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ABSTRACT

Host mucus is a major nutrient reservoir for gut Bacteroidota, yet the gene-level determinants of mucin utilization remain poorly
defined. In this study, we used a genome-scale CRISPR interference library in Bacteroides thetaiotaomicron to systematically map
fitness contributions across the mucin-utilization network, spanning surface accessibility, glycan degradation, and intracellular
sugar assimilation. Our screen identified 1,256 genes with condition-dependent fitness divergence, which revealed a layered
organization of mucin-dependent growth. A prominent mucin-specific fitness signature was enrichment of strains with repressed
capsular polysaccharide loci. Subsequent competition and deletion experiments validated that specific capsules impede growth on
mucin, supporting a surface-accessibility trade-off model. By contrast, most mucin-induced carbohydrate-binding and glycoside
hydrolase genes showed negligible fitness contributions, consistent with functional redundancy in extracellular glycan capture
and processing. Conversely, downstream sugar catabolism showed pronounced condition-specific constraints, with the galactose-
utilization gene BT 0623, causing measurable fitness defects upon repression in both mucin- and galactose-containing media.
Finally, comparison with murine colon CRISPRi data revealed broad concordance with the in vitro mucin fitness landscape, while
also highlighting environment-specific differences, in CPS- and polysaccharide degradation-associated functions. Together, these
results define mucin utilization as a layered fitness architecture governed by surface-accessibility costs, redundant extracellular
glycan processing, and downstream metabolic constraints.

1 | Introduction glycosylated mucins provide a host-derived carbon reservoir that

can sustain microbial growth when dietary polysaccharides are
The human gut symbiont Bacteroides thetaiotaomicron is a limited [2, 3]. Consistent with this niche, B. thetaiotaomicron
prominent model for understanding microbiome physiology and encodes an extensive repertoire of Carbohydrate Active Enzymes
ecological interactions within the mammalian gut [1]. A defining (CAZymes) and Polysaccharide Utilization Loci (PULs) that
feature of the intestinal niche is the mucus layer, where heavily =~ enable the degradation and assimilation of host-derived glycans
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[4-6]. However, the utilization of complex mucin glycans is a
multilayered metabolic network involving substrate access at the
cell surface, glycan degradation, and intracellular assimilation of
released sugars [5, 7, 8]. Therefore, defining the specific roles and
essentiality of individual genes is critical for understanding how
this bacterium adapts to dynamic nutritional shifts. Despite this
complexity, the individual fitness contributions of genes within
this broader mucin-utilization network remain incompletely
defined.

In B. thetaiotaomicron, transcriptomic and functional studies
have identified extensive repertoires of carbohydrate-binding pro-
teins, glycoside hydrolases, and downstream catabolic enzymes
associated with these stages of mucin processing [4, 6, 7, 9].
Previous studies have provided important insights into host
colonization and in vivo fitness. For example, transcriptome
analysis and in vivo transposon screens have demonstrated that
the fitness contributions of specific PULs and CAZymes are
highly dynamic and heavily dependent on the host’s specific
dietary features [3, 10-12]. It was also revealed that, during
nutrient limitation, the capacity to exploit host-secreted mucus
provides an important adaptive advantage for persistence within
the gut [13]. While these results established the global importance
of mucin utilization for persistence, they have not systematically
resolved individual gene functions under mucin-defined growth
conditions. Therefore, key fitness determinants within the mucin
utilization network remain unresolved. A gene-by-gene fitness
map is therefore necessary to refine our understanding of this
biological process at gene-level resolution.

CRISPRI is well suited to address these questions as it enables
pooled, genome-scale interrogation of gene function while retain-
ing access to both essential and non-essential processes [14].
Here we constructed a genome-scale CRISPRi library in B.
thetaiotaomicron and used it to compare fitness landscapes
in glucose- and mucin-based minimal media. By integrating
with transcriptomic profiling, targeted genetic validation, and
parallel pooled measurements during murine colonization, this
framework allowed us to map the gene-level fitness architecture
of mucin utilization in Bacteroides thetaiotaomicron, identifying
the genetic constraints that define growth on host-derived mucin.

2 | Results

2.1 | The Mucin Utilization Network Model in B.
thetaiotaomicron

Guided by the current model of mucin utilization in B. thetaio-
taomicron, we reconstructed this process as a directional nutrient-
acquisition network spanning substrate encounter at the cell sur-
face, mucin O-glycan deconstruction and transport, and down-
stream assimilation of released sugars into central metabolism
(Figure 1). At the outer membrane, surface glycan binding
proteins (SGBP), including SusD-like and accessory surface
glycan-binding proteins, TonB-dependent transporters (TBDT),
and surface-localized CAZymes with carbohydrate-binding mod-
ules (CBMs) promote glycan recognition, capture, and retention.
These surface-associated CAZymes also contribute to glycan
degradation, and TBDTs mediate oligosaccharide uptake [15-18].
In parallel, capsular polysaccharides may indirectly influence

@ Surface accessibility - CPS, SGBP, surface GHs, TBDTs

>TOOITO00000000000

TBDT
0000000000000 0000
Inner membrane

b Glydan sensing/degradation‘—‘ PUL, Hydrolytic enzymes

O()()O(,/(X/‘}@) g
GH” -

O00000QOOO00000000000OOO0HOOOOA

Hydrolvtic —S@@ OO 1
enzymes \ Y

R — o

clele/ololo/ololelelelelelelelelelelelelelelelelelelele] 0000000000OCOOO00CO0

clclclclololololelelele clelelelelelelelelelelclelelele] 000000000OOCOOOO0CO00

Cytosol

C  Downstream metabolism - Sugar assimilation pathways

Oaal AFuc B GicNac [ ]GaNAC

| |

l ~ Central Carbon Metabolism

|

FIGURE 1 | A simplified schematic representation of the mucin
utilization network of B. thetaiotaomicron visualized in a three-tiered
model. (a) Surface accessibility—At the outer membrane, CPS layers
form a physical barrier that may restrict the access of bulky extracel-
lular mucin to surface-embedded SGBPs for membrane localization,
and for downstream mucin degradation by surface hydrolytic enzymes.
(b) Glycan degradation—Complex branched oligosaccharides are then
sensed and hydrolyzed by a catalog of membrane bound proteins and
hydrolytic enzymes into simpler oligosaccharides and constituent sug-
ars. (c) Downstream metabolism—Liberated mucin constituent sugars
including galactose, fucose, GIcNAc, and GalNAc are assimilated into
central carbon metabolism via dedicated catabolic networks.

mucin access by altering the steric properties of the cell surface
[17] (Figure 1a). Although direct evidence for CPS-mediated
control of mucin access remains limited, the coordinated regu-
lation of host-glycan-responsive PULs and capsule biosynthesis
suggests that capsule remodeling is integrated with glycan-
acquisition programs [19]. Following substrate encounter, mucin
processing proceeds through coordinated activation of PULs,
which couple glycan sensing and TonB-dependent transport
with the activities of CAZymes (Figure 1b), in particular, glyco-
side hydrolases, sulfatases and mucin-associated peptidases that
degrade mucin O-glycans into smaller oligo-, mono-saccharides
and glycopeptides [5, 20-22]. The resulting complex oligosac-
charides are then captured and imported into the periplasm via
TBDTs, where a consortium of CAZymes further depolymerize
them into transportable mono- and disaccharides. Bacteroides
utilizes mucin-derived sugars liberated from mucin, where major
constituents include fucose, galactose, N-acetylglucosamine (Glc-
NAc) and N-acetylgalactosamine (GalNAc) [23]. These liberated
monosaccharides are routed through highly specific, dedicated
catabolic pathways [7, 18], and B. thetaiotaomicron is predicted to
encode each of this catabolic pathway (Figure 1c). For instance,
it encodes a fucose utilization operon that enables isomer-
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ization and phosphorylation of fucose before entering central
metabolism [2, 24]. In addition, it also encodes the Leloir pathway,
as well as genes associated with transport of hexosamines into
glycolysis [25]. As the result, it is expected that B. thetaiotaomicron
utilize these catabolic pathways to funnel carbon into the central
metabolic pathways.

