylanases”), which degrade the xylan
backbone (Vandenberghe et al. 2020). Based on the presence of xy-
lanase genes, all three species were classified as potential xylan
degraders.
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To determine if genomic potential translated into polymer
degradation, we grew the species in monoculture with differ-
ent concentrations of xylan (Fig. S3). The maximum population
size increased with the concentration of xylan supplied, indicat-
ing that xylan was a limiting growth factor in our monocultures
(Fig. S3). While all three species utilized and degraded xylan as
their main source of carbon and energy (Monod 1949), there was
high variability in growth among species (Table 2). At 0.06% of
xylan, the maximum growth rate and population size signifi-
cantly varied among species (one-way ANOVA, Fys = 19.294, P
= .002 and Fps = 840.41, P = 4.5 x 1078, respectively). Curto-
bacterium and Flavobacterium were efficient xylan degraders and
achieved a higher maximum population size than Erwinia (Fig. 2;
Fig. S3). Unexpectedly and unlike the other strains, Curtobacterium
also grew in the control treatment without xylan (Fig. S3). That
is, Curtobacterium utilized peptone as a carbon source (Fig. S4).
Curtobacterium’s ability to use peptone as a source of carbon
resulted in a diauxic shift when grown in xylan and peptone
(Fig. S3), with the growth on peptone accounting for approxi-
mately half of its total growth. Therefore, after we normalized
Curtobacterium growth by accounting for peptone, Curtobacterium
and Flavobacterium achieved similar maximum population sizes.
Curtobacterium had a higher maximum growth rate than Flavobac-
terium in xylan, but this difference was partially significant (0.526
h~! for Curtobacterium, 0.207 h=? for Flavobacterium; two sample t-
test, d.f. = 2, and P = .052). In sum, even though all three species
utilized xylan—i.e. they are all xylan degraders—they each had
unique growth behaviors. Curtobacterium grew fast and achieved a
high final population size, Flavobacterium grew slow and achieved
a high final population size, and Erwinia grew fast but achieved a
low final population size.

Next, we grew the species in monomer xylose at the same con-
centrations (ranging from 0% to 0.36% w/v) previously used for
the polymer xylan. Overall, the three species grew better in xy-
lose than in xylan (Fig. S3). For example, at 0.06% (w/v) of xlyan
or xylose, Erwinia sp. achieved a 13-fold higher maximum popula-
tion size in xylose than in xylan (0.212 unitless OD in xylose; 0.016
unitless OD in xylan; two sample t-test, d.f. = 2, and P = 5.041 x
107%; Fig. 2 and Table 2). But, it grew slower in xylose (0.424 h~!
in xylose, 0.568 h~' in xylan; two sample t-test, d.f. = 2, and P =
.035). The growth limitation in xylan was less severe but signif-
icant for Curtobacterium with a 1.1-fold lower maximum popula-
tion size in 0.06% xylan than in 0.06% xylose (0.427 unitless OD in
xylose; 0.374 unitless OD in xylan; two sample t-test, d.f. =2,P =
.01; Fig. 2). Finally, Flavobacterium grew slower in xylan than in xy-
lose (maximum growth rate of 0.207 h~! in xylan, and of 0.252 h-1
in xylose; two sample t-test, d.f. = 2, and P = .004).

All pairs of species coexist in xylan, but two
pairs outcompete each other in xylose

Next, we assessed if species could coexist when grown in co-
culture in xylan or xylose. We used 0.06% of xylan and xylose,
which is a concentration below the saturation threshold for all
three species (Fig. S3). All pairs coexisted in xylan (Fig. 3, Fig. S5).
For each pair, both species invaded each other when starting at
low initial frequencies. On day 6, species converged into a final
fraction regardless of the starting fractions. For all pairs, the fi-
nal fraction was skewed toward the dominance of one species.
For example, Curtobacterium was overrepresented when growing
in xylan and reached a final fraction of 0.93 + 0.02 in pair with
Erwinia and 0.82 4+ 0.02 in pair with Flavobacterium (Fig. 3). For
the Flavobacterium-Erwinia pair, the coexistence equilibrium was

shifted toward Flavobacterium being overrepresented (final frac-
tion of 0.87 + 0.03). Erwinia was always underrepresented (Fig. 3,
Fig. S5). In contrast to xylan, coexistence patterns differed in
xylose, with two pairs displaying competitive exclusion. In both
cases, Flavobacterium was outcompeted. Only Curtobacterium and
Erwinia coexisted in xylose (Fig. 3).

