Version of Record: https://www.sciencedirect.com/science/article/pii/S1931312821005771
Manuscript_b71921580c¢7464¢09d08c64740d76976

Polysaccharide utilization loci in Bacteroides determine population fithess and
community-level interactions

Jun Feng'2, Yili Qian?, Zhichao Zhou3, Sarah Ertmer#, Eugenio I. Vivas®5, Freeman Lan?,
Joshua J. Hamilton?, Federico E. Rey?, Karthik Anantharaman® and Ophelia S. Venturelli'>346"

'"The Great Lakes Bioenergy Research Center, University of Wisconsin-Madison, Madison, WI
53706, USA

2Department of Biochemistry, University of Wisconsin-Madison, Madison, W1 53706, USA
3Department of Bacteriology, University of Wisconsin-Madison, Madison, W1 53706, USA
“Department of Chemical & Biological Engineering, University of Wisconsin-Madison, Madison,
WI 53706, USA

5Gnotobiotic Animal Core Facility, University of Wisconsin-Madison, Madison, W1 53706, USA
6Lead contact

*Correspondence: venturelli@wisc.edu

SUMMARY

Polysaccharide utilization loci (PULS) are co-regulated bacterial genes that sense nutrients and
enable glycan digestion. Human gut microbiome members, notably Bacteroides, contain
numerous PULs that enable glycan utilization and shape ecological dynamics. To investigate the
role of PULs on fitness and inter-species interactions, we develop a CRISPR-based genome-
editing tool to study 23 PULs in Bacteroides uniformis (BU). BU PULs show distinct glycan-
degrading functions and transcriptional coordination that enables the population to adapt upon
loss of other PULs. Exploiting a BU mutant barcoding strategy, we demonstrate that in vitro fitness
and BU colonization in the murine gut are enhanced by deletion of specific PULs and modulated
by glycan availability. PULs mediate glycan-dependent interactions with butyrate producers that
depend on the degradation mechanism and glycan utilization ability of the butyrate
producer. Thus, PULs determine community dynamics and butyrate production and provide a
selective advantage or disadvantage depending on the nutritional landscape.
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INTRODUCTION

A core function of the human gut microbiome is to transform dietary and host derived
polysaccharides (i.e. glycans) into metabolites that regulate our energy balance, provide
colonization resistance to intestinal pathogens and maintain gut homeostasis (Desai et al., 2016;
Fan and Pedersen, 2021; Koh et al., 2016; Lloyd-Price et al., 2016). Bacteroides harbor a broad
repertoire of carbohydrate active enzymes (CAZymes) that degrade chemically diverse glycans,
providing a unique metabolic function that benefits the host (Cantarel et al., 2012; El Kaoutari et
al., 2013; Porter and Martens, 2017). Consequently, Bacteroides thrive as one of the most
abundant and stable groups of organisms in the human gut (El Kaoutari et al., 2013).

In Bacteroides, utilization of complex glycans is frequently mediated by polysaccharide
utilization loci (PULs), which consist of sets of co-regulated genes for sensing nutrient availability,
glycan capture, uptake and digestion (Wexler and Goodman, 2017). PULs can have activity for a
single glycan or a set of chemically similar glycans (Déjean et al., 2020; Larsbrink et al., 2014;
Ndeh et al., 2020; Sonnenburg et al., 2010). In some cases, multiple PULs can contribute to the
utilization of chemically complex glycans (Cartmell et al., 2018; Rogowski et al., 2015). The
abundance of genome sequencing data has enabled the identification of many PULs in gut
bacteria and facilitated their biochemical characterization (Briliute et al., 2019; Larsbrink et al.,
2014; Luis et al., 2018; Martens et al., 2008; Martens et al., 2011; Ndeh et al., 2017). However,
there remain many PULs with unknown functions (Lapébie et al., 2019).

Glycan utilization is a major driver of inter-species interactions in the gut microbiome.
Competition for a given glycan can generate negative inter-species interactions (Tuncil et al.,
2017). By contrast, utilization of polysaccharide breakdown products (PBPs) generated via
extracellular glycan digestion or released metabolic byproducts (derived from intracellular
metabolism) can enhance the growth of specific community members (Rakoff-Nahoum et al.,
2014; Rakoff-Nahoum et al., 2016). However, glycans can also be degraded via selfish
mechanisms where PBPs are not released into the extracellular environment (Cuskin et al., 2015;
Rakoff-Nahoum et al., 2016). Gut bacteria that produce beneficial molecules such as butyrate
have a narrower range of glycan degrading capabilities (El Kaoutari et al., 2013; Sheridan et al.,
2016). Therefore, the unselfish release of PBPs and metabolic byproducts from Bacteroides could
establish new metabolic niches that could be exploited by butyrate producers. However, we do
not fully understand how glycan utilization via PULs in Bacteroides modulates inter-species
interactions and beneficial gut microbiome functions such as butyrate production.

BU is one of the most abundant and prevalent species in the gut microbiome (Almeida et
al., 2021; Qin et al., 2010). However, we lack an understanding of the contributions of individual



PULs to the fitness of BU in response to diverse glycans. Equipped with a CRISPR genome
editing system for Bacteroides, we investigate the contribution of 23 (55 total) PULs in B. uniformis
DSM 6597 to fitness by combining barcoded PUL deletion mutants into a single culture (pooled
mutant barcoding strategy) (Terrapon et al., 2017). We discover glycan utilization functions and
the transcriptional coordination of PULs in response to complex glycans. Notably, while the
presence of a given PUL can provide a fitness advantage in certain environments, we show that
PULs can have a negative impact on fitness and colonization ability of the mammalian gut. Finally,
we demonstrate that PULs in BU can shape ecological dynamics and the production of the

beneficial metabolite butyrate.

RESULTS
Development of genetic tools for constructing barcoded PUL deletion strains in BU
To investigate the contributions of PULs to BU fitness, we developed a genome editing tool for
Bacteroides. Current gene manipulation methods for Bacteroides frequently involve two-step
selection and counterselection (Baughn and Malamy, 2002; Garcia-Bayona and Comstock, 2019;
Koropatkin et al., 2008), thus often limiting their generalizability to diverse Bacteroides isolates.
Developing CRISPR-Cas genome editing tools in Bacteroides could expand our ability to
understand and engineer health-relevant functions. To this end, we used the type V CRISPR-Cas
nuclease from Francisella novicida U112 (FnCpf1) due to several unique features for genome
editing, including its small size (i.e. lower fitness burden), endoribonuclease domain and
functionality without requiring RNase activity (Zetsche et al., 2015). To construct the CRISPR-
FnCpf1 system and develop gene expression manipulation tools in BU, we constructed a library
of ribosome binding sites (RBSs), constitutive and inducible promoters and shuttle plasmids (Lim
et al., 2017; Mimee et al., 2015; Whitaker et al., 2017) (Figure S1). Equipped with the shuttle
plasmids (pFW1000 and pFW2000), constitutive promoter Pgri311, and IPTG inducible promoter,
we designed CRISPR-FnCpf1 systems for gene manipulation in Bacteroides. The FnCpf1
harboring plasmids varied in the type of replication origin and presence/absence of IPTG-
inducible E. coli recombinase recT for enhancing gene manipulation efficiency (Figure S2A).
The CRISPR-FnCpf1 Bacteroides genome editing system was successfully used to delete
23 PULs in BU that were selected based on predicted glycan degrading activities and cluster
length (Supplementary Data 1) (Almagro Armenteros et al., 2019; Kelley et al., 2015; Terrapon
et al., 2017). The gene deletion efficiency is defined as the number of correct mutant colonies
divided by the total number of tested colonies and ranged between 3-100% for deletion of these
PULs. We found that plasmid pFW2500 harboring recT had a higher gene deletion efficiency in



BU (Figure S2G) and the construction of ~50% PUL mutants required RecT. We created two
double deletions of PUL22 and PUL23 due to their proximity or PUL11 and PUL43 based on
bioinformatic prediction of their functions (Larsbrink et al., 2014). To quantify the abundance of
each strain when combined into a single culture, we simultaneously deleted the tryptophanase
tryP (BACUNI_RS07455) and introduced a unique 4-base pair DNA barcode downstream (Figure
1A). We deleted tryP to reduce the production of potential toxic compounds linked to chronic
kidney disease for future therapeutic applications (Devlin et al., 2016). Finally, we demonstrated
CRISPR-FnCpf1 mediated gene deletions in Bacteroides thetaiotamicron (BT) and Bacteroides
fragilis and a gene insertion in BU (Figures S2D-S2F). In sum, CRISPR-FnCpf1 coupled to RecT
expression can be used for efficient genome engineering in Bacteroides.

Effects of PUL deletions on the growth of BU

BU can utilize diverse dietary and host-derived glycans in the human gut microbiome (Benitez-
Paez et al., 2017; Cartmell et al., 2018; Desai et al., 2016; Li et al.,, 2017; Luis et al., 2018;
Pluvinage et al., 2018; Sonnenburg et al., 2010). We characterized the glycan utilizing ability of
BU by growing the wild-type strain (BU WT) in Bacteroides minimal media (Bacic and Smith,
2008) individually supplemented with 22 glycans, some of which were chosen based on previous
studies (Benitez-Paez et al., 2017; Cartmell et al., 2018; Desai et al., 2016; Li et al., 2017; Luis et
al., 2018; Pluvinage et al., 2018; Sonnenburg et al., 2010). Our results showed that 50% of the
tested glycans could support growth (Figure S3A), indicating that BU can utilize a wide range of
chemically diverse glycans.