While each of these functional ‘modules’ has been characterized
individually based on transcriptomic and functional genetic
studies, their relative contributions to mucin-dependent growth
and the extent to which transcriptional induction predicts func-
tional importance have remained unresolved at genome scale. To
systematically interrogate the fitness contribution of genetic con-
stituents associated in each layer of this network, we combined
genome-wide CRISPRI fitness profiling with RNA-Seq during
growth on mucin as the sole carbon source.

2.2 | Construction of a Genome-Wide sgRNA
Library

To enable the high-throughput functional characterization of
the entire B. thetaiotaomicron genome, we used a plasmid-
based inducible CRISPRi system previously implemented in this
strain (Figure Sla, b) [26]. The system utilizes a catalytically
inactive Cas9 (dCas9) integrated into a neutral locus of the
B. thetaiotaomicron chromosome, combined with an optimized,
highly expressed sgRNA cassette driven by the strong synthetic
P_BfP1E6 promoter.

While CRISPRI is a powerful tool for transcriptional regulation,
its efficacy is frequently affected by genomic context and the
stochastic nature of dCas9-DNA binding [27, 28]. A single opti-
mized site may not yield reproducible repression across varying
physiological or environmental states. Therefore, we designed a
high-resolution, genome-wide CRISPRi library comprising 55,378
distinct sgRNAs targeting the non-template strands of all coding
sequences (CDS), with target sites spaced approximately 100 bp
(Figure 2a, Table S1). This dense mapping strategy circumvents
the inconsistencies of genomic influence by providing com-
prehensive coverage across the entire transcriptional landscape
[29].

The synthesized sgRNA library was introduced into the con-
jugative donor E. coli S17-1 Apir, yielding 4.5 X 10° colonies,
which represents 81-fold coverage of the sgRNA pool. The library
was conjugated into the dCas9-expressing B. thetaiotaomicron,
resulting in approximately 3.5 X 10° colonies equivalent to 63-
fold coverage of the designed sgRNAs (refer to Figure Slc-f and
Method for detailed procedures of CRISPRi library construction).
Sequencing of the initial library (pre) confirmed that 53,768
individual sgRNAs were retained (97.1% of the initial sgRNA
pool) with a median read count of 128.2, providing sufficient
depth for downstream analysis (Figure S2a, Tables S2 and S3).
In addition, we observed a strong linear correlation (Pearson R =
0.98) between gene length and the number of unique sgRNAs per
gene, confirming that the designed sgRNA pool was well retained
through the conjugation process (Figure S2b). Finally, changes in
sgRNA abundance relative to their positions within genes showed
no statistical differences (Figure S2c, d), suggesting an unbiased
inhibitory activity of the dCas9-sgRNA complex [30].

2.3 | Genome-Wide Gene Fitness Analysis Based
on CRISPRi Screening

The initial CRISPRI library was pre-cultured in BHIS liquid
medium and subsequently propagated in minimal media supple-
mented with either mucin (MM-muc) or glucose (MM-glc) for six
and seven passages, respectively, encompassing 4-5 generations
per passage for a total of approximately 30 generations. We
analyzed at the first (P;), third (P;), and final (P;) passages
(Figure 2a) and calculated z-scores to determine relative enrich-
ment or depletion of the individual genes. The 75th percentile
of all z-scores assigned to a specific gene was then used as a
representative proxy for gene fitness [14, 31]. (Figure 2b).

Mapping these z-scores across a panel of genes previously identi-
fied as essential segregated them from the remaining genes in the
genome for both conditions [12] (Figure 2c, Figure S3a). Specif-
ically, the z-scores of established core essential genes, such as
those encoding ribosomal proteins and, core polymerase subunits
exhibited the most pronounced depletion in both MM-glc and
MM-muc (Figure S3b, c). This validates the negative fitness effects
induced by CRISPRi-mediated repression of essential genes. To
quantitatively evaluate the temporal dynamics of the genetic
screen, Pearson correlation coefficients were calculated across
P,, P;, and Py passages. This analysis revealed a progressive
divergence over sequential passages in both intra-passage and
condition-specific manners, reflecting the cumulative impact of
CRISPRi-mediated interference on strain fitness (Figure 2d).
These shifts were highly reproducible between biological repli-
cates (Figure S4), confirming that the observed shifts derive from
selection rather than stochastic noise.

2.4 | Comparative Gene Fitness Landscapes in
Mucin and Glucose

Comparative analysis of gene-level fitness z-scores between
MM-glc and MM-muc identified 1,256 genes with significant
condition-dependent divergence (p-val < 0.05, Mann-Whitney U
test). This suggests that these genes contribute to fitness in at least
one condition through the passage (Table S4). Based on k-means
clustering, these genes were categorized into ten independent
clusters (Figure 3a, Table S4). Functional enrichment analysis in
each cluster revealed core essential processes, including ribosome
[GO:0003735; bth03010], RNA binding [GO:0003723], and trans-
lation [GO:0006412], were enriched in clusters 1 and 2, consistent
with their fundamental role in cellular viability.

Beyond these core functions, several metabolic pathways exhib-
ited condition-specific fitness profiles. For example, cluster 3, in
which genes tended to show lower z-scores in MM-glc (Table S4),
was enriched in amino acid biosynthesis genes [bth01230] par-
ticularly those involved in cysteine and, methionine [bth00270],
as well as glycine, serine, and threonine metabolism [bth00260]
(Figure 3b). Gene-level analysis further revealed condition-
specific fitness dependencies in amino acid metabolism in B.
thetaiotaomicron, as consistent with previous findings (Text S1,
Table S5) [12].

Notably, genes in cluster 4 and 5 exhibited mucin-specific
increases in z-scores upon repression, indicating that their expres-
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FIGURE 2 | Construction of a genome-scale CRISPRi screening platform in Bacteroides thetaiotaomicron. (a) Schematic overview of the CRISPRi
screening workflow. A highly saturated sgRNA library was computationally designed to target CDS at roughly 100-bp intervals. The library was
transformed into the donor Escherichia coli S17-1 Apir and conjugated into B. thetaiotaomicron. The library populations were subjected to selection

in MM-muc or glucose MM-glc across passages. After sampling, the sgRNA libraries were sequenced using next-generation sequencing (NGS). (b) z-

score of a specific sgRNA (z-scoreggrna ) Was calculated as (Fy, —uF) / oF, where Fy, " denotes the normalized individual sgRNA counts in the sample
library, and uF and oF denote the mean and standard deviation of the Pre library, respectively. The gene-level z-score (z-scoregep) is determined by the
75th percentile of the constituent sgRNA z-scores. (c) Distribution of z-scores for sgRNAs targeting established core essential genes compared to the

rest of the genome following growth in MM-muc. (d) Heatmap detailing the Pearson correlation coefficients of genome-wide fitness profiles across the

sequential passages in MM-glc and MM-muc conditions.

sion imposes a condition-dependent fitness cost during growth
on mucin. These clusters were enriched for functions related to
sugar biosynthesis and glycosyl transferase activity [bth01250],
biosynthesis of various nucleotide sugars [bth00541], amino sugar
and nucleotide sugar metabolism [bth00520], glycosyltransferase
activity [GO:0016757] (Figure 3b). Since most of these genes map
to CPS loci (Table S4), we reasoned that capsule expression can
hinder the initial access of bulky mucin glycans to the cell surface,
implicating surface accessibility as a key determinant of mucin
utilization fitness.

2.5 | CPS Expression Imposes Fitness Cost in
Mucin

Clusters 4 and 5 comprised nearly all genes (75 out of 76)
that are dispensable in MM-muc (z-score > 1; p-val < 0.05)

(Figure 4a). The z-score distribution across P;, P;, and Py passages
demonstrated a progressive fitness advantage for these repressed
mutants in MM-muc compared to MM-glc (Figure 4b). Func-
tional analysis within these clusters predominantly identified
structural glycosyltransferases, export machinery, and regulatory
genes belonging to several of the eight recognized B. thetaio-
taomicron CPS loci (Figure 4c). To determine if this in vitro
fitness advantage was reflected at the transcriptional level, we
referred to RNA-Seq expression profiling in MM-glc and MM-
muc conducted in our previous study [26]. Notably, the CPS loci
that incurred a fitness cost in MM-muc, specifically CPS1, 3, 4,
and 5, exhibited higher median expression than the other loci
(Figure 4d), suggesting an active expression of the corresponding
surface structures.