Pairwise interactions are negative in xylose and
not significant in xylan

We further characterized the network of pairwise interactions by
comparing the growth of species in monoculture to its growth in
pairwise coculture. For all pairs in xylan, there were no significant
differences in the final densities in monoculture and coculture
(Fig. 4A). In contrast, in xylose, negative pairwise interactions pre-
vailed. Erwinia had significantly lower densities in coculture with
Curtobacterium than when growing in monoculture (2.7-fold lower
in the coculture than in monoculture, two sample t-test, d.f. = 8,
P =.003). Flavobacterium also reached lower densities in coculture
with Erwinia and Curtobacterium than in monoculture (Fig. 4B), but
these differences were marginally significant (two sample t-test,
d.f. =4,P=.068, and d.f. = 2, P = .0576, respectively). This lack
of significance is likely due to a large variability among replicates
and because we did not include the replicates for which the fi-
nal densities dropped below the detection limit. Neither Erwinia
nor Curtobacterium were affected by the presence of other species.
Thus, in xylose, interactions between pairs of species were amen-
salistic.

All three species coexist in xylan, whereas only
two species coexist in xylose

Next, we assembled a three-species community and compared
species’ growth in the community and in monoculture. In xylan,
the three species grown in a community sustained a high popula-
tion over 10 days (Fig. 5A, right panel). These population densities
did not differ to those in monocultures (linear mixed model with
n = 30 and groups = 3; t-values of —0.215, 1.575, and —1.055, for
Curtobacterium sp., Flavobacterium sp., and Erwinia sp., respectively).
This suggests that other species had no effect on a species’ net
growth. In contrast, in xylose, growth was diminished in the three-
species community compared to monocultures (Fig. 5B). Curtobac-
terium sustained significantly lower densities in the community
than in monoculture (8-fold lower growth in the community than
in monoculture; linear mixed model, t-value = 5.506). Erwinia also
had a lower density in the community than in monoculture (1.6-
fold lower growth in the community than in monoculture), even
though the linear mixed model showed a nonsignificant trend (t-
value = 1.141). Finally, Flavobacterium was the most impacted by
the presence of other species, and its density dropped below the
detection limit after the fourth serial transfer (Fig. 5B, right panel).
These negative effects of growing in a community were also cap-
tured by analyzing the area under the curve over 10 days (Fig. S6).
In sum, all three species coexisted in xylan, whereas only two of
them coexisted in xylose over 10 days.

Potential mechanisms undelying species
coexistence in xylan

We previously observed that the growth of species in isolation is
limited in xylan compared to xylose (Fig. 2). We wondered whether
this growth limitation suffices to explain the coexistence of three
species in xylan (Fig. 5); i.e. whether Curtobacterium and Erwinia’s
lower growth in xylan buffers the negative impact on Flavobac-
terium. To assess this possibility, we used a mathematical model
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Table 2. Growth parameters estimated from growth curves in xylan (0.06%, 4 mM) and xylose (0.06%, 4 mM).

Species

Parameter (unit)

Growth on Xylan (4 mM)
Parameters estimated (SE)!

Growth on Xylose (4 mM)
Parameters estimated (SE)!

Curtobacterium sp.

(MMLR14002)

Flavobacterium sp.

(LR40) 2) Maximum population size
4) Half-saturation constant’
5) Maximum uptake ratef

Erwinia sp. 1) Maximum growth rate’

(LR17) 2) Maximum population size

I maxc = 0.526 (0.077)
ODpaxc = 0.374 (0.009)
Y = 0.094 (0.002)
ksnc = 2.335 (0.842)
Ve = 3.727 (0.788)

I maxe = 0.207 (0.006)
ODpaxe = 0.285 (0.007)
Yr = 0.071 (0.002)

ke = 1.843 (0.362)
Vi = 1.640 (0.166)

I maxe = 0.568 (0.012)
ODpaxe = 0.016 (0.002)
Y = 0.004 (4.6410~%)
kynz = 3.111 (0.538)
Ve = 213.958 (22.796)