To quantify the effect of a given PUL deletion on the growth of BU in the presence of
individual glycans, we fit a logistic growth model to time-series measurements of absorbance at
600 nm (ODeoo) (Venturelli et al., 2018). This model captures microbial growth as a function of its
exponential growth rate and carrying capacity (i.e. steady-state abundance) (Figures 1B and
S3B). To account for any potential effects of the genome integrated barcode and tryP deletion on
fithess, barcoded BU WT (AtryP-24) was used as the reference strain. The growth of BU WT and
the AtryP-24 were similar in glucose media, demonstrating that the genome modifications did not
impact the growth of BU (Figure S3C).

We examined the fold change of the steady-state abundance or growth rate for each PUL
mutant compared to AtryP-24 in media with individual glycans (Figure 1B; Supplementary Data
2). In the presence of glucose, the inferred parameters of the PUL mutants were similar to AtryP-
24, demonstrating that these PUL deletions did not impact the growth of BU in media with simple
carbon sources. However, certain PUL deletions reduced the steady-state abundance of BU in



the presence of glycogen, type Il mucin, arabinogalactan, or galactomannan. By contrast, certain
PUL deletions enhanced steady-state abundance in media with xyloglucan, inulin, laminarin or
pectin compared to AtryP-24. The steady-state abundance of APUL 18 was the most significantly
reduced across the majority of glycans, suggesting that APUL18 has promiscuity for multiple
glycans.

We applied a threshold in the percent change of the inferred growth parameters compared
to AtryP-24 (<40% steady-state abundance and/or <20% growth rate) to identify a subset of
mutants that have a substantial impact on BU fitness. For instance, the bipartite network in Figure
1C indicated that PUL 78 had multiple glycan degradation activities. In addition, PUL12, PUL17,
PUL11/PUL43, contributed to glucomannan and galactomannan, inulin or xyloglucan utilization,
respectively. These mutants were further characterized using higher resolution time-series ODgoo
measurements (Figure 1D). Whereas some mutants were unable to grow on a given glycan, the
growth of other mutants were diminished but not abolished (APUL12-galactomannan, APUL18-
type Il mucin and APUL21-laminarin), suggesting that other genes in BU could contribute to
utilization of these glycans.

The sequence and glucomannan/galactomannan utilization functions of PUL 12 are similar
to a previously reported PUL (BACOVA _02088-97) in Bacteroides ovatus (BO) (Bagenholm et
al., 2017). While both PULs contain an outer membrane glycoside hydrolase family 26 (GH26),
other glycoside hydrolases differed between PUL12 and BACOVA 02088-97 including an a-
galactosidase (GH36 or BACOVA 02091). This enzyme is critical for the galactomannan
utilization and was present in BACOVA_02088-97 and absent in PUL12 (Bagenholm et al., 2017).
PUL12had greater specificity for glucomannan, whereas BACOVA_02088-97 showed preference
for galactomannan, suggesting that the differences in these enzymes contributed to the variation
in glycan preferences.

PUL18 has similarity to a previous reported BT starch and pullulan utilization loci, as both
PULs contain GH13 enzymes (a-amylase and pullulanase; Supplementary Data 1) (Koropatkin
et al., 2008; Martens et al., 2009a). However, PUL18 also contains an endo-B-1,4-galactanase
(GH53) and B-galactosidase (GH2), which could enable utilization of pectin and pectic galactan.
To test the possibility that PUL 18 consists of two separate PULs, we measured the expression of
specific PUL18 genes in media with glycogen, pectic galactan or type Il mucin using real-time
quantitative reverse ftranscription PCR (gRT-PCR). All measured genes in PUL18 were
upregulated in media with glycogen, pectic galactan or type Il mucin compared to media with
glucose, indicating a similar pattern of regulation across the measured genes (Figures S4A, S4B
and S4E). These data suggest that PUL 18 consists of a single PUL.



While utilization of pullulan, glycogen, pectin and pectic galactan are supported by the
enzyme content of PUL18, this PUL does not contain enzymes predicted to utilize type Il mucin
(Supplementary Data 1). To explore this further, we performed RNA-seq on BU WT in the
presence of type Il mucin or glucose. Our results showed that PUL5, 15, 18 and 28 were
significantly up-regulated in response to type Il mucin compared to glucose, with PUL18
displaying the highest fold changes than the other up-regulated PULs (Figures S4D and S4E;
Supplementary Data 3, Sequencing data is available  from Zenodo:
doi:10.5281/zenodo0.5207518). These data combined with the substantial growth defect of the
APUL18 in media with type Il mucin suggests that PUL 18 contributes either directly or indirectly
to type Il mucin utilization (Figure 1D). However, we cannot rule out the possibility that the up-
regulated PULs in the presence of type Il mucin contribute to utilization of potential contaminants
in the type Il mucin extract.

PUL17 has the unique capability to utilize both inulin (B2-1 fructan) and levan (32-6
fructan), which has not been previously observed in Bacteroides (Figures 1D and S3D). We
predicted the functional activities and sub-cellular localization of the PUL enzymes
(Supplementary Data 1) (Almagro Armenteros et al., 2019; Bhasin et al., 2005; Kelley et al.,
2015; Terrapon et al.,, 2017; Yu et al.,, 2014; Yu et al.,, 2010). A comparison of BU PULs
characterized in this study with previous experimentally characterized PUL functions in
Bacteroides is described in Supplementary Data 1 (Bagenholm et al., 2017; Déjean et al., 2020;
Déjean et al., 2019; Hemsworth et al., 2016; Koropatkin et al., 2008; Larsbrink et al., 2014; Luis
et al., 2018; Martens et al., 2008; Ndeh et al., 2017; Rakoff-Nahoum et al., 2016; Reddy et al.,
2016; Shipman et al., 2000; Shipman et al., 1999; Sonnenburg et al., 2010; Spence et al., 2006;
Tancula et al., 1992; Tauzin et al., 2016).

To determine the abundance and prevalence of BU PULs in the human gut microbiome,
we performed bioinformatic analysis of metagenomic sequencing datasets (Almeida et al., 2019;
Pasolli et al., 2019) (Methods, Figure S5A). Whereas PUL12, 17, 21, 11 and 43 were found in
over 53% of BU MAGs, PUL18 was observed in ~36%, indicating that PUL18 is less conserved
in BU than the other PULs (genome completeness >90%, Figure S5B). Although these PULs
were found in Bacteroides genomes beyond BU, they were infrequently observed in gut species
excluding Bacteroides (Figure S5C). However, our method does not identify potential orthologous
PULs. In sum, these PULs were ubiquitous in BU but rarely found in other gut species, highlighting
the specificity of these PULs to BU.

Xyloglucan utilization in BU is due to the coordination of two PULs



A xyloglucan utilization pathway (XyGULSs) previously reported in BO (Hemsworth et al., 2016;
Larsbrink et al., 2014) has similarity to PUL71 in BU. In addition, a second xyloglucan utilization
pathway was predicted in BU (Larsbrink et al., 2014) (PUL43 and PUL44 in this work) (Figure
2A). To investigate the functions of these PULs, we constructed the double deletion strains
APUL11_43 and APUL11_44. We found that APUL11, APUL43, APUL44 and APUL11_44 grew
in the presence of xyloglucan, whereas APUL11_43 failed to grow. This implies that PUL11 and
43 have redundant roles in xyloglucan utilization (Figure 2B). While APUL43 had a similar growth
response to AfryP-24, APUL11 and APUL11_44 exhibited a longer lag phase and higher
maximum abundance than AtryP-24 (Figure 2B), suggesting that PUL71 enables a faster
response to xyloglucan but reduces the maximum biomass.

To test whether PUL11 and 43 were transcriptionally co-regulated, we performed RNA-
seq of AtryP-24, APUL11, APUL43, APUL44 or APUL11_44in the presence of xyloglucan or the
control glucose (Supplementary Data 3, Sequencing data is available from Zenodo:
doi:10.5281/zeno0do0.5204678). The expression of PUL44 genes was not upregulated in
xyloglucan compared to glucose media, consistent with the negligible effect of the PUL44 deletion
on growth in media with xyloglucan (Figures 2B, 2C and S4C). Therefore, our results indicate
that PUL44 does not contribute to xyloglucan utilization and thus PUL43 and 44 have independent
functions. In AtryP-24, PUL11 and 43 were upregulated in media with xyloglucan compared to
the glucose condition (Figures 2C and S4C), with PUL 11 exhibiting higher transcript abundance
on average than PUL43. The xyloglucan-dependent induction of PUL711 and 43 genes
corroborated their key roles in xyloglucan utilization in BU.

To explore potential transcriptional coordination, we studied how the expression of PUL11
or 43 were impacted by the deletions of PUL43 or 11 in media with xyloglucan, respectively.
Notably, the expression of PUL43 was significantly up-regulated in APUL11 and APUL11_44
compared to AtryP-24in both the RNA-seq and gRT-PCR data, whereas the expression of PUL11
did not depend on the presence of PUL43 (Figures 2D and 2E). In sum, these data suggest that
the transcriptional coordination between PUL11 and 43 may enable BU to adapt to the loss of
PUL11 in xyloglucan (Figure 2B). Notably, many PULs distributed across the BU genome were
significantly up- or down-regulated in the PUL deletion strains compared to AtryP-24 in media
with xyloglucan (Figure 2F). These data indicate the deletion of a given PUL can have global
effects on PUL gene expression patterns in BU.