To experimentally validate these fitness inferences, we performed
an in vitro co-culture competition using a CPS4 knockdown
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Comparison of CRISPRI fitness landscapes and functional enrichment networks of B. thetaiotaomicron in MM-glc versus MM-muc. (a)

Hierarchical clustering of gene-level fitness z-scores comparing growth in MM-glc to MM-muc. The heatmap displays 1,256 genes exhibiting significant

condition-dependent fitness divergence (p-val < 0.05, Mann-Whitney U test), partitioned into 10 distinct clusters (c1-c10). (b) Functional enrichment

analysis of the corresponding gene clusters using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and Gene Ontology (GO) terms.

Categories with blue and orange hue denote mean z-score lower or higher than 0 in the MM-muc condition, respectively.

strain (BT_1352%%), which exhibited the highest z-score in MM-
muc (Table S4). We observed a progressive increase in its
relative abundance, rising from ~10-15% in the pre-culture to
~65-70% after the first mucin passage, and reaching ~80%
by later passages (Figure 4e). This demonstrates a substan-
tial advantage under mucin selection. Furthermore, targeted
deletions of entire CPS loci altered growth dynamics in MM-
muc, where both ACPS3 and ACPS4 mutants reached higher
cell density in MM-muc compared to the wild type, whereas
differences for ACPS1 and ACPS5 were negligible (Figure 4f,
Figure S5a, b), corroborating previous findings that CPS3 and
CPS4 are the dominant surface structures expressed in vitro
[32, 33]. These growth phenotypes are concordant with the
inferred fitness scores, confirming that the metabolic impact of
gene repression is also mirrored in complete deletion mutants.
Together, these results demonstrate that capsule loci are not
functionally equivalent, and that expressing specific capsules
imposes a pronounced metabolic burden during growth on
mucin.

Intriguingly, although CPSI1, 3, 4, and 5 were downregulated
in MM-muc relative to MM-glc (Figure 4d, Figure S6), their
fitness cost remained largely neutral in MM-glc (Table S4). This
was validated experimentally, as the growth of both knockdown
and knockout strains in MM-glc remained largely neutral or
marginally deleterious (Figure S5b—f). This suggests that fac-
tors beyond simple protein synthesis drive the observed fitness
defects in MM-muc. Mechanistically, the data support a “surface-
accessibility trade-off” model. Previous studies have shown that
the bacterial polysaccharide capsule can act as a physical dif-
fusion barrier, restricting the access of complex carbohydrates
to outer membrane nutrient acquisition machinery [17]. In B.
thetaiotaomicron, this machinery comprises SusD-like proteins,
additional surface glycan-binding proteins, surface-associated
CAZymes, and TonB-dependent transporters. Some of these
proteins additionally contain CBM domains that facilitate sub-
strate recognition and binding [15-18], where inactivation of
the CBM domain compromises substrate binding activity [17].
In the current context, capsule synthesis likely reduces the
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FIGURE 4 | Enrichment of capsular polysaccharides reveals selected CPS-associated fitness costs during growth on MM-muc. (a) Volcano plot
of genome-wide CRISPRI fitness screens highlighting the profound enrichment of genes within clusters 4 and 5 during growth in minimal medium
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mapping to the CPS biosynthetic loci. (d) Transcriptomic expression profiles of the eight annotated CPS loci in wild-type B. thetaiotaomicron cultured
in MM-glc versus MM-muc. (e) In vitro competition assay tracking the relative abundance of a targeted CPS4 knockdown mutant (BT_13529) against a
non-targeting (NT) control strain over successive passages in MM-muc. (f) Growth profile of the wild-type and specific deletion strains (ACPS1, ACPS3,
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effective reach of bulky mucin glycans at the outer membrane,
thereby impairing their engagement by PUL-associated sensing
and uptake (Figure 4g).

As expected, RNA-Seq analysis revealed significant induction of
several genes encoding CBM-containing proteins during growth
in MM-muc (Figure 4h), together with numerous SusC/SusD-like
and other TonB-dependent transport systems (Figure S7). In par-
ticular, we observed strong induction of genes encoding predicted
glycan-binding proteins with CBM32 domains, which have been
implicated in the recognition and binding of host O-glycan motifs
[34]. Among them, BT 4244, a well-characterized mucinase that
preferentially cleaves mucin O-glycans, and BT_4245, a cognate
SGBP for mucosal glycan recognition [18, 21, 35], were among
the most highly up-regulated genes (Figure 4h) [5]. Similarly,
we observed a marked induction in BT 0996, which contains
CBMS6 and 35 from a rhamnogalacturonan II-degrading enzyme
[36], and susG that binds to starch at the outer membrane [17].
Other predicted CBMs containing genes, such as CBM51 that
bind host blood group antigens and related epitopes [37], and
CBMO1 with activity on xylo-oligosaccharides [38], respectively,
were also up-regulated. However, it should be noted that several
CBM-like -sandwich domains have been classified as bacte-
rial immunoglobulin-like modules and shown to function in
catalytic-domain stabilization, or active-site assembly, instead
of autonomous glycan binding [39, 40]. Thus, the result for
proposed glycan-binding proteins with predicted CBMs may
reflect increased deployment of multidomain glycan-processing
proteins, instead of their autonomous glycan capture.

Despite this widespread upregulation, however, no individual
glycan-binding and sensing machineries exhibited a significant
fitness contribution in MM-muc (Figure 4h, Figure S7). This
pattern seems to reflect functional overlap among multiple
surface-binding, catalytic, and transport components. Never-
theless, this coordinated overexpression is consistent with a
surface-accessibility model where specific CPS states hinder
the access of bulky mucin to outer-membrane capture systems.
Taken together, these results suggest that while individual glycan-
binding machineries may be redundant, their collective upregula-
tion constitutes an essential adaptive strategy for efficient mucin
utilization.

2.6 | Functional Robustness of CAZymes

Just as B. thetaiotaomicron deploys a repertoire of glycan-
recognition and binding proteins for initial substrate capture, our
gene-level fitness analysis revealed extensive functional robust-
ness within the downstream catalytic machinery (Figure 5a,
Figure S8). Specifically, various GH families, which catalyze the

hydrolysis of glycosidic linkages in polysaccharides [41], exhib-
ited neutral fitness z-scores (Iz-scorel < 1.0) in MM-muc. One
exception is BT_0771, which encodes a GH13 glucan-branching
enzyme, showing a MM-muc specific fitness defect (Figure S9a,
b). Previous Tn-Seq results also showed depletion of BT_0771
across different carbon sources [12], suggesting an essential
nature of BT_0771 in strain fitness (Figure S9c, Text S2). When
mapping these GH families to their predicted enzymatic cleavage
sites on the complex mucin O-glycan structure (Figure 5b) [41],
we observed that genes within key mucin-targeting families
were generally upregulated in MM-muc compared to MM-glc
(Figure 5c). However, despite this strong condition-specific induc-
tion, the targeted repression of these individual GH genes resulted
in negligible fitness defects.

We surmise that these near-neutral fitness scores in GH knock-
down strains can be ascribed to two non-exclusive factors,
including (i) extensive functional complementarity within the
Bacteroides glycan-degrading machinery and (ii) the structural
complexity of mucin itself. First, B. thetaiotaomicron allocates
a significant portion of its genome to diverse PULs and their
embedded CAZymes [9]. This elaborate gene repertoire provides
CAZyme isozymes with overlapping substrate specificities that
may complement against the loss of any single hydrolase [6,
41]. Second, while degrading complex glycans such as mucin,
B. thetaiotaomicron co-expresses arrays of distinct CAZymes to
harvest a diverse pool of monomers for downstream metabolism
[4, 5, 42]. Consequently, the simultaneous hydrolysis of multiple
glycan branches may generate a ‘sufficient’ nutrient supply
to support growth, even when specific partner enzymes are
absent—though strict metabolic bottlenecks do exist in some
cases [43]. Taken together, these findings suggest substantial
apparent robustness to individual CRISPRi perturbations within
the extracellular mucin-processing network under the conditions
tested.