I maxc = 0.501 (0.013)
ODpaxc = 0.427 (0.007)
Y = 1.107 (0.002)

k soc = 2.479 (0.539)

V yoc = 2.876 (0.400)

I maxr = 0.252(0.005)
ODpaxe = 0.317 (0.005)
Y: = 0.079 (0.001)

k xor = 2.401 (0.201)

V xor = 1.782 (0.169)

I maxe = 0.424 (0.032)
ODpae = 0.212 (0.006)
Y = 0.053 (0.002)
kxor = 1.057 (0.525)
Vior = 4.701 (1.228)

Parameters: (1) Maximum growth rate in h=?, (2) Maximum population size in unitless OD, (3) Yield in unitless OD mM~!, (4) Half-saturation constant in mM, and

(5) Maximum uptake rate in mM OD~* h=%.

1The mean and standard error (SE) were calculated from three replicate growth curves.

tParameters used in the mathematical model.

—_
04
c
o
o
&0
>
—t
e
0.2
(]
(_U » LR14002 in Xylan
o 0.1 = LR14002 in Xylose
46_ 4 LR17 in Xylan
4 LR17 in Xylose
O = LR40 in Xylan
0.04 LRA0 in Xylose

0 8 16 24 32 40 48 56 64 72
Time (hours)

Figure 2. Species have unique growth profiles in xylan and xylose.
Growth curves of species grown in isolation on 0.06% (w/v) of the
polymer xylan and on 0.06% (w/v) of its constituent monomer xylose. A
close-up of Erwinia’s growth on xylan is available in Fig. S3. The optical
density measured at 600 nm over 72 h (48 h for Erwinia sp.) is plotted for
three technical replicates per species.

simulating the simplest case of resource competition, which
was parameterized by single-species growth measurements
(Table 2).

Having verified that our model captured the monocultures’
dynamics in batch culture based on the fitted parameters to
growth curves (Fig. S7), we used the model to predict commu-
nity dynamics. When simulating five serial passages of commu-
nities in xylose and peptone, Flavobacterium went extinct and only
Curtobacterium and Erwinia coexisted over 10 days (Fig. 6B). This
result validates our experimental findings, except for the time
of extinction of Flavobacterium, which occurred after 6 days in
the model (Fig. 6B) compared to after 8 days in the experiments
(Fig. 5B). Thus, in xylose our model qualitatively recapitulated the
community dynamics. Instead, in xylan, our model predicted the
extinction of Flavobacterium after 4 days (Fig. 6A). This prediction

contrasted with our experimental data, where we observed coex-
istence of all three species over 10 days (Fig. 5A). Thus, the re-
source model partially recapitulated community dynamics in xy-
lan, suggesting the coexistence of the three species in the commu-
nity cannot fully be explained by the growth behaviors of mono-
cultures.

Next, we explored whether resource partitioning could explain
the coexistence of three species in xylan. First, we conducted a
genome-level metabolic profiling to assess whether species had
the genes encoding enzymes involved in the debranching of sugar
residues decorating the xylan. The three species varied in the type
and number of enzymes involved in hemicellulose debranching
(Table S2). The presence of «-L-arabinofuranosidase (arabinosi-
dase) was particularly interesting, given that this enzyme is di-
rectly involved in debranching of heteroxylans (Malgas et al. 2019).
Copy numbers for this enzyme were identified in Curtobacterium
sp. (1 hit) and Flavobacterium sp. (4 hits), but not in Erwinia sp. (0
hits). Finally, in terms of CAZymes, Flavobacterium sp. was the only
species that had one copy of a glucuronidase (GH67 family), which
has been associated with the hydrolysis of the glycosidic bond re-
leasing glucuronic acid residues (Table S2; Malgas et al. 2019). This
suggest that Flavobacterium may specialize in using xylan break-
down products other than xylose.

Finally, we assessed species’ ability to grow on simple carbohy-
drates from the branched part of xylan. All three species were able
to grow well on diverse monosaccharides—except for arabinose—
with different degrees of growth (Fig. S8). Curtobacterium sp. was
the only species able to grow on arabinose (after accounting for
its growth on peptone). Thus, although there is resource use over-
lap among species, differences in growth abilities to use sugar
residues suggest a potential for species to partition resources in
xylan.