We examined the co-occurrence of PUL711 and 43 across BU MAGs in the human gut
microbiome (Almeida et al., 2019; Pasolli et al., 2019). We found that both PUL11 and 43 were
present in ~50% of BU MAGs (genome completeness >90%) and rarely found in MAGs of other



gut organisms (Figure S5D). The frequent co-occurrence of PUL11 and 43 in BU suggests that
redundant PULs for xyloglucan utilization may provide a fithess advantage for BU.

PULs can negatively or positively impact fitness of BU in competitive environments

The presence of a given PUL can vary across isolates of the same gut species (Fehlner-Peach
et al., 2019) (Figure S5B) and PULs have been shown to evolve within individuals, potentially
due to the variable selection pressures of host diet (Zhao et al., 2019). Therefore, we
hypothesized that PULs may provide a benefit or cost to microbial fitness depending on the
nutritional landscape. To test this hypothesis, we combined the 22 PUL mutants and AtryP-24
into a mutant pool and characterized their abundances in the presence of single glycans using
serial passaging (Figure 3A). The absolute abundance of each mutant was determined by
multiplying the relative abundance measured by barcode sequencing by ODsgo (Sequencing data
is available from Mendeley data: doi: 10.17632/3888sct8c5.1).

The ODsoo of the mutant pool varied in the presence of individual glycans, with pectic
galactan and pectin exhibiting the highest and lowest total biomass across conditions,
respectively (Figure 3B). The growth impairment of certain PUL mutants (e.g. APUL12-
glucomannan or galactomannan; APUL17-inulin, APUL 18-glycogen or pectic galactan or pectin;
APUL21-laminarin) were consistent in both monoculture and the mutant pool (Figures 1D and
3C). However, growth of specific PUL deletion strains in monoculture and the mutant pool
deviated in the presence of certain glycans (e.g. APUL18-type Il mucin or pullulan) (Figures 1D
and 3C), suggesting that interactions between mutants could impact growth. Our results showed
AtryP-24 was outcompeted by PUL mutants in media with glycogen, pectic galactan or pectin
(Figure S6). These results indicate that specific PULs can provide a fitness cost that depends on
the nutrient environment.

We analyzed the Shannon diversity of the mutant pool in the presence of individual
glycans to provide insight into the strength of growth selection. The Shannon diversity in pectic
galactan was substantially lower compared to other glycan conditions, indicating that pectic
galactan provided a strong growth selection for certain BU mutants (Figure 3D). By contrast, the
Shannon diversity was high in media with glucose, inulin or xyloglucan, demonstrating that these
carbon sources provided a weaker growth selection for the BU mutants. The high Shannon
diversity in these conditions was consistent with the robust monoculture growth of the majority of
PUL mutants in media with glucose, inulin or xyloglucan (Figure 1B).

Deletion of key PULs enhances in vivo colonization



To understand how PULs impact the fitness of BU in the mammalian gut environment in response
to nutrient availability, we colonized gnotobiotic mice with the BU mutant pool. Each group of mice
was fed a different diet that varied in the type and abundance of microbiota accessible
carbohydrates (MAC) (Supplementary Data 4). Characterization of temporal changes in mutant
abundance in vivo could provide insights into interactions between PULs in BU and the host as
well as how the diet modulates these interactions. We introduced the mutant pool into germ-free
mice fed a diet containing high MAC (high fiber diet) or MAC free (fiber free diet or FFD) (Figure
4A). To understand the effects of diet-derived glycans on PUL mutant colonization, separate
groups of mice fed the FFD received a given glycan (inulin, glucomannan or pectic galactan) in
the drinking water (Figure 4A). In addition, we included a high fat and low MAC diet (high fat diet)
based on the hypothesis that BU would shift its metabolic niche towards utilization of host-derived
glycans due to the limited availability of diet-derived glycans (Koropatkin et al., 2012; Mahowald
et al., 2009).

To understand how variation in the diet impacted the overall fitness of the mutant pool in
the murine gut, we characterized the absolute abundance of BU in ceca at the end of the
experiment. The absolute abundance of BU was significantly lower in the FFD group and highest
in the high fiber group (Figure 4B), indicating that higher MAC enhances BU colonization ability.
In addition, APUL37 was highly abundant in all conditions except the high fat diet, whereas
APUL18 was present at variable levels in all diets except FFD-pectic galactan (Figure 4B,
Sequencing data is available from Mendeley data: doi: 10.17632/3888sct8¢5.1). The temporal
changes in the composition of the mutant pool varied across diets, indicating that diet is a critical
variable shaping the colonization ability of the PUL mutants.

We analyzed the maximum rate of change of the Shannon diversity of the BU mutant pool
to quantify the strength of selection across diets. The Shannon diversity of the mutant pool
decreased most rapidly in the high fat diet, whereas a gradual decrease in diversity was observed
in the FFD and FFD supplemented with inulin (FFD-inulin) (Figure 4C). The substantial decrease
in diversity of the mutant pool across all diets indicates a strong selection for a subset of PUL
deletion strains that could stably colonize the murine gut. At the final time point, the mutant pools
in the FFD and FFD-inulin groups displayed higher Shannon diversities than the other diets.
Notably, the trends in Shannon diversity were consistent both in vitro and in vivo, with the diversity
being lowest and highest in media with pectic galactan or inulin/glucose, respectively (Figures
3D and 4C). This implies that nutrient availability was one of the major driving factors of Shannon
diversity in vivo. Principal component analysis over all time points revealed that APUL18 and



APUL37 contributed most significantly to the temporal changes in the mutant pool composition
and the abundance of APUL 18 distinguished the high fat diet from all other diets (Figure 4D).

The abundance of most mutants decreased over time in FFD, FFD-inulin and FFD-
glucomannan groups, potentially due to competition with the high fithess mutants APUL18 and
APUL37 (Figures 4C and 4E). However, APUL12 was more abundant in FFD than FFD-
glucomannan for a period and APUL 17 exhibited moderately higher abundance in FFD than FFD-
inulin, consistent with the in vitro characterization of these strains (Figures 1D and 4E). APUL18
was unable to colonize mice in FFD-pectic galactan but persisted as a high fraction of the mutant
pool in the mice fed all other diets, consistent with the critical role of this PUL in pectic galactan
utilization identified in vitro (Figure 1D). Therefore, the glycan-utilization functions of PULs
identified in vitro can be used to predict the colonization ability of BU in the mammalian gut in
response to specific diets. To determine the expression of PULs in the mammalian gut, we
monocolonized germ-free mice fed a high fiber diet with BU WT. We measured the fold change
in the expression of representative genes in a subset of PULs (12, 17, 18, 21 and 37) compared
to a glucose media control using gRT-PCR. Our results showed that most of these genes were
up-regulated, suggesting that these PULs are actively expressed in response to host colonization
(Figures S4F).

The temporal changes in mutant pool composition were significantly different in mice fed
the FFD and high fat diets although both diets were deficient in diet-derived glycans. Therefore,
the colonization ability of the mutant pool in high fat diet could be attributed to differences in
dietary fat content or host responses to the high fat diet. Notably, AtryP-24 colonized at a low
abundance only in mice fed the FFD and FFD-inulin diets. The diminished colonization ability of
AtryP-24 in competition with other mutants mirrored the low fithess of AtryP-24 in vitro across
many conditions (Figure S6). In sum, our data indicate that PULs play a major role in the
colonization ability of BU due to an interplay of diet-derived nutrient availability and potential

microbe-microbe and microbe-host interactions.

PULs are major drivers of inter-species interactions with butyrate producers

Butyrate is linked to numerous health benefits including maintaining homeostasis of the gut
environment (Duncan et al., 2007; Fischbach and Sonnenburg, 2011; Makki et al., 2018). We
hypothesized that glycans utilized by BU could influence inter-species interactions with butyrate
producers. To this end, we characterized the growth of BU WT, APUL12, APUL17, APUL18,
APUL21 and APUL11_43 and four highly prevalent butyrate producers in the human gut
microbiome, including Anaerostipes caccae (AC), Coprococcus comes (CC), Eubacterium rectale

10



(ER) and Roseburia intestinalis (RI), in monoculture and in pairwise communities in media with
single carbon sources (Figure 5A). To decipher inter-species interactions, we fit a generalized
Lotka-Volterra model (gLV) to time-series measurements of species absolute abundance based
on 16S rDNA sequencing and ODego (Figures 5A and S7; Supplementary Data 2). The gLV
model is a set of coupled differential equations that describes species growth dynamics due to
each organism’s growth rate and interactions with each community member (Venturelli et al.,
2018). We used a Markov-Chain Monte Carlo method to infer the parameters of the gLV model
(Haario et al., 2001).

Visualizing the inferred inter-species interaction coefficients as a network highlighted that
BU WT can substantially enhance the growth of butyrate producers in media with inulin, laminarin,
pectic galactan, pectin or pullulan (Figure 5B). Most of these inferred interactions vanished in
communities composed of a PUL mutant and butyrate producer, demonstrating the critical role of
PULs in mediating inter-species interactions. For example, BU and each butyrate producer co-
existed in media with inulin, but the growth of all butyrate producers was abolished in co-culture
with APUL17 (Figures 5A, 5B and S7). In cases where the butyrate producer could utilize the
glycan, the inferred inter-species interactions with BU WT or the PUL mutant exhibited major
differences in directionality and sign. For instance, ER could utilize pullulan and its growth was
enhanced by BU WT and inhibited by APUL 18 (Figure 5B). Further, the growth of BU WT was
inhibited by ER whereas the growth of APUL18 was enhanced by ER. Together, these data
demonstrate the key role of PULs in shaping ecological networks.