Taken together, gene-level fitness profiling across saccharolytic
CAZymes and cognate PULs revealed that repression of most
individual genes produced neutral or statistically insignificant
fitness effects during growth on MM-muc. This apparent lack of
fitness changes did not reflect transcriptional inactivity. Rather,
transcriptomic analysis based on B. thetaiotaomicron iModulon
framework [26] showed a broad induction of CAZyme-associated
gene modules, including multiple PUL iModulons, in MM-muc
relative to MM-glc (Text S3, Figures S10 and Sl11, Table S6),
consistent with previous reports of extensive mucin-responsive
PUL activation in B. thetaiotaomicron [5, 44]. Such disconnect
between broad transcriptional induction and minimal single-
gene fitness defects suggests that mucin foraging is supported
by a highly distributed and functionally redundant extracellular
degradation network, such that repression of individual CAZyme
components is insufficient to compromise overall fitness.

ACPS4, ACPS5) cultured in MM-muc. Data points represent the mean, and shaded regions indicate the standard deviation of biological triplicates. (g)
Mechanistic schematic illustrating the CPS-mediated steric hindrance hypothesis. CPS layer physically occludes access of structurally massive mucin
to cellular membrane. Outer membrane-anchored SGBP facilitates membrane localization of mucin via glycan recognition and binding. (h) Heatmap

displaying encoding predicted glycan-binding proteins containing CBM domains that are significantly changed in terms of either fitness (z-score with p-
val < 0.05; Mann-Whitney U) or expression (DEGs with padj < 0.01). CBM-family assignments are based on CAZy annotations and primary biochemical
literature (in gray), unless explicitly indicated as experimentally characterized (in black). Asterisks (*) indicates statistical significance. Abbreviations:

H/DG—host or dietary glycans, MOG—mucin O-glycans.
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FIGURE 5 | Fitness landscapes of CAZy family enzymes and pathways for mucin glycan degradation. (a) Distribution of z-scores for genes

categorized by CAZy families statistically significant in MM-muc. Violin plots show the spread of z-scores for individual genes within each family.
Genes with |z-scorel > 1.0 are highlighted. (b) Schematic model of intact mucin O-glycan degradation by B. thetaiotaomicron. GHs encoded in B.
thetaiotaomicron are marked in white, those absent are marked in gray. (c) Heatmaps comparing the fitness contributions and transcriptional expression

of specific mucin-targeting GH genes that are significantly changed in terms of either fitness (z-score with p-val < 0.05; Mann-Whitney U) or expression

(DEGs with padj < 0.01). Asterisk (*) statistical significance.

2.7 | Fitness and Expression Profiles of
Downstream Metabolic Pathways of
Mucin-Constituent Sugars

We next investigated whether the intracellular pathways assim-
ilating liberated monosaccharides exhibit a matching fitness
architecture. Once complex host glycans are cleaved into con-
stituent monosaccharides such as GlcNAc, GalNAc, fucose, and
galactose [23], these sugars are channeled through dedicated
catabolic pathways into central carbon metabolism (Figure 6a-d)

[7].

Consistent with this framework, the pathways downstream
of mucin-constituent sugars displayed distinct combinations
of transcriptional activation and genetic requirement. First,
transcriptomic analysis showed a generally concordant
upregulation of catabolic pathways in MM-muc. In
particular, the fucose-responsive BT_1272-1277 operon,
which governs fucose isomerization and phosphorylation
[2, 24], exhibited significant upregulation compared to
MM-glc (Figure 6a). However, most genes in this module
showed minimal to no fitness defects, suggesting that the
transcriptional induction of the fucose module does not
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FIGURE 6 | Fitnessand expression profile of metabolic pathways of mucin constituent sugars. (a) Heatmaps detailing the fitness and transcriptional

expression of genes involved in the degradation and utilization of specific liberated sugars (GlcNAc, L-Fucose, GalNAc, and galactose) during growth
in MM-glc and MM-muc. Asterisks (*) denote statistically significant fitness effects (p-val < 0.05), while “ns” indicates not significant. (b-d) Growth
curve comparison between NT control and a knockdown strain for BT_0623 (BT0623%%) in (b) MM-glc, (c) MM-muc, and (d) MM-galactose. Data points
represent the mean, and shaded regions indicate the standard deviation of biological triplicates.

necessarily translate into a growth bottleneck in a pooled
screen.

In the case of GIcNAc utilization, the metabolic pathway
exhibited divergent transcriptional responses among specific
isozymes (Figure 6b). For example, among genes encoding
N-acetylglucosamine-6-phosphate deacetylase, BT_0675 and
BT_0676 were downregulated, whereas BT 3588 was upregulated.
Similarly, for the downstream glucosamine-6-phosphate
deaminase isozymes, BT_3587 and BT_0258 were induced,
while BT_4127 was repressed (Figure 6b). This pattern closely
mirrors previously reported expression profiles during GIcNAc-
specific induction [33], highlighting the primary involvement
of specific isozymes in GIcNAc metabolism. Regarding gene
fitness, all genes remained neutral upon knockdown, indicating
functional redundancy among these metabolic genes.

In contrast, the galactose utilization branch exhibited clear
condition-specific functional dependencies. Multiple genes
within the predicted Leloir pathway, including BT_0371

(glucose/galactose transporter), BT_0372 (aldose 1-epimerase),
and BT_0623 (UDP-glucose 4-epimerase), displayed significant
negative fitness effects in MM-muc (Figure 6d). This finding is
consistent with a previous report identifying these three genes
as core fitness determinants during carbohydrate utilization
[11]. Although their transcript levels were higher in MM-
muc than in MM-glc, these differences were not statistically
significant in our dataset. Previous studies have reported
mucin-specific induction of these genes, which showed that
their expression is responsive to host glycan availability
[33, 44]. Together, these results suggest that the galactose
utilization machinery may be maintained at a sufficient
basal level to support growth across conditions but becomes
specifically required when mucin-derived sugars serve as the
primary carbon input. Consistent with this, earlier work has
linked BT _0370-BT_0371 and BT_0623 to galactose utilization
during growth on mucin [44], highlighting that galactose,
which is the most abundant constituent sugar in mucin
[23], serves as a functionally important carbon source for B.
thetaiotaomicron.
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To experimentally validate these fitness predictions, we focused
on BT_0623, which selectively yielded negative z-scores in MM-
muc within the galactose catabolic pathway (Figure 6d). Relative
to the NT control, the BT_0623 knockdown strain (BT0623%)
showed a reproducible growth defect in MM-muc but not in
MM-glc (Figure 6e, f, Figure S12a, b). This phenotype became
more pronounced when galactose was provided as the sole carbon
source (Figure 6d, Figure Sl2c), establishing a direct role for
BT_0623 in mucin- and galactose-dependent growth. Together,
these data show a functional conservation and specific metabolic
bottlenecks required for growth in the presence of mucin.

2.8 | Comparative Analysis of In Vitro and In Vivo
CRISPRIi Screens

Next, to determine whether the mucin-dependent fitness land-
scape observed in vitro is retained in the host, we performed
pooled in vivo CRISPRi screens during murine colonization
(Figure 7a, Text S4, Figure S13). We identified genes showing
significant z-score changes (p-val < 0.05; Mann-Whitney U) in
the colon relative to the input library (Tables S3 and S7). Among
genes with significant fitness effects in either the colon or MM-
muc, fitness scores were strongly correlated between the two
environments (Pearson R = 0.78, 95% CI = 0.76-0.80), exceeding
the correlation between the colon and MM-glc (Figure 7b, Figure
S14). Consistent with this global trend, pathway-level analysis
showed that MM-muc more closely recapitulated the colon
fitness profile across most KEGG biological processes than did
MM-glc (Figure S15a). However, specialized functional categories
associated with capsule biosynthesis and glycan acquisition,
including CPS, PUL and CAZyme groups, showed greater diver-
gence between MM-muc and the colon than between MM-glc and
the colon (Figure S15b, ¢). Furthermore, quadrant-level analysis
further showed that shared depletion in MM-muc and the colon
was dominated by core translational functions, whereas discor-
dant quadrants were enriched for glycosyltransferase- and locus-
specific PUL/CAZyme/CPS patterns, indicating that specialized
surface and glycan-utilization functions diverge between mucin-
defined growth and the host colon environment (Figure 7c;
Table S8, Text S5). Together, these results indicate that MM-
muc captures broad host-relevant physiological constraints but
only partially reflects specialized surface-associated and glycan-
processing functions shaped by the intestinal niche.

