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A system for transferring large genetic loci in Bacteroides enables
hemicellulose utilization in Bacteroides thetaiotaomicron and
characterization of a locus from an uncultivated strain
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ABSTRACT Bacteria from the Bacteroidota phylum are well-known for their excep-
tional carbohydrate degradation abilities, which are closely associated with their use
of polysaccharide utilization loci (PULs). The native exchange of PULs between different
Bacteroidota species via horizontal gene transfer has been confirmed experimentally,
and imitating such transfers in vitro can enable detailed studies of PULs from unstudied
species in readily tractable hosts and the creation of novel strains. Here, we present a
new set of tools and workflow to transfer large genetic loci, such as PULs, into genetically
tractable Bacteroides strains. Our method uses a newly designed pICKUP plasmid and
derivatives that allow site-specific genome integration and subsequent removal of the
plasmid backbone. Thus, an unlimited number of loci may be transferred using the same
resistance markers. We validated the pICKUP-based workflow by transfer of a previously
characterized mixed-linkage B-glucan utilization locus (MLGUL) into the genome of
Bacteroides thetaiotaomicron, which enabled metabolism of mixed-linkage 3-glucan by
this strain. Subsequent transfer of a PUL from an uncultivated bacterium from the
bovine rumen confers the ability to metabolize certain cellooligosaccharides and allows
further scrutiny of various genes in the PUL and their involvement in cellooligosacchar-
ide metabolism. The plCKUP-based method presented here expands the toolkit for
investigation of PULs and other large loci, including those from intractable or uncharac-
terized members of the Bacteroidota. A robust method to transfer whole PULs between
species also forms the basis for creating custom-tailored PULs and resulting strains, with
potential applications in improved gut health and biomass valorization processes.

IMPORTANCE The gut environment is a highly competitive niche, where dietary fiber

is a major source of carbon, and polysaccharide utilization loci (PULs) encoded by

Bacteroidota species are linked to their dominance in this environment. Our proposed

method to study such PULs, especially from non-cultivated or unculturable strains, by

transferring them into genetically tractable hosts, represents a valuable alternative t0  ggitor Haruyuki Atomi, Kyoto University, Kyoto,
typical studies of isolated PUL-derived proteins. By transferring PULs into culturable Japan

hosts, we enable both a better understanding of the PULs’ biological roles and modifi- Address correspondence to Johan Larsbrink,
cation of the individual encoded genes. Our results show how a single PUL transfer johan larsbrink@chalmers se.

can confer hemicellulose-degrading ability to Bacteroides thetaiotaomicron, which is
lacking in the wild-type strain. Transfer of a PUL from a distantly related strain, specu-
lated to confer cellulose-degrading capacity, showcases that this annotation may be
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Bacteroidota species can be found in all environments, from guts to soils and
aquatic ecosystems, and its members are renowned for being highly competitive
degraders of complex polysaccharides of various origins (1-3). The efficient utilization
of complex carbohydrates within the Bacteroidota is generally ascribed to their use of
polysaccharide utilization loci (PULs) (4-6). Canonical PULs in this phylum are comprised
of co-localized and co-regulated gene clusters that encode the proteins necessary for the
degradation of a specific polysaccharide, and thus also confer the ability to grow on the
target glycan.

The first PUL described was the starch utilization system (Sus) of the model gut
bacterium Bacteroides thetaiotaomicron (7), which now serves as a blueprint for other
PULs within the phylum. The details of the B. thetaiotaomicron Sus have been sum-
marized in several excellent reviews (e.g. reference 4). Briefly, the Sus encodes a
TonB-dependent transporter (SusC) that transports products from the substrate (starch)
from the extracellular environment into the periplasm. The SusD binding protein binds
to starch, provides structural stability, and may even form a lid for SusC that opens
during transport of the oligosaccharides (8). Downstream of the susC/D gene pair, a
pair of genes (susE/F) encodes additional cell surface-tethered starch-binding proteins
(9). After the cell has bound to starch, three glycoside hydrolases (GHs) degrade the
polysaccharide into glucose monosaccharides. The extracellular amylase SusG (GH family
13; GH13) cleaves the polysaccharide into smaller fragments, to be imported through
SusC. Periplasmic enzymes SusA/B then degrade the oligosaccharides to glucose for
import into the cytosol through a non-Sus-encoded transporter.