Previous work has demonstrated that the abundance of butyrate producers can be used
to predict butyrate production (Clark et al., 2021). Therefore, we constructed a linear regression
model to predict the end-point butyrate concentration based on the abundance of the butyrate
producers (Methods). Using the trained regression models, the predicted butyrate concentration
was highly correlated to the measured butyrate concentration (Pearson r=0.9, p=7.1e-18) (Figure
5C). This finding implies that butyrate production is primarily determined by the abundance of the
butyrate producer, while the butyrate produced per cell is largely independent of the type of carbon
source, as well as the presence/absence of BU. Therefore, these results demonstrate PUL-
dependent glycan utilization by BU impacts butyrate production by modulating the growth of the
butyrate producers. In sum, BU PULs have a critical role in determining inter-species interactions
influencing butyrate production.

PULs influence BU-butyrate producer interactions via three major mechanisms
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We sought to understand the molecular basis of the inferred inter-species interactions between
BU and the butyrate producers. We hypothesized that the inferred positive interactions supporting
the butyrate producer growth in co-culture with BU WT could be due to the release of metabolic
byproducts (derived from intracellular metabolism) or energy rich PBPs degraded extracellularly.

To determine if the released compounds (including metabolic byproducts and PBPs) from
BU could impact butyrate producer growth, we characterized the growth of butyrate producers in
BU conditioned glycan media. To eliminate the effect of external pH modification, the pH of the
conditioned glycan media was adjusted to match fresh media (Figure S8A). We computed the
ratio of total growth (area under the curve or AUC) of each butyrate producer in conditioned glycan
media (AUCcwm) to the corresponding fresh media (AUCrv). This metric showed that the
conditioned glycan media enhanced the growth of butyrate producers across many conditions.
For instance, a growth benefit for all butyrate producers was observed in conditioned inulin or
laminarin media, whereas a negligible growth benefit was observed for other conditions such as
CC in conditioned xyloglucan media (Figure S8B and Supplementary Data 5). Therefore, our
results demonstrate that the effect of released compounds from BU on the growth of each butyrate
producer was determined by the specific glycan, consistent with the glycan-dependent variation
in the inferred inter-species interaction networks of the communities (Figure 5B).

We next characterized the effects of PBPs released by BU due to outer-membrane glycan
degrading enzymes (Figures S8C and S8D; Supplementary Data 1) (Cartmell et al., 2018;
Rakoff-Nahoum et al., 2014; Sonnenburg et al., 2010). To test this possibility, we treated glycan
media with BU cell membrane fractions (Methods; Figure S8C) and determined the fold change
in the AUC of the growth of a given butyrate producer in the cell membrane treated (AUCwr) to
untreated media (AUCrv) (Figure S8D; Supplementary Data 5). Our results suggest that BU
releases PBPs that can be utilized by a butyrate producer if AUCwr AUCrm' was much larger than
one and the associated PULs were predicted to have only outer-membrane glycan degrading
enzymes (e.g. PUL17-inulin) (Figure S8D; Supplementary Data 1 and 5).

We used the combined results of these experiments to predict whether the PUL
mechanism of glycan degradation was selfish or unselfish (i.e. released PBPs). For instance, for
inulin and laminarin, all butyrate producers displayed substantial growth benefits in co-culture with
BU, BU conditioned glycan media and cell membrane treated glycan media compared to their
respective controls (Figures S7 and S8; Supplementary Data 5). Therefore, these data suggest
that the PULs responsible for utilization of inulin (PUL17) and laminarin (PUL217) in BU degrade
their respective glycans via an unselfish mechanism. For xyloglucan, we observed a growth
enhancement of specific butyrate producers (e.g. AC, ER or RI) in BU conditioned xyloglucan
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media and in cell membrane treated xyloglucan media, but not in co-culture with BU (Figure S7;
Supplementary Data 5). These data suggest that BU can release xyloglucan breakdown
products and AC, ER and RI have the capability to utilize these products, but the community
interactions are more complex.

Based on our data, we propose three classes of mechanisms where PULs in BU can
influence inter-species interactions. In Mechanism A (Figure 6A), the butyrate producer can
utilize PBPs and metabolic byproducts such as acetate (Duncan et al., 2004) released by BU but
not the glycan. In this case, butyrate producer growth and butyrate production are enhanced in
co-culture with BU WT and not supported in co-culture with the PUL mutant deficient in utilization
of the given glycan. For example, the interactions between AC and BU or APUL17 in media with
inulin were consistent with Mechanism A. Whereas AC did not display growth or butyrate
production in inulin media or in co-culture with APUL 17, significant growth and butyrate production
were observed in the presence of BU WT (Figures 6B and 6C). In addition, the inulin degradation
product fructose was detected in BU conditioned inulin media and growth of AC was observed in
media with fructose as the primary carbon source, suggesting that the growth of AC was
enhanced by inulin breakdown products released by BU (Figures 6D and 6E).

In Mechanism B, BU and the butyrate producer can utilize a given glycan and thus the
butyrate producer exhibits growth in co-culture with BU WT or the PUL mutant (Figure 6F).
However, the presence or absence of a PUL required for utilization of a certain glycan can shape
the inter-species interaction network. For example, Rl displayed growth and butyrate production
in pullulan media and in co-culture with BU WT or APUL 18 (Figures 6G and 6H). The growth of
BU WT was inhibited by Rl whereas Rl enhanced the growth of APUL 18, which was captured by
the inferred inter-species interaction network (Figures 5B, S7B and S7C).

In Mechanism C, the butyrate producer lacks the capability to utilize the glycan and PBPs
(Figure 61). However, metabolic byproducts released by BU could lead to a moderate or even
negligible growth benefit (e.g. BU and CC in xyloglucan media) (Figures 6J and 6K). Growth and
butyrate production of CC was not observed in co-culture with BU WT or APUL11_43, indicating
that any potential released compounds from BU did not benefit CC. In addition, the BU conditioned
xyloglucan media or BU cell membrane treated xyloglucan media did not enhance the growth of
CC (Figures 6L and S8; Supplementary Data 5). In sum, the PUL specific mechanism of glycan
degradation and utilizing capabilities of the butyrate producer are critical variables shaping
community dynamics and butyrate production.

DISCUSSION
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We developed a CRISPR-FnCpf1 genome editing tool to comprehensively study the role of 23
PULs on the fitness of BU, providing a deeper understanding of how diverse PULs contribute to
glycan utilization, microbial interactions, and colonization of the mammalian gut. We show that
PULs can provide a fitness benefit or cost depending on the nutrient landscape. In addition, we
showed that the deletion of given PUL impacts global PUL gene expression patterns, highlighting
unknown mechanisms of transcriptional coordination. Finally, PULs can shape ecological
networks via competition for glycans or release of PBPs and metabolic byproducts, thus shaping
the dynamics and butyrate production capability of gut communities.

The observed transcriptional coordination between PUL711 and 43 for xyloglucan
utilization could be due to cross-regulation of PUL43 by a sensor-regulator in PUL11, mirroring
the transcriptional linkage observed between xylan-degrading PULs in Bacteroides xylanisolvens
(Despres et al., 2016). The shifts in the gene expression patterns of PUL genes across the BU
genome in response to a given PUL deletion could arise from cross-regulation by a sensor-
regulator in the deleted PULs. Alternatively, elimination of certain enzymes in these PULs could
result in differences in the PBP profile, which in turn could alter the regulation of disparate PULs
across the BU genome by direct sensing of these altered PBP profiles. Finally, global regulators
that respond to carbon limitation could couple the expression of disparate PULs (Schwalm et al.,
2016; Townsend et al., 2020).

Overall, our data show that the effects of PULs on BU colonization were complex: the
presence of a given PUL could improve fitness in specific nutrient conditions, whereas it can
reduce fitness in other conditions. Therefore, while a given PUL can enhance fitness by enabling
utilization of key nutrients, expression of PUL genes may impose substantial energetic costs when
they are not needed for growth (Venturelli et al., 2015). Supporting this hypothesis, BT has been
shown to constitutively express certain PULs at a low-level (Martens et al., 2009b; Sonnenburg
et al., 2010; Sonnenburg et al., 2005). This regulatory strategy may allow the cells to rapidly adapt
to temporally changing nutrient conditions at the cost of unnecessary gene expression.

Bioinformatic analysis of PUL37 predicted enzymes that could target degradation of
glycosphingolipids on host cells (Supplementary Data 1) (Ryckman et al., 2020).
Immunoglobulin A (IgA) regulates the growth and functional activities of gut microbiota. For
instance, IgA targeted pectin and fructan utilization PULs in BT, leading to a decrease in PUL
gene expression (Joglekar et al., 2019). To regulate the potential host-derived glycan degrading
activities of PUL18 or 37, IgA could target proteins in these PULs. However, we cannot exclude
other possibilities including the role of PUL18 or PUL37 as receptors for prophage (Reyes et al.,
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2013) or interactions with capsular polysaccharide synthesis, which can provide protection from
the host immune system and phages (Martens et al., 2009b; Sonnenburg et al., 2005). Future
work will elucidate the mechanisms that enable high colonization ability of APUL18 and APUL37.
These mechanisms could be exploited as potential engineering targets for manipulating the
colonization ability of BU in the mammalian gut.