2.9 | Divergent Fitness Profile of Mucin
Utilization Networks In Vitro and In Vivo

Next, we analyzed gene fitness profiles across the specialized
categories CPS, PUL and CAZy. Notably, category-specific diver-
gence was especially evident for genes belonging to CPSs and
PULs, and to a lesser extent for CAZy-associated genes (Figure
S15b, c). Consistently, CPS and PUL fitness distributions differed
significantly between MM-muc and the colon, whereas CAZy
genes did not (Figure 7d). Detailed subcategory analysis further
revealed that the pronounced fitness advantage of repressing CPS
genes in MM-muc, which we suggest as a phenomenon driven
by the cost of capsule expression in vitro (Figure 4), was not
evident in the colon environment (Figure 7e, Table S9). This
disparity highlights a trade-off in capsular expression, where we

speculate that the apparent metabolic cost of CPS synthesis is
counterbalanced by host-imposed selective pressures, such as
immune evasion [32], phage sensitivity [45], biofilm formation
[46], and niche competition [47], all of which are irrelevant in a
strictly controlled in vitro MM-muc. This corroborates previous
observations where CPS4 inactivation impairs in vivo fitness
[10, 11, 48], likely through these host-relevant traits [32, 45, 47].
Additionally, the difference between our CRISPRi results (CPS4
neutral in vivo) and prior knockout phenotypes (CPS4 lethal in
vivo) may reflect the distinct consequences of partial knockdown
versus complete gene loss [49].

CRISPRI strains targeting genes in several PULs, including
PUL47, PUL68, and PUL77, were relatively enriched in the colon
compared to MM-muc, indicating that repression of these loci
is more favorable in vivo (Figure 7f). PUL47 and PUL68 are
induced by host glycans, whereas PUL77 is associated with uti-
lization of the plant polysaccharide rhamnogalacturonan-I (RG-I)
[5, 50]. These patterns are consistent with B. thetaiotaomicron
encountering a nutritionally heterogeneous and competitive gut
environment, where expressing certain PULs may be energeti-
cally unfavorable [10, 11]. Consistent with this result, repression
of the PUL77-encoded GH2 exo-3-1,4-galactosidases BT_4151 and
BT_4156, which remove residual galactan substituents from RG-
I, resulted in relative enrichment in the colon (Table S9). This
contrasts with a prior in vivo fitness screen, where BT_4151
showed gradual depletion during gut colonization, whereas
BT_4156 remained neutral throughout [12]. These divergent
fitness outcomes further highlight that fitness contribution of
PUL-associated genes is contingent upon the nutrition context of
the surrounding environment [11].

By contrast, several other GHs were depleted in vivo, including
BT _4187, a GH28 protein genetically implicated in RG-I utiliza-
tion; BT_4305, a predicted GH57 a-glucan-active enzyme; and
BT_0771, a predicted GH13 1,4-a-glucan branching enzyme, as
consistent with their reported fitness profiles [11, 12]. Notably,
although prior mutagenesis studies showed that both BT_4187
and BT_4149, which encode GH28 proteins, are important for
type I RG-I utilization [12, 51], these two genes showed strikingly
different in vivo fitness profiles, where BT_4187 was depleted (z-
score: -1.97), while BT_4149 was enriched (z-score: 1.67) (Table
S9). This contrast suggests that BT_4187 may support a varied in
vivo function beyond that of RG-I utilization or that its role is less
easily complemented than that of BT_4149.

Nonetheless, most PUL-associated genes remained dispensable at
the individual level in vivo. Of the 866 PUL-associated genes [5],
only twelve retained negative z-scores in the colon, and only two
(BT_3461 and BT_4723) showed marked depletion (z-score < -1;
p-val < 0.05) (Table S9). This suggests that the loss of individual
glycan-acquisition functions can often be compensated for pre-
sumably because the afflicted mutants still maintain sufficient
enzymatic capacity to access a redundant repertoire of glycans
[48]. Together, these patterns suggest that fitness changes in
PULs and cognate CAZymes may arise from shifts in substrate
prioritization or access to host-modified glycans, features not
fully captured by MM-muc alone [10, 11].

Lastly, the fitness profiles of downstream sugar catabolic path-
ways were largely conserved, with the galactose utilization
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FIGURE 7 | In vivo fitness profiling of B. thetaiotaomicron and correlation with in vitro mucin-dependent growth. (a) Schematic overview and

timeline of the in vivo mouse colonization model. Arrows indicate the time point at which specific interventions were administered. (b) Scatter plot

comparing CRISPRI fitness z-scores obtained from in vitro growth in MM-muc against in vivo colonization in the murine colon. (c) Heatmap detailing
functional enrichment analysis for genes categorized in Q2 and Q3 from panel b. (d) Violin plots comparing the distribution of fitness z-scores across
distinct functional gene categories between the MM-muc and colon environments. (e-f) Violin plots in sub-categories of (e) CPS and (f) PUL. Red

horizontal lines denote the median values. Statistical differences between the two conditions are indicated (* p-val < 0.05, *** p-val < 0.001, ns = not

significant).

branch remaining the most negatively impacted (particularly
for BT_0371 and BT_0372), while BT_0623 showed a milder
defect in vivo (Table S9). This conservation suggests that while
PULs and CAZymes offer flexibility, downstream galactose
utilization remains a constant determinant of fitness across
both mucin-rich and host-associated conditions, as reported
previously.

3 | Discussion

In this study, we integrated genome-wide CRISPRi and RNA-Seq
to leverage system-scale datasets for reconstruction of the mucin
utilization network in B. thetaiotaomicron. The flow of our anal-
ysis spans from glycan access at the surface layer, degradation by
CAZymes, to downstream sugar assimilation network (Figure 1).
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Then, we further compared in vitro mucin-dependent fitness
profiles with in vivo datasets to distinguish core determinants of
mucin utilization from host-environment-specific adaptations.

At the surface layer, the enrichment of CPS-repressed strains,
together with targeted competition and deletion phenotypes,
showed that capsule-associated traits, although beneficial in
vivo [32, 45-47], can impose context-dependent fitness costs
during mucin utilization under controlled in vitro conditions.
Current data are consistent with a model in which specific
CPS limit access to mucin-derived nutrients at the cell surface,
consistent with evidence that surface architecture influences
complex glycan capture [17, 34]. However, as this study does
not directly demonstrate steric occlusion, these observations
should be framed as functional inferences rather than definitive
mechanisms.

At the extracellular interface, many mucin-induced glycan-
binding and hydrolytic proteins, including selected CBM-
containing CAZymes and SusC, D-like proteins made little
detectable contribution to fitness upon perturbation despite
clear transcriptional activation. This transcript-fitness decou-
pling is consistent with the architecture of Bacteroides glycan-
utilization systems, in which the associated proteins can act
on overlapping substrates, thereby functionally complementing
for individual gene perturbations [52]. However, it should be
noted that this apparent redundancy may be specific to mucin
utilization and are not generalized to other polysaccharides
or host-derived glycans. For example, complex arabinogalac-
tan utilization can depend on an initiating surface endo-$-
1,3-galactanase, chondroitin-sulfate catabolism contains a rate-
determining glucuronyl hydrolase, and heparin/heparan-sulfate
degradation requires surface and periplasmic enzymes with
distinct substrate specificities [53-55]. These studies illustrate that
PUL-mediated glycan utilization can contain non-redundant,
pathway-constraining enzymatic steps. By contrast, the down-
stream metabolic layer appeared less uniformly complemented.
Among the pathways for mucin-constituent sugars, the galactose
branch showed pronounced condition-specific fitness defects,
where the repression of BT_0623 impaired growth on both
mucin and galactose. A plausible interpretation is that while the
liberation of mucin-derived sugars is distributed across a partially
redundant network, intracellular assimilation involves narrower
metabolic bottlenecks. However, this conclusion remains mea-
sured, while our data identify galactose catabolism as a key
determinant in this setting, they do not establish it as the sole
dominant carbon route during mucin-supported growth.

The comparison with murine colonization is most informative
where it diverges from the MM-muc landscape. The strong
enrichment of CPS-repressed strains in MM-muc remained
largely neutral in vivo. This suggests that capsule fitness is shaped
less by carbon utilization efficiency alone than by ecological
contingencies absent in vitro. The outer colonic mucus layer
is a spatially distinct niche rather than a simple reservoir of
mucin glycans. Previous work has shown that bacterial behavior
in this compartment is influenced by localization, resource
partitioning, and microbial competition [11, 13]. In that context,
the in vitro CPS phenotype likely reflects the nutrient-access
cost of capsule expression, which manifests only when its host-
associated benefits become irrelevant. In contrast, the relative

enrichment of several PULs in vivo compared with MM-muc
suggests that colonization rewards substrate breadth and rapid
metabolic switching over exclusive specialization for mucin. Our
results support the view of the host gut as a heterogeneous and
fluctuating nutrient landscape, in which host glycans, dietary
polysaccharides, and community-derived breakdown products
coexist.