Apart from proteins for sugar capture, transport, and hydrolysis, the Sus and other
PULs encode sensors/regulators that upregulate the whole locus upon sensing a
breakdown product of the targeted glycan (4, 10). In general, PULs are believed to be
constitutively transcribed at low levels, and upon sensing of certain oligosaccharides,
the whole PUL is upregulated (10, 11). PULs targeting polysaccharides other than starch
also have a similar functional setup but encode different carbohydrate-active enzymes
(CAZymes) appropriate for the target glycan. Normally, there is only limited hydrolysis
at the cell surface, followed by complete degradation to monosaccharides within the
periplasm, though examples of secreted soluble enzymes have been found, for instance,
in environmental species targeting crystalline chitin (12). Proteins homologous to the
SusC/D pair (SusC/D-like proteins) are now used as signature motifs to identify new PULs
in the genomes of Bacteroidota species, as exemplified by the PULDB database (https://
www.cazy.org/PULDB/ [13, 14]).

Two of the best-studied Bacteroidota members of the human gut microbiome with
regard to their PUL repertoires are the prevalent gut symbionts B. thetaiotaomicron and
Bacteroides ovatus. These species encode around 100 PULs each, many of which are
highly similar between both species, and accordingly, they are able to metabolize the
same glycans to a large extent (11). However, B. thetaiotaomicron has a preference for
degrading some pectins and host-derived O-glycans, e.g., mucus-derived polysacchar-
ides, but is unable to metabolize plant biomass-derived hemicelluloses. In contrast,
hemicelluloses are efficiently consumed by B. ovatus (11, 15). The number of highly
similar PULs in the genomes of these two species and their synteny imply either a
common ancestor and/or that PULs can be passed on between Bacteroidota species
via horizontal gene transfer. Similarly, others have noted that syntenic PULs, i.e., with
a highly similar gene organization, can be found in both closely and distantly related
species (11, 16-18).

Many Bacteroidota loci reside within mobile genetic elements, including advanta-
geous loci coding for antibiotic resistance, nutrient import, capsular polysaccharide
synthesis, and PULs (19, 20). Evidence is building that locus transfers have occurred
between both closely and distantly related Bacteroidota species and have transpired
both anciently and recently (within a human individual) and provide competitive
advantages to the recipient strains (15, 21-23). Of note, while many loci still encode
the machinery necessary for self-excision and mobilization, loci with intact transfer
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machinery can evidently facilitate transmission of loci that have lost these functions
(15, 24). We and others have recently demonstrated transfer of PULs and other loci
through mobilization of native elements between Bacteroides strains (20, 23). In both of
these cases, only certain combinations of donor and recipient strains achieved effective
locus transfer, and it is unclear what conditions or genetic factors determine or restrict
successful transfer.

Besides providing knowledge on native transfer mechanisms, experimental transfer of
large loci would allow the study of a PUL or other locus in a controlled environment, e.g.,
if the native strain is uncultivable or lacks a well-established genetic toolkit. An example
that we have targeted here is a putative PUL identified in a metagenomics study, where
two of the PUL enzymes showed activity on cellulose (25). However, regulatory or
import functions have not been characterized, and what degradative capability the PUL
confers has not been confirmed. Second, locus transfer enables rational strain design
for academic or biotechnological use. For instance, a recent plasmid vector incorporates
a partial PUL for inulin degradation as a selective marker in antibiotic-resistant Bacter-
oides strains (26). Others have transferred a PUL for porphyran degradation into various
Bacteroides strains, allowing them to demonstrate porphyran supplementation-depend-
ent establishment of the PUL recipient strain in the mouse gut (27). This method relies
on the functions of a mobile genetic element from Bacteroides, NBU2, that integrates into
the genome at specific att sites and “consumes” them in the process (28, 29). While a
newly isolated strain of Bacteroides stercoris successfully took up truncations of the PUL
element between ~20 and 60 kbp in length, transformation into the model B. thetaio-
taomicron strain required pre-integration and expression of a second construct before
even the smaller PUL fragments (~20-40 kbp) would integrate. In this situation, both
common antibiotic markers and both NBU2 insertion sites are “used up,” prohibiting
straightforward integration of any more loci within the strain.

Here, we present an alternative method to transfer large loci that removes plasmid
backbones and antibiotic markers, allowing for theoretically innumerable transfers to a
single strain. The developed pICKUP plasmid system allows for a flexible decision on
the genomic integration site, and we confirm two such sites here. We first validate the
successful transfer of a well-characterized PUL from B. ovatus to B. thetaiotaomicron,
which enabled a new polysaccharide utilization phenotype for the recipient, after which
we employ our new method to characterize a PUL from an uncultured Bacteroidota
strain from the bovine rumen. We confirm the role of this PUL in enabling cellooligosac-
charide catabolism. Additionally, transfer of this PUL to a genetically tractable, well-stud-
ied organism enabled us to genetically characterize various PUL genes in a way currently
impossible to do in the donor strain. This new method adds to the expanding genetic
toolbox for Bacteroides species and enables straightforward study of PULs and other loci
through import to model Bacteroides species, such as B. thetaiotaomicron.