Discussion

There is a growing interest in understanding how interspecies in-
teractions shape the degradation of biopolymers in nature. Recent
studies have focused on studying the interactions among multiple
microbial guilds; for example, the interaction among degraders,
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Figure 3. Pairwise competitions in xylan result in coexistence, whereas, in xylose, they result in competitive exclusion or coexistence. Pairwise
competitions in xylan (panel A) and xylose (panel B) for the Curtobacterium-Erwinia pair, Curtobacterium-Flavobacterium pair, and Flavobacterium-Erwinia
pair. Graphs represent the fraction (values between 0 and 1) of each competing species over 6 days. The circles, squares, and triangles correspond to
low, equal, and common initial fractions, respectively. In coexistence, a species’ fraction increases when started from rare and decreases when started
from common until an equilibrium fraction statistically different from 1 is reached (one sample t-test, d.f. =5,P = .011, P = 6.13 x 107, P = .009, P =
3.67 x 10~* for the Curtobacterium-Erwinia pair in xylan, Curtobacterium-Flavobacterium pair in xylan, Flavobacterium-Erwinia pair in xylan, and
Curtobacterium-Erwinia pair in xylose, respectively). In competitive exclusion, the fraction of the strongest competitor increases until it reaches a

fraction of 1 regardless of whether it started from rare or common.

exploiters, and scavengers in marine polysaccharide-degrading
bacteria (Enke et al. 2019, Pontrelli et al. 2022, D’Souza et al. 2023,
Daniels et al. 2023). Here, we explored the interactions among
three species belonging to the guild of xylan degraders from a nat-
ural leaf litter community that mediate the turnover of organic
matter. We found that the complexity of the substrate influences
the interactions and coexistence of species.

Substrate complexity influences patterns of
coexistence with less coexistence in xylose than
in xylan

The complexity of the carbon source influenced the coexistence
patterns: three species coexisted in xylan for 10 days; instead, only
two species coexisted in xylose for 10 days. According to a simple
view of the coexistence theory, it is expected that, an environment
with a single carbon source could only sustain one species. At first,
it seemed surprising to see more coexistence than expected. Nev-
ertheless, it is important to recognize that xylan/xylose may not
act as the only carbon source, as Curtobacterium grew on peptone
without an additional source of carbon. Thus, based on our sys-
tem, we could expect that at least two species coexist, one of them
being Curtobacterium. This is what we observed from experiments
in pairs and communities in xylose. The observation that three
species coexist in xylan (instead of two) could be explained either
because xylan is a polymer or because the xylan in our study is
composed of a chain of xylose decorated with branches of other
carbon sources such as glucose and arabinose (Melo-Silveira et al.
2019). Even if these other carbon sources are the minority (24%), it

is possible that these extra carbon sources sustained the coexis-
tence of three species through resource partitioning. To disentan-
gle these possibilities, future studies should compare the coexis-
tence patterns in homoxylan and xylose. For instance, Dal Bello et
al. (2021) observed that the number of species coexisting in cellu-
lose (a homopolysaccharide of glucose) was roughly double that
of species coexisting in glucose (Dal Bello et al. 2021). Thus, our
results agree with the trend that complex substrates promote co-
existence while simple substrates hinder it.

Substrate complexity influences species
interactions with more negative interactions in
xylose than in xylan

Our study shows thatin the polysaccharide xylan, pairs of species
grew equally well in the presence of another species than in
monoculture. In comparison, in the monosaccharide xylose, one
of the species grew worse in the presence of another species
than on its own. These pairwise dynamics scaled up to three
species communities. For example, in xylose, species grew worse
in the community than in monoculture. Our mathematical model
showed that in xylose, these dynamics could be explained by re-
source competition, whereas the resource competition model par-
tially predicted the coexistence patterns in xylan.