Several limitations define the scope of this study. First, CRISPRi
measures partial repression rather than a complete loss of
function. Consequently, the resulting phenotypes may under-
estimate the contributions of genes with fitness effects emerge
only below a critical activity threshold, which may obscure the
distinction between true functional redundancy from incomplete
knockdown. This likely explains the neutral fitness scores of
CPS4-repressed strains, where CPS4 deletions typically show
defects [10, 11, 48] and a relatively ‘mild’ fitness defect in
BT_0623%, despite its status as core fitness determinant in car-
bohydrate metabolism [11]. Second, pooled CRISPRi screen can
leave ‘cheaters’ undefeated despite loss of a critical function. For
example, BT1636, an S1_20 3-O-sulfogalactose sulfatase essential
for utilization of highly sulfated colonic mucin O-glycans and
in vivo fitness [43], showed no significant fitness effect in the
current screen and in previous pooled screening studies [11,
12]. The overwhelming majority of neighboring strains retain
BT1636 activity and may collectively remove terminal sulfate
groups, potentially allowing BT1636-deficient cells to access
processed glycans or downstream metabolites. Although such
trans-complementation was not directly tested, it provides a
plausible mechanism by which a non-redundant extracellular
activity could be underestimated in pooled functional-genetic
screens.

An additional caveat concerns with the biochemical composition
of mucin used in this study—MM-muc contained commercially
processed porcine gastric mucin, which differs from native
colonic mucin in composition and O-glycan repertoire [56].
These differences may influence the relative accessibility and
abundance of specific glycan structures and therefore limit the
extent to which individual MM-muc fitness determinants can be
directly extrapolated to native colonic mucin. Nevertheless, the
substantial concordance between the MM-muc and murine colon
fitness landscapes indicates that this experimentally tractable
mucin condition captures a meaningful subset of host-relevant
physiological constraints. Lastly, MM-muc lacks the spatial com-
plexity, mixed nutrient inputs, and microbial antagonism of
the host niche and other environmental variables that shape
colonization. Future studies should focus on defining which
extracellular mucin-acquisition functions remain limiting under
more host-relevant conditions, such as organoid models [57], and
on clarifying how capsule expression modulates nutrient access
and fitness across distinct gut environments.

4 | Materials and Methods
4.1 | Bacterial Strains and Culture Conditions
The B. thetaiotaomicron VPI-5482 strain (ATCC 29148) was

sourced from the Korean Collection for Type Cultures. Routine
cultivation of B. thetaiotaomicron strains was carried out in brain
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heart infusion-supplemented broth (BHIS) or Columbia Blood
Agar (MBcell, no. MB-C2146) supplemented with 5% defibrinated
sheep blood (MBcell, no. MB-S1876). One liter of BHIS liquid
medium contains the following components: 37 g of BHI powder
(BD Bacto, no. 237500), 5 g of yeast extract (BD Bacto, no. 212750),
0.5 g/L L-cysteine hydrochloride monohydrate (TCI, no. C0517),
0.2 mM L-histidine (Sigma, no. H6034), and 1.9 uM hemin (Sigma,
no. 51280), with the pH adjusted to 8. The menadione solution
(1 pg/mL, Sigma, no. M5625) was dissolved in absolute ethanol
(Merck, no. 100983). L-cysteine, L-histidine-hemin solution, and
menadione were filter-sterilized using a Minisart 0.2 um syringe
filter (Sartorius, no. 16534K) and added to the media immediately
prior to cell culture. Minimal medium contains 100 mM of
KH,PO,, 15 mM of NaCl, 8.5 mM of (NH,),SO,, 0.5 g/L L-
cysteine hydrochloride monohydrate, 0.2 mM L-histidine, 1.9
uM hemin, 50 uM CacCl,, 100 uM MgCl,, 1.4 uL FeSO,+7H20,
1pg/mL menadione, and 5 ng/mL vitamin B12. All carbon sources
including glucose (Sigma-Aldrich, no. G7021), galactose (Sigma,
no. G5388), and mucin from porcine stomach (Sigma-Aldrich, no.
M1778) were added to minimal medium with a final concentration
0.5% (w/v), unless stated otherwise. Appropriate antibiotics and
inducer, including erythromycin (25 ug/mL; Sigma-Aldrich, no.
E5389), gentamicin (200 pg/mL; Sigma-Aldrich, no. G1264), and
Isopropyl B-D-1-thiogalactopyranoside (100 uM; Sigma-Aldrich,
no. 15502) were used as required. Cell cultures were incubated
in 150 mL serum bottles, with up to 50 mL of culture medium,
purged with N,/CO, (90:10) gas at 80 kPa. Competition assay
was performed by mixing two heterogeneous populations at a set
ratio in 50 mL of minimal medium containing porcine mucin as
the sole carbon source, at an initial ODgy, ~ 0.02. Cultures were
incubated at 37°C, 200 rpm for 6 h, then serially passaged to a
fresh MM-muc at 100-fold dilution, for a total of 6 passages. The
initial passage, and the passage 2, 4 and 6 were prepared for NGS
sequencing. Growth profiling was carried out in an Epoch 2 plate
reader (BioTek) at 37°C with shaking (807 rpm, double orbital)
over a 24-h period, and OD, absorbance was recorded every 10
min. For plate reader experiments, porcine mucin was added at
0.2% (w/v) to minimize optical interference due to turbidity. All
plate-reader datasets are normalized with a corresponding blank,
pathlength-corrected, and baseline-shifted to the set initial ODy,.
Specific growth rate (u) was determined between five consecutive
timepoints that yield the highest rate along the log phase of
growth, as calculated by the standard equation. The E. coli S17-
1 A pir strain (ATCC BAA-2428), used as a conjugation helper
strain, was kindly provided by Professor Pil Kim at the Catholic
University of Korea. The E. coli strains were cultured aerobically
at 37°C in Luria-Bertani broth or on agar plates supplemented
with 100 pg/mL ampicillin (Sigma-Aldrich, no. A0166).

4.2 | Vector Construction

All plasmids used in this study are listed in Table S10. Plasmid
cloning and propagation were carried out in PIR1 One Shot E. coli
(Invitrogen, no. C101010) as per the manufacturer’s guidelines.
Phusion High-Fidelity DNA Polymerase was employed for high-
fidelity amplifications and DNA sequencing. All oligonucleotides
were synthesized by Macrogen. DNA purification was carried
out using QIAquick PCR Purification Kit (Qiagen, no. 28104),
QIAquick Gel Extraction Kit (Qiagen, no. 28704), and DNA-

spin Plasmid DNA Purification Kit (iNtRON Biotechnology, no.
17098).

The sgRNA expression vector was developed using the pMM?710
plasmid (Addgene, no. 68543), which is based on the pNBU2 back-
bone and incorporates the intN2 tyrosine integrase along with
attN sites. These features facilitate site-specific recombination
with one of two attBT sites, BT_t70 and BT_t71, enabling precise
integration into the B. thetaiotaomicron genome. The sgRNA
cassettes, comprising a promoter, N20 spacer, and scaffold, were
assembled using primer pairs that incorporate Bpil type II restric-
tion enzyme sites at their 5 and 3’ termini, respectively (Full
sequence in Table S11). After PCR amplification and purification,
the sgRNA cassettes and the pMM553 backbone vector were each
subjected to digestion with Bpil enzyme (Thermo Scientific, no.
FD1014), generating compatible ends for subsequent ligation. The
digested sgRNA cassettes were then inserted into the linearized
pMM553 vector backbone using T4 DNA ligase (Invitrogen, no.
15224017), following the manufacturer’s instructions.

CPS knockout strains were designed as described previously
[20]. Construction of gene knockout vectors targeting four CPS
loci were designed based on pLGBI3 counter selection vector
[58]. Specifically, homology arms were cloned into pLGB13 and
propagated in E. coli S17-1 Apir. The CRISPRi construct was
transferred to B. thetaiotaomicron via conjugation and selected
using appropriate selection markers.