BU enabled the growth of butyrate producers in media with inulin, laminarin, pectic
galactan, pectin and pullulan, suggesting that the corresponding PULs (PUL17, 21 and 18)
degrade glycans via unselfish mechanisms. Release of PBPs by BT has been shown enhance
growth and butyrate production of E. ramulus and AC (Chia et al., 2020; Rodriguez-Castano et
al., 2019). In addition, the host butyrate transporter Mct-1 was up-regulated in the presence of
both BT and ER compared to mice monocolonized with ER (Mahowald et al., 2009). We found
that interactions between BU and butyrate producers can be more nuanced when both species
are able to utilize a given glycan. For example, both species could compete for the available
glycan and the butyrate producer could enhance the growth of BU. In sum, our results suggest
that inter-species interactions between Bacteroides and butyrate producers mediated by glycan
competition, release of PBPs and metabolic byproducts are critical determinants of ecological
dynamics. Since we did not directly measure PBPs and metabolic byproducts, we cannot rule out
the possibility that other interaction mechanisms could impact the growth of the butyrate
producers (e.g. release of signaling molecules by BU that activates metabolic networks in the
butyrate producers or other high energy substrates beyond PBPs).

PULs harbored by gut bacteria provide the host with the unique capability to transform
chemically diverse glycans into molecules that serve as nutrients for the host and shape the
ecological dynamics of the gut microbiome. A deeper understanding of the contributions of PULs
to microbial fitness and community-level functions could guide the design of microbiome
interventions to optimize nutrient extraction from food or restore homeostasis of gut microbiota
following a disturbance. For example, PULs could be harnessed as a control knob to modulate
colonization or key inter-species interactions to promote beneficial functions performed by gut

microbiota.
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FIGURE LEGENDS

Figure 1. Effects of polysaccharide utilization loci (PULs) on growth of B. uniformis in
response to individual glycans. (A) Schematic of the two-stage procedure to construct the
barcoded PUL deletion mutants using the CRISPR-FnCpf1 genome editing tool. First, the
barcode-tagged mutants were constructed and then each PUL was deleted using FnCpf1. Gray
square brackets indicates that the plasmid used to delete a subset of PULs harbored recT. The
growth of each mutant was characterized in media with individual glycans. Plasmid features
include p15A, E. coli plasmid replication origin; pB8-51, Bacteroides plasmid replication origin;
lacl, transcription factor; Piaco23, IPTG inducible promoter. (B) Biclustering heatmap of the fold
changes in steady-state abundance (k; in the logistic growth model) for each PUL mutant to AtryP-
24 in media with single carbon sources. Asterisks represent low confidence (coefficient of
variation > 0.2) in the inferred parameter value (Supplementary Data 2). In these conditions, the
steady-state abundance was set to the maximum ODeo. (C) Bipartite network of PULs and
glycans based on thresholds in the fold changes of inferred steady-state abundance and/or
growth rate of each PUL deletion mutant to AfryP-24. (D) Time-series measurements of ODggo 0f
PUL mutants in media with specific glycans highlighted in the bipartite network in (C). Lines
denote the mean and the shaded regions represent 95% confidence interval of 3 biological
replicates.
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Figure 2. Co-regulation of polysaccharide utilization loci (PULs) for xyloglucan utilization
in B. uniformis. (A) Schematic of gene organization of PUL11, PUL43 and PUL44. GenBank
locus tags are shown for each gene. SusC: SusC-like TonB-dependent transporter (Red); SusD:
SusD-like cell-surface glycan-binding protein (Pink); SBP, sugar binding protein (Purple); HTCS,
hybrid two-component system (Blue). All genes encoding glycoside hydrolyses are shaded in
Green. Genes with unknown functions are shaded in gray. (B) Time-series measurements of
ODsoo of PUL mutants and AtryP-24 in media with glucose (top) or xyloglucan (bottom). Lines
denote the mean and shaded regions represent 95% confidence interval of 3 biological replicates.
(C) Bar plots of reads per kilobase per million mapped reads (RPKM) for each gene in PUL11,
PUL43 and PUL44 in AtryP-24 in media with glucose or xyloglucan. Data points denote 2
biological replicates. The colored bars represent mean RPKM value of the genes shown in the
same order as panel (A). (D) Bar plot of the log2 fold changes of RPKM of APUL11 to AtryP-24
(left), APUL43 to AtryP-24 (middle), or APUL11_44to AtryP-24 (right) in xyloglucan media (n=2,
*p<0.05, unpaired t-test). (E) Bar plot of the fold change of BACUNI_RS15340in PUL431t0 AtryP-
24 in xyloglucan media using qRT-PCR (n = 6, ***p<0.001; APUL11 vs AtryP-24 p=2.9e-5;
APUL11_44 vs AfryP-24 p=2.3e-5, unpaired t-test). Bars indicate the mean of replicates +/- 1
s.d. and data points show individual measurements. (F) Heatmap of log2 fold changes of RPKM
for PUL genes in APUL11, APUL43, APUL44 or APUL11_44 compared to AfryP-24 in xyloglucan
media. The x-axis represents individual genes contained in the indicated PULs. The indicated
PULs (x-axis) contained at least one gene with an absolute value of the log2 fold change greater
than 2.

Figure 3. Impact of polysaccharide utilization loci (PULs) on B. uniformis pooled mutant
fitness in media with different carbon sources. (A) Schematic representing experimental
design of the pooled barcoded PUL mutants and AtryP-24 in media with different carbon sources.
The mutant pool was passaged every 24 hr using a 1:20 dilution. The absolute abundance of
each mutant was determined by barcode sequencing and ODgy measurements. (B) Stacked bar
plots represent the mean relative abundance of each mutant in media with a given carbon source
(top). Bar plots denote the ODsoo 0f each condition (bottom). Data points represent 3 biological
replicates. (C) Violin plots represent the distribution of the absolute abundance of the PUL
mutants in media with a given carbon source. Colored data points represent the absolute
abundance of the indicated mutant within this distribution (n = 3 biological replicates). (D)
Heatmap of Shannon diversity of mutant pool across different passages. The values represent
the mean of 3 biological replicates.
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Figure 4. Impact of polysaccharide utilization loci (PULs) on the colonization ability of B.
uniformis in germ-free mice fed different diets. (A) Schematic of experimental design to
evaluate the effect of PULs on BU colonization ability in germ-free mice fed different diets. Top:
mice were fed a high fiber diet, fiber free diet (FFD) or high fat diet a week prior to oral gavage
and then maintained on the same diet for two weeks following oral gavage (n = 5 for high fiber
group and n = 4 for other groups). Bottom: mice were fed the FFD a week prior to oral gavage
and then provided with drinking water supplemented with inulin, pectic galactan or glucomannan
(n = 4). On day 0, mice were orally gavaged with the mutant pool and AtryP-24. Time-series
measurements of fecal samples were performed. The cecal samples were collected at the end of
the experiment. (B) Stacked bar plot of the absolute abundance of mutants in cecal samples (CFU
g") in each group of mice. Data points denote 2 independent CFU measurements for each mouse.
The two most abundance mutants are highlighted. Asterisks denote a statistically significant
difference in the CFU of each group compared to FFD group based on unpaired t-test (n = 8;
*p<0.05, ***p<0.001; High fiber diet vs FFD, p=4.9e-9; High fat diet vs FFD, p=0.01271; FFD-
Inulin vs FFD, p=2.8e-6; FFD-Glucomannan vs FFD, p=1.0e-4; FFD-Pectic galactan vs FFD,
p=0.01393). (C) (i) Stacked bar plots of relative abundance of mutants in fecal samples as a
function of time (top). Line plots of Shannon diversity of the mutant pool as a function of time
(bottom). Asterisks indicate statistically significant difference of Shannon diversity of each group
on day 14 compared to FFD group based on unpaired t-test (n=4-5; **p<0.01, ***p<0.001; High
fiber diet vs FFD, p=3.9e-6; High fat diet vs FFD, p=1.4e-4; FFD-Glucomannan vs FFD,
p=0.00425; FFD-Pectic galactan vs FFD, p=7.9e-5). (ii) Categorial scatter plot of the maximum
slope of the Shannon diversity as a function of time. The colored data points represent individual
mice and the black data point represents the mean. (D) Principal component analysis (PCA) as a
function of time. Colors represent different diets based on the legend in (A). The size of the data
points is proportional to the time of measurement. The PCA loadings are denoted by the black
lines. Symbols represent different mice. (E) Line plots of the relative abundance of PUL mutants
or AtryP-24 in mice fed different diets as a function of time. The colors represent different diets
based on the legend in (A). Data points denote individual mice and lines represent the mean. The
asterisks denote a statistically significant difference in relative abundance between the FFD and
each indicated diet based on unpaired t-test (n=4-5, p<0.05).

