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ABSTRACT Bacteroides is one of the most prominent genera in the human gut mi-
crobiome, and study of this bacterial group provides insights into gut microbial
ecology and pathogenesis. In this report, we introduce a negative selection system
for rapid and efficient allelic exchange in wild Bacteroides species that does not re-
quire any alterations to the genetic background or a nutritionally defined culture
medium. In this approach, dual antibacterial effectors normally delivered via type VI
secretion are targeted to the bacterial periplasm under the control of tightly regu-
lated anhydrotetracycline (aTC)-inducible promoters. Introduction of aTC selects for
recombination events producing the desired genetic modification, and the dual ef-
fector design allows for broad applicability across strains that may have immunity to
one counterselection effector. We demonstrate the utility of this approach across 21
human gut Bacteroides isolates representing diverse species, including strains iso-
lated directly from human donors. We use this system to establish that antimicrobial
peptide resistance in Bacteroides vulgatus is determined by the product of a gene
that is not included in the genomes of previously genetically tractable members of
the human gut microbiome.

IMPORTANCE Human gut Bacteroides species exhibit strain-level differences in their
physiology, ecology, and impact on human health and disease. However, existing
approaches for genetic manipulation generally require construction of genetically
modified parental strains for each microbe of interest or defined medium formula-
tions. In this report, we introduce a robust and efficient strategy for targeted genetic
manipulation of diverse wild-type Bacteroides species from the human gut. This sys-
tem enables genetic investigation of members of human and animal microbiomes
beyond existing model organisms.
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he gut microbiome is associated with many aspects of human health and disease.

Genomic and metagenomic sequencing efforts are beginning to implicate specific
microbial taxa and functions in these interactions, but approaches to describe these
communities vastly outpace complementary methods to manipulate their gene con-
tents for research or therapeutic purposes (1, 2). Bacteroides is among the most
abundant bacterial genera in the guts of humans and other mammals (3), and members
of this genus are associated with health benefits of the microbiome, resistance to
pathogens, and other host phenotypes (4, 5). While the functions of most Bacteroides
genes are unknown, specific genes have been implicated in dietary responses (6, 7),
host inflammation and inflammatory bowel disease (8), resistance to antimicrobial
peptides (AMPs) (9), and other functions. As a result, Bacteroides species have emerged
as important models for understanding the dynamics of the human gut environment,
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and tools for genetic manipulation of these species provide valuable means to under-
stand the role of the microbiome in health and disease.

Allelic exchange is a versatile approach that allows repeated introduction of
targeted, stable, and unmarked genetic insertions, deletions, and sequence changes
(10). This approach often makes use of a nonreplicating (suicide) plasmid that
carries an antibiotic resistance cassette, a means for counterselection, and the
genomic modification flanked by homologous sequences for recombination at the
appropriate location in the recipient genome. After the plasmid is introduced into
the recipient strain (typically by conjugation or electroporation), antibiotic selection
allows isolation of merodiploids resulting from a single recombination event be-
tween one of the homologous regions in the plasmid and the corresponding
sequence in the genome. In a second step, the counterselectable marker is used to
select for cells that have excised the plasmid (and included antibiotic resistance
cassette) via a second recombination event, producing mutant and revertant strains
by negative selection.

The most widely used system for allelic exchange in bacteria utilizes the levan-
sucrase (sacB) gene, whose product converts sucrose into the toxic compound levan
(11, 12). Because Bacteroides species catabolize levan (13), alternate strategies rely
on genetically modified parental strains (14, 15) or selection on chemically defined
culture medium, with or without the addition and subsequent removal of an
accessory plasmid (16, 17). While these methods have provided many key advances
in the field, important limitations exist. For example, approaches that rely on
genetically modified parental strains require construction of this mutation (e.g.,
deletion of the thymidine kinase gene tdk) in each species or strain of interest prior
to use of the allelic exchange strategy. In addition, escape mutants in which the
integrated allelic exchange vector is not resolved from the genome but instead
acquires any single inactivating mutation in the negative selection marker can
impede strain construction. Further, experimental studies using these mutants may
be complicated by the impact of the parental strain modification on bacterial
physiology. Similarly, methods that require selection on chemically defined culture
medium can be difficult to apply to fastidious strains that are readily cultured only
on undefined medium. Antibacterial toxins have been employed for negative selection in
Bacillus subtilis, Clostridium acetobutylicum, Enterobacteriaceae species, Proteobacteria spe-
cies, and Bacteroidales species (18-22). These approaches, which rely on a tightly regulated
inducible expression system, provide an attractive method for negative selection in wild-
type bacterial strains.