4.3 | Design Consideration for sgRNA Oligomer
Library

The sgRNAs were designed to target the 5° end of every 100 bp
segment of the open reading frame (ORF). In cases where no
sgRNA target site was available within a 100-bp window, the
nearest available target site from the preceding segment was
chosen. To ensure effective transcription inhibition, sgRNAs were
designed to bind to the coding strand of the target ORFs, following
the methodology reported in a previous study [28]. Off-target
sequences that did not meet the specified criteria in a previous
study were excluded [59]. The final library consisted of 55,378
sgRNAs designed to target at roughly 100-bp intervals of the ORF
sequences.

4.4 | Synthesis of Oligomer Library and Assembly
of Plasmid Library

The sgRNA oligomers were synthesized and cloned into a NBU-
2-based plasmid vector. The plasmid library was received as a
glycerol cell stock from GENEWIZ. The pooled plasmid library
was cultured, and plasmids were subsequently purified using a
commercial plasmid extraction kit, following the manufacturer’s
instructions.

4.5 | Transformation of sgRNA Plasmid Library to
Helper Strain for Conjugation

The conjugation of the bacterial host was initiated by electro-
porating the purified sgRNA plasmid library into the helper
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strain E. coli S17-1 Apir. To prepare electrocompetent E. coli S17-1
Apir cells, an overnight culture was grown in LB medium. This
culture was then transferred into 50 mL of fresh LB medium
with an initial ODgy, of 0.05. The cells were allowed to grow
until the mid-log phase, which was reached when the ODy,, was
between 0.4 and 0.6. The cells were pelleted by centrifugation
at 4,000 x g for 10 min at 4°C and washed twice with ice-cold
10% (v/v) glycerol. After washing, the cells were resuspended in
100 pL of ice-cold 10% glycerol. The prepared competent cells
were immediately frozen in liquid nitrogen and stored at -80°C
until transformation.

For electroporation, 500 ng of the purified sgRNA plasmid library
was added to 100 pL of electrocompetent E. coli S17-1 Apir
cells. The mixture was gently mixed and transferred into 1 mm
electroporation cuvettes. Electroporation was performed using a
Bio-Rad MicroPulser Electroporator, following the recommended
protocol for E. coli transformation, with a voltage setting of
1.8 kV and using 0.1 cm cuvettes. Following electroporation,
the cells were immediately resuspended in 900 uL of SOC
medium and incubated for 1 h at 37°C to allow for recovery.
After recovery, the cells were serially diluted and spread onto
LB agar plates containing ampicillin to select for transformed
cells. The transformation efficiency was evaluated by counting
the number of colonies and determining the necessary number
of plates to achieve the desired number of colonies. Once
colonies were visible, they were scraped and resuspended in
LB medium supplemented with ampicillin. A 50% (v/v) glycerol
solution was added in an equal volume to create a 25% (v/v)
glycerol stock, which was stored at -80°C. All procedures fol-
lowing the scraping of cells were performed on ice to minimize
any potential loss of viability. A total of 4.5 x 10° colonies
were obtained, yielding 81-fold coverage of the designed sgRNA
library.

4.6 | Conjugation of Bacterial Hosts

The sgRNA library was integrated into the B. thetaiotaomicron
genome through conjugation, facilitated by the helper strain
harboring the sgRNA plasmid library. This process was car-
ried out as described by previous protocols [60]. Briefly, B.
thetaiotaomicron strains containing an integrated dCas9 sys-
tem were cultured overnight and diluted into BHIS medium
to an ODg,, of 0.05. The cultures were allowed to grow to
early exponential phase (ODgy, between 0.2 and 0.4) before
harvesting. The harvested B. thetaiotaomicron cells were mixed
with the E. coli S17-1 Apir cells, which contained the sgRNA
plasmid library, at a 1:5 (v/v) ratio. Two-hundred microliters
of the mixture was pooled onto CBA plates and incubated
aerobically at 37°C for 20 h in a standing incubator to allow
conjugative mating to occur. After the incubation, the cell
lawn was scraped from the plates and resuspended in 20 mL
of BHIS liquid medium. Ten milliliters of cell suspensions
were plated on BHIS agar containing erythromycin (25 ug/mL)
and gentamicin (200 ug/mL) in square plates (SPL Life Sci-
ences, no. 10245). These plates were incubated in an anaerobic
chamber (20% CO,, 4% H,, and balanced nitrogen) at 37°C
for 48 h. Following incubation, colonies were harvested and
resuspended in BHIS liquid medium containing erythromycin.
The resuspended cells were aliquoted into cryovials with the

addition of 50% (v/v) glycerol to create 20% (v/v) glycerol
stocks, which were stored at -80°C. Prior to storage, the cry-
ovials were maintained in the anaerobic chamber to allow for
proper gas exchange. The individual stocks from the colonies
were combined into a unified cell stock, with the final stock
composition proportional to the number of colonies originally
formed.

In this experiment, approximately 10° colonies were obtained
per conjugation round. A total of 35 conjugation rounds were
performed, resulting in approximately 3 x 10° colonies. Seven
conjugations were carried out each day over the span of five
days, resulting in approximately 3.5 x 10°colonies. This procedure
generated an sgRNA library with an average coverage of 63-fold.

4.7 | In Vitro CRISPRIi Screening

The main cultures of B. thetaiotaomicron CRISPRI library were
maintained in MM-glc, or in MM-muc. For MM-glc, main culture
underwent seven serial passages, starting from an initial ODg,
of 0.05 and growing to a final ODgy, of 1.0, encompassing
4-5 generations per passage for a total of approximately 30
generations. For MM-muc, the main culture underwent six serial
passages, each initiated at an ODg, of 0.02 and incubated for
6 h before dilution and transfer. All cultures were supplemented
with erythromycin (25 pg/mL) and induced with IPTG (100 uM)
to promote dCas9 expression. Main cultures were also performed
in triplicate and maintained in 150 mL serum bottles containing
50 mL of culture media, purged with a N,/CO, (90:10) gas
mixture at 80 kPa, and incubated at 37 °C with shaking at
200 rpm.

4.8 | InVivo CRISPRi Screening

In vivo CRISPRI screening experiments were conducted using a
CRISPRI library of B. thetaiotaomicron in male C57BL/6J mice.
Mice received a 10-day antibiotic treatment regimen to facilitate
colonization of the orally gavaged bacteria. Specifically, mice were
provided drinking water supplemented with 1 g/L metronida-
zole (Sigma-Aldrich, no. M1547) and 0.625 mg/mL ciprofloxacin
(Sigma-Aldrich, no. 17850), sweetened with 3% sucrose (Sigma-
Aldrich, no. 84100), for the first seven days. This was followed
by oral gavage of metronidazole at 100 mg/kg once every 24 h
and continued ciprofloxacin administration in the drinking water
for the subsequent three days. Following a two-day antibiotic-
free period, mice received a single oral gavage of 5 X 10° CFU
of engineered B. thetaiotaomicron cultured in BHIS medium
supplemented with 100 uM IPTG until the log phase. From
the day of inoculation (day 0) until euthanasia (day 3), mice
were fed with drinking water supplemented with 25 mM IPTG.
Colon tissues were harvested by flushing luminal contents with
phosphate-buffered saline (PBS).

4.9 | DNA Extraction

Cells were collected by centrifugation at 4,000 X g for 10 min
at 4°C. Genomic DNA was extracted using the Wizard Genomic
DNA Purification Kit (Promega, no. A1125) according to the man-
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ufacturer’s instructions. DNA quality was assessed by measuring
the A260/A280 ratio, ensuring it was above 1.8, and by performing
agarose gel electrophoresis. DNA concentration was determined
using a NanoDrop 2000 spectrophotometer (Thermo Scientific).