Figure 5. B. uniformis polysaccharide utilization loci (PULs) mediate glycan-dependent
inter-species interactions influencing butyrate production. (A) Schematic representing the
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experimental design investigating PUL mediated inter-species interactions between Inter-species
interactions were deduced using a generalized Lotka-Volterra (gLV) model informed by time-
series data of species absolute abundance. Representative data (middle) shows time-series
measurements of absolute abundance based on 16S rDNA sequencing and ODggo measurements
in inulin media (Fig. S7). Species include BU WT (blue), BU PUL mutant (purple) and butyrate
producers (BPs): A. caccae (AC, orange), C. comes (CC, green), E. rectale (ER, yellow) and R.
intestinalis (R, red). The color of each growth curve indicates the species. The first row represents
monoculture conditions and the second and third rows denote the growth of each species in the
BU WT, butyrate producer (BP) or BU PUL mutant, BP coculture in inulin media. (B) Inferred
networks of inter-species interactions between BU WT or a given PUL mutant and each BP in
media with different carbon sources. Node size represents the maximum mean ODegoo measured
in monoculture in the indicated media. For species whose maximum mean ODggo was less than
0.5, their node sizes were set to ODegoo=0.5 for visibility in the network. The width of an edge
connecting node j to node i represents the magnitude of the median of the inferred marginal
distribution of their inter-species interaction coefficient (a;;). An edge is colored red (blue) if the
interaction is positive (negative). If the 25% and the 75% quantiles of the a;; marginal distribution
have different signs, we represent the edge with a dashed line, indicating lack of certainty. Inter-
species interactions where the magnitude of the median of the marginal a;; distribution is less
than 0.01 are not included in the network. (C) Scatter plot of predicted and measured butyrate
concentrations in monoculture and coculture experiments. Predicted butyrate concentrations are
computed according to the linear regression model (Methods). Marker horizontal position
represents predicted butyrate concentration based on mean end-point BP abundance, and
horizontal error bars represent 1 s.d. of predicted butyrate concentration given the uncertainty in
BP abundance measurements.

Figure 6. Mechanisms of PUL mediated interactions between B. uniformis (BU) and
butyrate producers. (A) Schematic of Mechanism A: (i) butyrate producer (BP) such as A.
caccae (AC) is unable to utilize the given glycan but can utilize PBPs released by BU. (ii) Deletion
of a given PUL such as PUL17 eliminates release of PBPs and thus AC is unable to grow in co-
culture with APUL17 in inulin media. Bar plot of absolute abundance (B) and butyrate production
(C) of BUWT, APUL17 and A. caccae (AC) monoculture and coculture in inulin media after 48 hr
of growth. (D) Fructose concentrations in inulin or BU conditioned inulin media. (E) Growth of AC
in glucose and fructose media. Lines denote the mean and the shaded regions represent 95%
confidence interval. (F) Schematic of Mechanism B: (i) BP such as R. intestinalis (Rl) can utilize

19



pullulan and thus compete with BU. (ii) Rl can grow in co-culture with APUL 18 in pullulan media.
Bar plot of absolute abundance (G) and butyrate production (H) of BU WT, APUL18 and Rl
monoculture and coculture in pullulan media after 48 hr of growth. (I) Schematic of Mechanism
C: (i) BP such as C. comes (CC) lacks the capability to utilize both the given glycan and PBPs.
(if) CC is unable to grow in coculture with APUL171_43 in xyloglucan media. Bar plot of absolute
abundance (J) and butyrate production (K) of BU WT, APUL11_43 and CC monoculture and co-
culture in xyloglucan media after 48 hr of growth. (L) Bar plot of the fold change of the area under
curve (AUC) of CC in conditioned xyloglucan media and cell membrane treated xyloglucan media
to AUC of CC in xyloglucan media. Bars indicate the mean of replicates + 1 s.d. and data points
show individual measurements (n>=3 biological replicates). PBPs: Polysaccharide breakdown

products.
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Sigma-Aldrich
Sigma-Aldrich
Megazyme
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Acros Organics
Sigma-Aldrich
Megazyme
Megazyme

Megazyme

Gojira Fine Chemicals

Cat# 10120-250G
Cat# A9539-10G
Cat# C9819-5G
Cat# 31392-10G
Cat# 50009-1G
Cat# 91783-1G
Cat# P-GLCML
Cat# G8751-5G
Cat# G9752-500G
Cat# 12255-10G
Cat# AC457100250
Cat# L9634-1G
Cat# P-LICHN
Cat# P-LEVAN
Cat# P-PGAPT
Cat# PE1006

Pullulan (Aureobasidium Sigma-Aldrich Cat# P4516-5G
pullulans)

Starch Sigma-Aldrich Cat# S9765-100G
Type Il mucin (porcine stomach)  Sigma-Aldrich Cat# M2378-100G
Type lll mucin (porcine stomach)  Sigma-Aldrich Cat# M1778-100G
Xylan (Beechwood) Megazyme Cat# P-XYLNBE-10G
Xyloglucan (Tamarind) Megazyme Cat# P-XYGLN
Critical commercial assays

Nano-Glo Luciferase Assay Promega Cat# N1110
System kit

RNeasy Mini Kit Qiagen Cat# 74124

Zymo DNA Clean & Zymo Research Cat# D4013
Concentrator™-5 kit

Qiagen DNeasy Blood and Qiagen Cat# 69506

Tissue Kit
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RNase-Free DNase Set
RNAprotect Bacteria Reagent

Agilent High Sensitivity RNA
ScreenTape

BugBuster

Quant-iT™ dsDNA Assay Kit
MiSeq Reagent Kit v3
MiSeq Reagent Nano Kit v2

iScript Select cDNA Synthesis Kit

High Sensitivity Fructose Assay
Kit

Qiagen
Qiagen
Agilent

EMD Millipore
Invitrogen

lllumina

lllumina

Bio-Rad Laboratories
Sigma-Aldrich

Cat# 79254
Cat# 76506
Cat# 5067-5579

Cat# 70921-4
Cat# Q33120

Cat# MS-102-3003
Cat# MS-103-1003
Cat# 1708897
Cat# MAK180-1KT

Software and Algorithms

FastQC tool v0.11.8

BBTools suite v38.42

FeatureCounts package v1.6.4

DESeq2 Bioconductor library
v4.0.3

R v4.0.4

apeglm shrinkage estimator

PEAR (Paired-End reAd mergeR)

v0.9.10

Prodigal v2.6.3

DIAMOND BLASTP v0.9.28.129
CheckM v1.0.11

GTDB-Tk v0.1.3

MCMC algorithm

Babraham Bioinformatics

Sourceforge

Liao et al., 2013

Love et al., 2014

R Core Team
Zhu et al., 2019
Zhang et al., 2014

Hyatt et al., 2010
Buchfink et al., 2015
Parks et al., 2015
Chaumeil et al., 2019
Haario et al., 2001

https://www.bioinformatics.ba
braham.ac.uk/projects/fastqc/

https://sourceforge.net/project
s/bbmap/

PMID: 24227677

PMID: 25516281

WWWw.r-project.org
PMID: 30395178
PMID: 24142950

PMID: 20211023
PMID: 25402007
PMID: 25977477
PMID: 31730192

https://projecteuclid.org/journ
als/bernoulli/volume-7/issue-
2/An-adaptive-Metropolis-

algorithm/bj/1080222083.full
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SignalP 5.0
CELLO2GO
PSORTb 3.0
PSLpred
Phyre2
Python 3.7

MATLAB R2016a

Armenteros et al., 2019
Yu et al., 2014

Yu et al., 2010

Bhasin et al., 2005
Kelley et al., 2015
Python

MathWorks

PMID: 30778233
PMID: 24911789
PMID: 20472543
PMID: 15699023
PMID: 25950237

https://www.python.org/downl
oads/release/python-370/

https://www.mathworks.com/
help/images/release-notes-
R2016a.html

Deposited Data

Pooled BU mutant or 16S rRNA
gene sequencing data of BU and
individual butyrate producers

RNA-seq data of BU in media
with xyloglucan or glucose

RNA-seq data of BU in media
with type Il mucin or glucose

This paper; Mendeley
Data

This paper; Zenodo

This paper; Zenodo

doi: 10.17632/3888sct8¢5.1

doi:10.5281/zenodo.5204678

doi:10.5281/zenodo.5207518

Other

Chow diet Purina Cat# LabDiet 5021
High fat diet Envigo Cat# TD.88137
Fiber free diet Envigo Cat# TD.190849

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Ophelia S. Venturelli (venturelli@wisc.edu).

Materials availability

Plasmids and bacterial strains generated in this study are available upon request from the Lead

Contact.

33



Data and code availability

» The RNA-seq data of BU in media with xyloglucan or glucose are available from Zenodo
(doi:10.5281/zenodo0.5204678). The RNA-seq data of BU in media with type Il mucin or
glucose are available from Zenodo (doi:10.5281/zenodo.5207518).