Here, we describe selection by inducible effectors (SIE), a broadly applicable and
modular allelic exchange strategy for Bacteroides that does not require genetic
modification of the parental strain or growth on defined culture medium. In this
approach, an allelic exchange plasmid encodes multiple antibacterial effectors that
are normally delivered by Bacteroides type VI secretion systems but have been
modified to include periplasmic targeting signal sequences (23). These toxic effec-
tors are regulated by tightly controlled inducible promoters (23), such that expres-
sion occurs only during the counterselection step. This approach complements
methods for allelic exchange that rely on expression of a single antibacterial
effector (22). We demonstrate functional counterselection in 21 Bacteroides isolates
representing 10 species, including multiple strains that were captured directly from
human donors and displayed a range of resistance to commonly used antibiotic
markers. We constructed targeted genetic deletions in 3 Bacteroides strains, includ-
ing 1 isolated directly from a human donor. Using this approach, we identified a
gene that mediates AMP resistance in Bacteroides vulgatus.

RESULTS

An inducible effector-based selection cassette functions across human gut
Bacteroides species. Certain antibacterial effectors secreted by the Bacteroides fragilis
type VI secretion system are highly toxic to Bacteroides thetaiotaomicron when targeted
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to the periplasm (23). To explore the possibility of using these effectors as counterse-
lectable markers, we created a counterselection cassette (SIET) in which the type VI
effector genes btel and bfel (24, 25) are modified to encode periplasmic localization
signals and are independently controlled by the inducible promoter P1T,¢H023 (23)
(Fig. TA). The cassette also includes the repressor gene tetR, which is expressed from the
constitutive promoter Pgepqee (26). In this design, expression of the effector genes can
be activated using anhydrotetracycline (aTC), which binds to TetR and blocks its
repressor activity.

To explore the performance of this cassette across a variety of Bacteroides species,
we modified the pNBU2_erm plasmid (27) to include this counterselection cassette.
Because pNBU2_erm integrates into phage attachment (att) sites that are conserved
across Bacteroides species, this allows testing of the counterselection cassette across
multiple species with a single construct. We integrated the modified pNBU2_erm_SIE1
plasmid or the empty pNBU2_erm vector control into 21 Bacteroides strains, including
15 isolates cultured directly from humans (23). Integrants were readily obtained in each
strain background, confirming that effector expression is tightly controlled in the
absence of aTC. Plating these integrants in the presence of aTC reduced CFU by 10%- to
106-fold (Fig. 1B); in contrast, the same strains carrying unmodified pNBU2_erm exhib-
ited equivalent viability in the presence and absence of aTC (data not shown). Figure
1B includes strains that are immune to either of the effectors in the SIET cassette,
indicating that both effectors contribute to counterselection. These results suggest that
the SIET counterselection cassette could be applied to a wide range of Bacteroides
strains, including direct human isolates.

Design of plasmid pSIE1. We next designed an allelic exchange vector to test the
utility of the counterselection cassette in the genetic modification of wild-type Bacte-
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FIG 2 Allelic exchange using pSIE1. (A) pSIET plasmid, including the dual-effector negative selection
cassette (dark blue), machinery for pir-dependent replication, conjugation, and antibiotic resistance in E.
coli (dark gray), and a selectable marker for recipient Bacteroides species (light gray). Relevant restriction
sites are indicated. (B) Allelic exchange methodology. Regions of homology included in the pSIE1 plasmid
are marked with white letters, while the genomic sequence is marked with black letters. Gent, genta-
micin; Erm, erythromycin.