One of the most interesting results was that, in xylan, all
three species grew equally well in the community than alone.
We posit that a combination of resource partitioning (hypothesis
H2a) and resource competition may explain this observation.
All three species encoded the genomic potential (endo-1-4-
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Figure 4. The pairwise interaction network differs in xylan and xylose. In xylan (panel A), pairwise competitions result in stable coexistence of
Curtobacterium (C), Erwinia (E), and Flavobacterium (F), which is represented by two arrows pointing to a star representing the final fraction on day 6

(summary from Fig. 3). The growth in monoculture and in coculture at day 6 is represented by box plots (average of three to six replicates), with the
data points shown with empty circles. For all three species, the growth in monoculture (Cmono, Emono, and Fmono) is not statistically different than the
growth in coculture (Ceo, Eco, and Feo). Thus, interactions between species were not significant in xylan. Instead, in xylose (panel B), pairs interact

negatively. Flavobacterium (F) was outcompeted by both Curtobacterium (C) and Erwinia (E), which is represented by a single arrow (summary from Fig. 3).

The growth of Erwinia at day 6 in coculture with Curtobacterium was significantly lower than its growth in monoculture (Wilcox Test, W = 23, P = .019).

The growth of Flavobacteriu m at day 6 in coculture with the other species was lower, but these differences were only marginally significant (two

sample t-tests, d.f. =2, P = .058 and, d.f. = 4, P = .068).
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Figure 5. Coexistence patterns in a three-species community change according to the substrate complexity. In xylan, all three species coexisted and
grew equally well in a three-species community than alone (panel A). Instead, in xylose, only two species coexisted for 10 days, and species grew less
well in the community than alone (panel B). For each panel, population density trajectories of monocultures are represented on the left side and of
communities on the right side, estimated from CFU ml~! during five serial transfers (1000-fold dilution every 2 days). Each line corresponds to a local
polynomial regression fitting of three replicates with 95% confidence interval. Graphs were constructed with the function stat_smooth (R version 3.2.3).

xylanases enzymes) to hydrolyze the xylose backbone to utilize
the majority of the xylan polysaccharide (76% xylose). Given
that we observed that species compete for the monomer xylose
(Figs 4B, SB, and 6B), we might expect species to compete and
have reduced growth in the xylan community than in isolation,

as predicted by the mathematical model (Fig. 6A). However, the
negative effects of resource competition may have been allevi-
ated by enzyme complementarity and resource partitioning. For
example, Flavobacterium encodes unique copies of arabinosidases
and CAZymes involved in heteroxylan debranching that the
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Figure 6. The mathematical model recapitulates community dynamics in xylose but not in xylan. The results derived from the resource competition
model are plotted when simulating growth in a three-species community during five serial transfers in xylan (panel A) and in xylose (panel B). Each
line corresponds to the connection between the final densities of each species after a 48-h cycle of growth.

other species did not have (Table S2). Thus, Flavobacterium may
specialize in degrading and consuming specific parts of the xylan
(Malgas et al. 2019). In the community, these enzymes (not pro-
duced by other species) may facilitate the debranching of xylan,
which could improve degradation efficiency. Previous studies
using communities of cellulose-degrading bacteria have shown
a positive relationship between species diversity and community
productivity. This positive relationship has been associated with
a subset of species being able to degrade recalcitrant compounds
that other species cannot degrade (Wohl et al. 2004, Evans et
al. 2017). In addition to complementarity, resource partition-
ing may explain coexistence of species in xylan. For example,
Curtobacterium was capable of using carbon sources such as
peptone and arabinose that the other species could not use. In
conclusion, complex polysaccharides may buffer the effects of
resource competition through complementarity and resource
partitioning.

In conclusion, our study suggests that negative interactions
may be buffered when growing in complex polysaccharides. This
is relevant because substrates in nature often exist in the form of
polysaccharides, which can promote species coexistence. Impor-
tantly, we have established a model community with three species
from grass litter that coexist in the polysaccharide xylan for 10
days (~50 generations). This community can be used as a starting
point to study the evolution of species interactions under environ-
mental change, which could be already occurring in our system
(Lawrence et al. 2012). Although, one needs to be cautious about
extrapolating the finding from these simple systems to natural
ecosystem, which are inherently complex. Our hope is to isolate
some of the variables (e.g. abiotic factors), while keeping some of
the complexities of microbial communities (natural isolates grow-
ing on complex substrates) to generate general principles on how
species evolve in response to environmental stressors and their
consequences for ecosystems functions (Rodriguez-Verdugo et al.
2021, McClure et al. 2022, Martiny et al. 2023).
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