» Code for analyses of the pooled BU mutant experiments, raw sequencing data for the
pooled BU mutant experiments and the co-cultures of BU and individual butyrate
producers are deposited at Mendeley Data (doi: 10.17632/3888sct8c5.1). Code for the
analysis of RNA-seq data and computational modeling are available from Zenodo
(doi:10.5281/zenod0.5722360)

» Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Gnotobiotic mouse experiments

All germ-free mouse experiments were performed following protocols approved by the University
of Wisconsin-Madison Animal Care and Use Committee. Three diets were used in this
experiment: high fiber diet (Chow diet, Purina, LabDiet 5021), high fat diet (Envigo, TD.88137)
and fiber free diet (Envigo, TD.190849) (Supplementary Data 4). Note that the high fiber diet
contains higher fiber compared to the High fat diet or Fiber free diet and was thus referred to as
high fiber diet. The barcoded BU control strain AfryP-24 and PUL deletion mutants were grown at
37 °C anaerobically in Anaerobe Basal Broth (ABB, Oxoid) for 12-16 hr. Cultures were diluted by
20-fold into ABB media and then grown at 37 °C anaerobically until the culture reached
exponential phase (ODeggo ~1.0). All strains were mixed in equal proportions based on ODgy and
transferred to Hungate tubes (Chemglass) on ice prior to oral gavage. We used 8-week old
C57BL/6 gnotobiotic male mice (wild-type) fed the specific diets a week prior to oral gavage
(Figure 4A). At this time, 0.2 mL of mutant pool was introduced into the mice by oral gavage
inside a Biological Safety Cabinet (BSC) and the mice were housed in biocontainment cages
(Allentown Inc.) for the duration of the experiment. Mice were maintained on the same
experimental diets with autoclaved water or water supplemented with glycans for two weeks after
colonization. The concentration of inulin and pectic galactan in the drinking waterwas 5g L. 2 g
L' of glucomannan solution were prepared and autoclaved. The autoclaved solution was
centrifuged at 3,200 x g for 5 min, and the supernatant of the glucomannan solution was used for
the mouse experiments. Groups of mice (4-5 mice) fed a given diet were co-housed in a single
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cage. Fecal samples were collected every 2-3 days after oral gavage. At the end of the
experiment, mice were euthanized, and the  cecal samples were collected for NGS sequencing
and CFU plating.

To determine the fold changes in expression of representative genes in key PULs in BU in
the mammalian gut compared to glucose media, 6-week old C57BL/6 gnotobiotic male mice (wild-
type) were fed the high fiber diet a week prior to oral gavage (Figure 4A). The BU WT was grown
at anaerobically at 37 °C in DM35 media overnight. We introduced 0.2 mL of BU WT overnight
culture into the mice by oral gavage inside a BSC and the mice were co-housed in a
biocontainment cage. Mice were maintained on high fiber diet for a week and then euthanized
and the ceca were collected for RNA extraction.

Microbial strains and growth conditions

Detailed information of the strains used in this study is provided in Supplementary Data 4. All
anaerobes were cultured in an anaerobic chamber with an atmosphere of 83% N2, 2% H2 and
15% CO; at 37 °C. For most experiments, Bacteroides strains, AC, CC were grown in ABB media,
ER was grown in ABB media with the addition of 3.3 mM sodium acetate (Sigma) and Rl was
grown in Brain Heart Infusion Broth (BHI, Sigma). We used E. colipir2 (Invitrogen) for cloning and
maintenance of plasmids with R6K origin (pNBU2-ermGb derivatives and pFW1000 derivatives,
Supplementary Data 4). E. coli DH5a (Thermo Fisher Scientific) was used for cloning and
maintenance of plasmids with p15A, pSC101ts and ColE1 origins (pFW2000 derivatives,
pFW3000 and pFW4000). We used E. coli BW29427 (E. coli Genetic Stock Center, CGSC) for E.
coli-Bacteroides conjugations. All E. coli strains were grown aerobically in Luria Bertoni (LB,
Sigma) media. To support the growth of E. coli BW29427, we supplemented LB media with 25
UM of 2,6-Diaminopimelic acid (DAP, Sigma). We used the following antibiotics when required
including 100 pg mL " carbenicillin (Carb, IBI Scientific), 25 ug mL" erythromycin (Erm, Sigma)
and 200 pg mL' gentamicin (Gm, Sigma). We used 1 mM of Isopropyl B-D-1-
thiogalactopyranoside (IPTG, Gold Biotechnology) for the induction of FnCpf1.

METHOD DETAILS

Plasmid construction

All the plasmids and primers used in this work are described in Supplementary Data 4 and
sequences of genetic elements are listed in Supplementary Data 4. The P_BfP1E6 promoter
fused to 18 previously reported RBSs were cloned into pNBU2-ermGb at the Not | restriction site
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with NanoLuc gene to characterize the strength of each RBS in BU (Koropatkin et al., 2008; Wang
et al., 2000; Whitaker et al., 2017). We constructed plasmids with 20 BU native promoters as well
as three previously reported strong promoters in BT (Psri311, Pcia and P_BfP1E6) by cloning each
promoter with NanoLuc gene into pNBU2-ermGb using the Not | restriction site. In addition, RBS8
was fused to the promoters Pgu1soss, Peu1s27o, Peuisers and Peries. The Periz11-lacl and Piacozs were
amplified from pMM773 (Mimee et al., 2015), and inserted into pNBU2-ermGb with NanoLuc gene
using the Pst | and Not | sites, respective, generating pFWO001. The Pgri311 promoter controlling
rhaR regulator from BT was amplified and inserted into pMM656 (Mimee et al., 2015) at Not | site,
generating pFW023. The NanoLuc gene was inserted into pNBU2_erm-TetR-P1T_DP-GH023
(Lim et al., 2017) at BamH | site, generating pFW064.

To construct the shuttle plasmid pFW1000, the Bacteroides replication origin PB8-
51(Tagawa et al., 2014) (synthesized by Twist Biosciences) was cloned using the Nsi | and Kpn
| restriction sites in pPNBU2-ermGb by replacing the NBU2 integrase gene and attN2 site. To
generate the shuttle plasmids pFW2000, pFW3000 and pFW4000, the R6K origin on pFW1000
was replaced by the E. coli origins p15A, pSC101ts or ColE1, respectively.

The three plasmids pFW1004, pFW2100 and pFW2500 were used for genetic manipulation
in BU. The Psrisi1-lacl-Piaco2s sequence amplified from pFW025 was cloned into pFW1000 and
pFW?2000 using the BamH | site, generating pFW1001 and pFW2001, respectively. Subsequently,
the Fncpf1 gene amplified from pT7FnCpf1 was cloned into pFW1001 and pFW2001 using the
BamH | site, generating pFW1004 and pFW2100, respectively. Next, the IPTG inducible promoter
Piacozs(Mimee et al., 2015) and recT cloned from E. coli DH5a were cloned into pFW2100 using
the Sal | site, generating plasmid pFW2500.

To construct plasmids for deletion of genes or PULs, the promoters Pgrisi1 Or Pgiries
controlling crRNA, rrnB T2 terminator as well as two homologous arms (~500-bp for single gene
deletion and ~1000-bp for PUL deletion) were cloned into pFW 1004, pFW2100 or pFW2500 using
the BamH | site, yielding a set of plasmids for targeted gene or PUL deletions. For plasmids used
for rhaR modification, the promoter Pgri311 controlling the crRNA, rrnB T2 terminator as well as
two ~800-bp homologous arms containing the gene fragment for modification were cloned into
pFW2100, yielding the final plasmids pFW2028. The gene fragment replacement (for the
generation of rhaR’) of inactive rhaR (BU) gene was designed based on the RhaR sequence from
WP_005834782.1. For gfp gene insertion, the P_BfP1E6 promoter controlling gfp amplified from
pWW3452 (Whitaker et al., 2017) was inserted into pFW2033 (PUL 13 deletion plasmid) at Afl Il
site, yielding the final plasmid pFW2059.
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Conjugation

All plasmids (pNBU2-ermGb derivatives and shuttle plasmids derivatives) were introduced into
Bacteroides via conjugation with E. coli BW29427, which harbors the conjugative machinery
integrated into the chromosome(Datsenko and A., 2000). To perform the conjugation, E. coli
BW29427 was grown until early stationary phase. Next, cell pellets were collected by
centrifugation at 3,200 x g for 5 min and washed once with fresh LB media. The washed cell
pellets were combined with Bacteroides cultures (ODsoo approximately equal to 0.5-0.6) at a ratio
of 1:10 (donor:recipient, v/v). The mixed culture was pelleted and resuspended in 0.2 mL BHI
media and then spotted onto BHIAD (BHI + 10%ABB + DAP) plates prior to anaerobic incubation
at 37 °C for 24 hr. Next, we collected the cells from the plate and resuspended into 1 mL BHI. The
culture was plated on BHIAEG (BHI + 10%ABB + Erm + Gm) plates using a range of dilutions
and anaerobically incubated at 37 °C for 2 days. The pNBU2-ermGb plasmid derivatives harbor
the IntN2 tyrosine integrase, which mediates the recombination between the attN site on the
plasmid and one of the two attBT sites at the 3’ end of the tRNASe" gene (BACUNI_RS18270 and
BACUNI_RS18350) on the BU chromosome(Wang et al., 2000). Thus, all pNBU2-ermGb plasmid
derivatives were integrated onto the chromosome following conjugation (Mimee et al., 2015). As
all the shuttle plasmids derivatives contain the Bacteroides replication origin pB8-51 and lack the
intN2 gene, these plasmids may continue to be replicated and potentially maintained over time.

Characterization of shuttle plasmid stability

The BU strains harboring shuttle plasmids pFW 1000, pFW2000, pFW3000 and pFW4000 were
first grown at 37 °C in ABB media with erythromycin for 12-16 hr. Next, these strains were diluted
20-fold into fresh ABB media lacking antibiotics every 12 hr for 15 passages. The same volume
of the diluted cell cultures was plated on BHIA (BHI + 10% ABB) and BHIAE (BHI + 10% ABB +
Erm) plates to determine the number of colonies containing the plasmid compared to the total
number of colonies per unit volume. We evaluated plasmid stability based on the ratio of CFU on
antibiotic selective plates to the total number of CFU on plates without antibiotic selection. Colony
forming units (CFU) were determined at the following passages: 1, 3, 5, 7,9, 11,13 and 15.