4.10 | NGS Library Preparation and Sequencing

Genomic DNA (gDNA) was extracted from the conjugant cell
stock using the Wizard Genomic DNA Purification Kit, with
concentration measured using the Qubit 1x dsDNA BR assay
kit (Invitrogen, no. Q33265). Gel electrophoresis was used to
detect any gDNA shearing. A nested PCR strategy was used
to specifically amplify the sgRNA sequences inserted into
the B. thetaiotaomicron genome, avoiding amplification from
the S17-1 helper strain. In the first step of PCR amplification,
primers specific to both the B. thetaiotaomicron genome and
the sgRNA were used to amplify the sgRNAs integrated into
the genome. The PCR reaction mixture consisted of 10 uL of 5x
Q5 Reaction Buffer, 1 yL of 10 mM dNTPs, 1 uL each of BT_F
and sgRNA_R primers (10 uM stock), 0.5 uL of Q5 High-Fidelity
DNA polymerase, 1 uL of 10x SYBR Green solution, 25 ng of
gDNA, and nuclease-free water to make up a total volume of
50 pL. The PCR conditions included an initial denaturation at
98°C for 3 min, followed by cycles of 98°C for 10 s, 65°C for 30 s,
and 72°C for 2 min, with a final extension at 72°C for 2 min, and
storage at 4°C. The size of the PCR product was verified by gel
electrophoresis, with the expected product size being 3,353 bp.
PCR products were purified using a commercial kit, with gel
extraction performed if non-specific bands were detected. The
second round of nested PCR amplified the portions of the
sgRNA sequence required for sequencing. The reaction mixture
contained 1 pL each of UDi5_F1 and UDi7_R1 primers, 25 pL
of HotStarTaq Master Mix, 1 uL of 10x SYBR Green solution,
50 ng of purified PCR product, and nuclease-free water to a
total volume of 50 yL. The PCR conditions included an initial
denaturation at 95°C for 15 min, followed by 30 cycles of 94°C
for 30 s, 54°C for 30 s, and 72°C for 30 s, with a final extension
at 72°C for 10 min, and storage at 4°C. Gel electrophoresis of
the second PCR amplicons revealed the expected product size of
301 bp. The amplicons were purified using a commercial kit, and
the concentration and size distribution of the sequencing library
were analyzed using a Qubit 1x dsDNA HS assay kit (Invitrogen,
no. Q33230) and a D1000 ScreenTape (Agilent, no. 5067-5582)
with D1000 reagents (Agilent, no. 5067-5583) on the Agilent
2200 TapeStation system. The final sequencing library was
quantified by qPCR using the KAPA Library Quantification Kit
(Roche, no. KK4824) as an additional quality control measure.
Sequencing was carried out on the MiSeq System with a 150-cycle
single-end run, incorporating 10% PhiX control as recommended
by the manufacturer. The sequencing data were processed
using the CLC Genomics Workbench, where low-quality
reads and adapter sequences were trimmed. The promoter
sequence (CAATTGGGCTACCTTTTTTTTGTTTTGTTTGCAA-
TGGTTAATCTATTGTTAAAATTTAAAGTTTCACTTGAACTT-

TCAAATAATGTTCTTATATTTGCAG) and scaffold sequences
(GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC-
CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGC) were
removed, leaving only the spacer sequences (N20 sequences). The
final data were analyzed by counting the reads corresponding to

each unique spacer sequence, which were then mapped to the
designed sgRNAs for downstream analysis.

4.11 | Data Processing for CRISPRi Datasets

Read mapping: Low-quality reads and adapter sequences were
trimmed using the CLC Genomics Workbench with a limit
= 0.05 and a maximum of two ambiguous nucleotides. The
promoter sequence (CAATTGGGCTACCTTTTTTTTGTTTTG
TTTGCAATGGTTAATCTATTGTTAAAATTTAAAGTTTCACTT
GAACTTTCAAATAATGTTCTTATATTTGCAG) and scaffold
sequence (GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
GCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGT
GC) were removed, resulting in the retention of the spacer
sequence. Each distinct spacer sequence was matched to its
corresponding sgRNA to determine the read count for each
individual sgRNA.

Fitness score calculation: The fitness of each sgRNA was assessed
by comparing its abundance in the selected library to that in
the initial library using z-score values. Specifically, gene fitness
(Fitnessgen.) Was calculated as the 75th percentile of the sgRNA
fitness values (Fitnessgrns) for all sgRNAs targeting a specific
gene [31]. To control for differences in sequencing depth between
samples, the read count of each sgRNA was normalized by the
total read counts within each sample, as shown in Equation (1):

read count
Frequency,pns = —————————— (¢))]
2., read count

Subsequently, a pseudocount of 1076 was added to the normalized
read counts to avoid the issues associated with log transformation
of zero-counts while minimally impacting the data distribution.
The normalized read counts were then log-transformed using
base 10, as shown in Equation (2):

F' =log, (Frequencyyna + £),€ = 107 )

The z-score for each sgRNA (Fitnessypy,) Was computed by
subtracting the mean log-transformed frequency of all sgRNAs
in the initial library from the log-transformed frequency of the
selected library. This result was then divided by the standard
deviation of the log-transformed frequencies of all sgRNAs in the
initial library, as represented in Equation (3):

F

! _ F/
selected libray "
= : ®)

g

Fitnessgpya =

F’, = average of the log-transformed frequencies for all sgRNA in
initial library,

F'; = standard deviation of the log-transformed frequencies for
all sgRNA in initial library

Fitnessg.n. was determined as the 75th percentile of the fitness
values for all sgRNAs targeting the corresponding gene, as
outlined in Equation (4):

. th .
Fitnessge,, = 75" percentileof {ngmvm» ZsgrNA2s ZsgrN A3 -+ ngRNAn}

(C))
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Using the 75th percentile to represent gene fitness offers a
statistically robust measure compared to calculating fitness based
on the log,fold-change of the selected library relative to the initial
library [14]. Additionally, the percentile approach effectively
excludes ineffective spacers and mitigates the impact of sgRNA
off-target effects. This method ensures that the fitness values
do not overestimate or underestimate the actual sgRNA read
counts and accurately quantify both depleted and enriched fitness
effects, as reported in previous studies [31].

To identify genes exhibiting significant changes in Fitnessgene,
a Mann-Whitney U test was performed. This test compared
the Fitness,gna values of sgRNAs targeting each gene in the
selected library with those in the initial library. A total of 1,256
genes were significantly changed in the final passages of MM-
glc or MM-muc. Genes were grouped into 10 clusters based on
Silhouette score analysis using unsupervised k-means clustering.
GO and KEGG pathway enrichment analysis was performed
using ClusterProfiler [61], and a Benjamini-Hochberg-corrected
p-val < 0.05 was considered significant.

Root mean square error (RMSE) was used as a descriptive mea-
sure of absolute discrepancy between paired gene-level fitness z-
scores, with lower RMSE indicating closer correspondence to the
in vivo fitness profile. For each functional subcategory, RMSE was
defined as with lower values indicating closer correspondence to
the in vivo profile, as shown in Equation 5.

n
1 .. 2
n Z (z;, condition — z;, colon) )

i=1

RMSE was calculated separately for KEGG, CPS, PUL and CAZy
subcategories using genes with non-missing z-scores that are
statistically significant in either one of the compared conditions;
only subcategories containing at least five genes were retained.
For CAZy analysis, comma-delimited annotations were split
so that the first and second annotated families were counted
independently.

4.12 | Data Processing for RNA-Seq Datasets

Low-quality reads were trimmed using the following
parameters—quality limit = 0.05; maximum ambiguous
nucleotides = 2, and mapped to the reference genome with the
following parameters—mismatch cost = 2; insertion cost = 3;
deletion cost = 3; length fraction = 0.9; similarity cost = 0.9.
Uniquely mapped reads were retrieved and normalized using
the Bioconductor package DESeq2 with default parameters [62].
Transcript per million was calculated using an in-house Python
code with Sequence Alignment/Map files. To infer iModulon
activities, the log,-transformed expression levels of downloaded
RNA-Seq data, with in-batch normalization to MM-glc, were
projected onto the BtModulome [26], using the pymodulon
package [63].

4.13 | Animals

All procedures were carried out in accordance with the guidelines
approved by the Institutional Animal Care and Use Committee

at the Korea Research Institute of Bioscience and Biotechnol-
ogy (Approval Number: KRIBB-AEC-22253). Six-week-old male
C57BL/6] mice were procured from The Jackson Laboratory
(Bar Harbor) and housed at the Korea Research Institute of
Bioscience and Biotechnology. The animals were kept in a
controlled environment with a 12-h light/dark cycle and had free
access to Teklad Global 18% Protein Rodent Diet (Envigo, no.
2018S) and water. Prior to the start of the experiments, the mice
were allowed a two-week acclimatization period to adapt to the
housing conditions.
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