RESULTS
Creation of the pICKUP plasmid

Recent efforts have led to a genetic system capable of integrating a PUL of impressive
size (up to ~60 kbp) into two members of the Bacteroides (27). This integration method
is based on NBU2 site-specific integration into the 3’ end of a serine tRNA sequence
(28). While two smaller versions of this same PUL (~20-40 kbp) could integrate into the
extensively studied model organism B. thetaiotaomicron, this occurred only after first
integrating a second plasmid construct to upregulate expression of the NBU2 integrase,
unfortunately, using both common Bacteroides antibiotic resistance markers. For our
work, we desired a simpler plasmid system for B. thetaiotaomicron and its relatives that
allowed greater flexibility in choosing the locus integration site, while also removing the
vector backbone and antibiotic resistance genes for subsequent modifications. We chose
to adapt the common suicide vector pExchange-tdk for these purposes (30). pExchange-
tdk relies on integration through homologous “targeting region” sequences that flank
the user-chosen integration site. Counterselection to remove the plasmid backbone
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FIG 1 Overview of the pICKUP-based workflow for insertion of foreign PULs into Bacteroides. (A) After selection of a PUL of

interest, overlapping fragments of the PUL are amplified by PCR. DNA flanking the chosen insertion site (targeting/homology

regions) is also amplified with engineered overlaps to the PUL and to the pICKUP vector backbone. The various parts are

assembled into a single vector by homologous recombination in Saccharomyces cerevisiae, before transferring the plasmid

to E. coli and finally to the bacterial strain of interest. (B) Vector map of pICKUP, which contains factors for replication and

selection in both S. cerevisiae and E. coli, as well as genes for selection and counterselection in Bacteroides.

occurs in specially generated strains missing thymidine kinase (encoded by BT2275, tdk)
and results in a “clean” removal of the plasmid and a strain that either contains the
plasmid insert or has reverted to the parental sequence. As tdk mutants already exist for
the type strains of model organisms B. thetaiotaomicron and B. ovatus, and this mutation
is readily generated for other strains (e.g., reference 27), a pExchange-tdk-based system
should also be readily employable in a range of other strains and species and can enable
studies of PULs otherwise uneasily testable in their native strains.

We adapted pExchange-tdk into a new plasmid for PUL transfer by inserting a
compact cassette encoding functions for yeast plasmid replication, antibiotic resistance,
and uncut backbone counterselection into the multiple cloning site of pExchange-tdk.
The derivative plasmid (pICKUP) is thus capable of receiving its large DNA cargo through
yeast-mediated homologous recombination of the cut backbone with PCR-amplified
fragments of the PUL or another locus of interest. Flanking targeting regions are
amplified with overlaps to both the plasmid backbone and to the ends of the PUL (Fig. 1).
Plasmid DNA is crudely extracted from yeast and transformed into Escherichia coli, prior
to conjugation of this construct to the Bacteroides recipient.

Identification of insertion sites

The pICKUP method allows for site-directed integration into the genome of the receptor
strain (here B. thetaiotaomicron VPI-5482 tdk), by incorporating target sites homologous
to a pre-selected genomic region in the receptor strain. It is not known if DNA transferred
via bacterial conjugation can be integrated anywhere into the recipient genome or if
the choice of insertion site could impair the integration process. In any case, integration
that disrupts existing genes or other important genomic motifs should be avoided.
To identify potential target sites, we performed a comparative analysis of published
genome sequences of different B. thetaiotaomicron strains to identify genomic sites
in which gene integration has naturally occurred, as was described previously for the
identification of capsular polysaccharide synthesis locus insertions (31) (see Materials
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and Methods and Fig. S1). Two initial insertion sites for PUL insertion were chosen
adjacent to BT0638 and BT2943 (Table 1) and named after the closest gene upstream
of the site of integration (target region [TR] 0638 and TR2943, respectively). These and
two other sites, TR0759 and TR2007, were briefly evaluated by inserting pICKUP with a
small cargo (total ~12 kbp insertion), and integration was similarly successful in all sites,
as determined by colony counts and PCR (data not shown).

Transfer of the B. ovatus MLGUL into B. thetaiotaomicron

While B. thetaiotaomicron is largely deficient