Markerless gene deletion and insertion in Bacteroides

The plasmids pFW1004, pFW2100 and pFW2500 were used as the original vector for genome
editing (Figure S2A; Supplementary Data 4). Plasmids for gene deletion and insertion were first
transformed into E. coli BW29427 and then introduced into the Bacteroides strains using
conjugation. The transconjugants were then grown anaerobically in ABB media supplemented

37



with Erm at 37 °C for 12-16 hr. The cell cultures were diluted 10-fold and plated on BHIAEI (BHI
+ 10% ABB + Erm + IPTG) plates. The plates were anaerobically incubated at 37 °C for 2 days
until the colonies were observed. We performed colony PCR using BioMix Red PCR mix (Bioline)
to screen for genome modifications. Colonies with the correct genome modifications based on
the colony PCR results were anaerobically cultured in ABB media and passaged three times every
12-16 h with a dilution factor of 20-fold. After this period, the cell cultures were diluted 10 to 10
4 and plated on BHIA agar plates and incubated at 37 °C for 1-2 days until the colonies were
observed. Next, single colonies were picked and streaked on BHIA and BHIAE agar plates for
replica plating. Colonies that could only grow on BHIA plates were selected as the final mutants
that had lost the plasmids. We evaluated the efficiency of genome modification by dividing the
number of correct mutant colonies by the total number of tested colonies.

Construction of barcoded BU strains

To distinguish the PUL deletion mutants in the mutant pool, randomly generated DNA barcodes
(4 bp) were introduced onto the chromosome of BU prior to gene deletion. We constructed
APUL12, APUL34 and APUL49 by first deleting the given PUL and then introducing the barcode
into the PUL deletion background. In other cases, the barcoded strains were generated by
introducing the 4 bp barcode onto the chromosome while simultaneously deleting the
tryptophanase gene (tryP) (Figure 1A). To this end, a library of pFW2026 plasmids were
constructed and introduced into the BU WT via conjugation. The barcoded plasmids were
sequenced using Sanger Sequencing (Functional Biosciences) prior to gene deletion. The final
set of fryP deletion mutants were used as the barcode-tagged strains in this study.

Luciferase assay to quantify gene expression in Bacteroides

All NanoLuc luciferase assays to quantify gene expression were performed with cell lysate
according to the procedure described in the Nano-Glo Luciferase Assay System kit (Promega).
For these experiments, Bacteroides strains were first anaerobically cultured at 37 °C in ABB
media for 12-16 hr. Next, cultures were inoculated into BHI media and incubated at 37 °C
anaerobically until the ODgqo reached ~0.6. To characterize the strengths of the RBS and promoter
sequences, 4 mL of the cultures was centrifuged at 13,800 x g for 3 min. Cell pellets were lysed
by resuspending into 400 uL of 1X BugBuster (EMD Millipore) in 1X PBS (MP Biomedicals). To
characterize the inducible promoters, 20 mL of cultures were harvested via centrifugation at 3,200
x g for 10 min. Cell pellets were resuspended into 400 uL of 1X BugBuster in 1X PBS containing
0.5 L of rLysozyme™ Solution (EMD Millipore). Next, 10 uL of the cell lysate was mixed with an
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equal volume of NanoLuc Reaction buffer containing the substrate. The relative light units (RLU)
were measured using a plate reader (Spark 10M, Tecan). The luminescence value was
normalized to the ODeoo value of the culture prior to lysis.

Characterization of BU growth in media with individual glycans

The BU WT strain was incubated in ABB media at 37 °C anaerobically without shaking for 12-16
hr and then inoculated into ABB media again and incubated at 37 °C anaerobically until the culture
reached exponential phase (ODeoo ~1.0). Next, the cell pellets were collected by centrifugation at
3,200 x g for 10 min, and then washed with BMM-C media (Bacteroides minimal media (Bacic
and Smith, 2008) (BMM) without glucose, Supplementary Data 4). The washed cell pellets were
resuspended into BMM-C media to a final ODsoo of approximately 1. These cultures were
inoculated into a 96-well plate (Greiner Bio-One) containing BMM-glycan (BMM-C media
supplemented with a given glycan, Supplementary Data 4) to an initial ODgy of 0.05. These
plates were incubated at 37 °C anaerobically. Cell growth determined by ODgyo was monitored
using a Tecan F200 plate reader every 12 hr or 30 min depending on the experimental design.
All the glycans used in this study are listed in Supplementary Data 4.

Growth characterization of BU WT and BU Atdk with 5-fluorodeoxyuridine

The BU WT and Atdk strains were grown in ABB media at 37°C anaerobically for 12-16 hours.
Next, cultures were diluted by 20-fold into ABB media and then incubated at 37 °C anaerobically
until the culture reached exponential phase (ODggo ~1.0). Next, the cultures were diluted into ABB
and ABB containing 200 pug/mL 5-fluorodeoxyuridine (FudR, Sigma) to an initial ODeggo of 0.025.
The growth of the strains was monitored based on ODggo 0n a Tecan F200 plate reader every 30
min for 24 hr.

B. fragilis Axyl xylose utilization assay

The B. fragilis DSM 2151 wild-type and B. fragilis Axyl strains were grown at 37°C anaerobically
in ABB media for 12-16 hr. The cultures were then diluted by 20-fold into ABB media and then
incubated at 37 °C anaerobically until the culture reached exponential phase (ODesoo ~1.0). The
cell pellets were collected by centrifugation at 3,200 x g for 10 min and washed with BMM-C
media. The cell pellets were resuspended into BMM-C at an ODego of approximately 1 and then
inoculated into BMM-xylose (5 g L' xylose, MP Biomedicals) to an ODsggo of 0.025 in a 96-well
plate (Greiner Bio-One). The growth of the strains was measured based on ODgoo using a Tecan
F200 plate reader and measurements were taken every 30 min for 54 hr.
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Characterization of B. thetaiotamicron Alevan strain

The B. thetaiotaomicron ATCC 29148 (VPI-5482) wild-type and B. thetaiotamicron Alevan
(deletion of BT1754-BT1765) strains were grown at 37 °C anaerobically in ABB media for 12-16
hr. Cultures were diluted by 20-fold into ABB media and then incubated at 37 °C anaerobically
until the culture reached exponential phase (ODsoo ~1.0). Cell pellets were collected by
centrifugation at 3,200 x g for 10 min, and then washed with BMM-C media. The cell pellets were
resuspended into BMM-C to an ODego of approximately 1 and then inoculated into BMM-levan (5
g L' levan, Sigma) using an initial ODggo of 0.05 in a 96-well plate (Greiner Bio-One). Cell growth
was determined based on ODeyo using a Tecan F200 plate reader every 30 min for 60 hr.

Pooled barcoded BU mutant experiments

The barcoded BU control strain AtryP-24 and PUL deletion mutants were grown at 37 °C
anaerobically in ABB media for 12-16 hr. Cultures were then diluted by 20-fold into ABB media
and grown at 37 °C anaerobically until the culture reached exponential phase (ODsoo ~1.0). Next,
all the strains were mixed in equal proportions based on ODeoo and then washed with DM29 media
(lacking a carbon source, Supplementary Data 4). Next, the cells were resuspended in DM29
and diluted to a final ODgoo of approximately 1. The mixture of strains was inoculated into 2 mL
96-deep-well plates (Nest Scientific) containing 1 mL DM29-glucose or DM29 supplemented with
different glycans (Supplementary Data 4) to an initial ODsoo of 0.05 and incubated at 37 °C
anaerobically for varying lengths of time and passaging was performed by diluting the cultures by
20-fold up to two times. After 48 hr of cultivation, ODggo was measured by Tecan F200 plate reader
and cell pellets were collected for NGS sequencing (Figure 3A).

Colony forming unit counting for gnotobiotic mouse experiments

The cecal contents weighing 0.2-0.3 mg were collected into sterilized Eppendorf tubes and then
resuspended into 1 mL anaerobic ABB media. The suspended contents were homogenized by
two 3.2 mm stainless steel beads (BioSpec Products) with intermittent vortex (BR-2000, Bio-Rad)
for 5 min. The homogenized contents were then transferred into 9 mL of ABB media. This mixture
was diluted 10° to 10° times for CFU plating. We plated 100 pL of the diluted solutions on BHIA
plates and incubated in an anaerobic chamber at 37 °C for 36-48 hr until colonies were visible on
the plates. We computed the CFU and divided this number by the measured weight of each

cecal content.
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DNA extraction from fecal and cecal samples

The DNA extraction for fecal and cecal samples was performed as described previously with
some modifications (Goodman et al., 2011). Fecal samples (~50 mg) were transferred into
solvent-resistant screw-cap tubes (Sarstedt Inc) with 500 pyL of 0.1 mm zirconia/silica beads
(BioSpec Products) and one 3.2 mm stainless steel bead (BioSpec Products). The samples were
resuspended in 500 yL of Buffer A (200 mM NaCl (DOT Scientific), 20 mM EDTA (Sigma) and
200 mM Tris-HCI pH 8.0 (Research Products International)), 210 yL 20% SDS (Alfa Aesar) and
500 uL phenol/chloroform/isoamyl alcohol (Invitrogen). Cells were lysed by mechanical disruption
with a bead-beater (BioSpec Products) for 3 min twice to prevent overheating. Next, cells were
centrifuged for 5 min at 8,000 x g at 4°C, and the supernatant was transferred to a Eppendof tube.
We added 60 pL