roides species. The pSIE1 vector (Fig. 2A) consists of a backbone from pExchange-tdk
(14) that encodes machinery for Escherichia coli pir-dependent replication, transfer by
conjugation, and selection in E. coli and Bacteroides species; the effector-based SIE1
counterselection cassette; and a multiple cloning site (MCS) for insertion of the replace-
ment allele. Restriction sites allow for straightforward exchange of the effector mod-
ules. Because the counterselection cassette includes all necessary machinery for con-
ditional toxicity, the plasmid is designed to facilitate genetic manipulation without any
requirement for previous modification of the parental strain or a chemically defined
culture medium.
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Genetic manipulation of Bacteroides species using pSIE1. A schematic of pSIE1
integration and gene deletion is presented in Fig. 2B. In the first step, a genetic
sequence consisting of 700 to 1,000 bp of the upstream and downstream regions of the
target site (joined directly for deletions or separated by the modified allele) is cloned
into the pSIET MCS. Next, this plasmid is mobilized from an E. coli S17-1 pir donor strain
into the Bacteroides recipient by conjugation; plating on gentamicin and erythromycin
selects for Bacteroides single-crossover merodiploids that have incorporated the plas-
mid into the genome by homologous recombination. This merodiploid is then exposed
to aTC, selecting for a second recombination event that removes the plasmid backbone
(including the antibiotic resistance genes and the toxic effectors). If the first and second
recombination events occur in the same region of homology between the genome and the
plasmid, then a revertant (to the parental genotype) is generated; if the second recombi-
nation event occurs at the other homologous region, then the result is the desired allelic
exchange. These outcomes can be distinguished by PCR or other methods.

As a proof of concept, we applied this approach to genes involved in AMP
resistance in Bacteroides species. AMP resistance is a useful target because this
phenotype is conserved across the genus, including species with no established
system for targeted genetic manipulation (9), and because the contribution of
individual genes can be readily assessed by MIC determinations and related assays.
Lipid A modification is one of the primary means by which a wide variety of
bacterial species combat AMPs (28-30). Commensal Bacteroides species have been
shown to modify lipid A by way of the IpxF gene, which encodes a lipid A
phosphatase that is required for AMP resistance (9). Deletion of IpxF (BT_1854) from
a B. thetaiotaomicron tdk mutant increases sensitivity to the AMP polymyxin B (PMB)
by 3 to 4 orders of magnitude (9). We modified pSIE1 to include genomic sequences
of the flanking regions adjacent to the IpxF gene and used this plasmid to delete
IpxF from wild-type B. thetaiotaomicron strain VPI-5482 (Fig. 3A). Of the 48 aTC-
resistant clones tested, all were sensitive to erythromycin, validating the efficacy of
this counterselectable cassette in eliminating unresolved merodiploids and pre-
venting escape mutants (see Table S1 in the supplemental material). Successful
deletion was confirmed by PCR screening (Fig. 3A). We next restored IpxF function
to the mutant by complementation with this gene, expressed in single copy in a
heterologous genomic location. PMB sensitivity of the mutant strain, compared to
the parent strain or complemented mutants, establishes that the phenotypes match
these genotypes (Fig. 3B; also see Table S2).

Bacteroides vulgatus also contains an IpxF gene implicated in PMB resistance (9),
but a genetically modified parent, which would be required for gene deletion with
existing methods, has not been available for any strains of this species. We modified
the pSIET plasmid to delete IpxF from B. vulgatus and introduced this plasmid into
a B. vulgatus strain isolated directly from a human donor (23). Selection on aTC
again resulted in successful IpxF deletion, with corresponding PMB sensitivity on
solid medium and in liquid culture (Fig. 3C and D; also see Table S2). The counter-
selectable cassette again displayed 100% efficiency in eliminating unresolved mero-
diploids (Table S1). Together, these proof-of-principle experiments establish the
utility of pSIE1 for genetic manipulation of type strains and isolates captured
directly from humans.

pSIE1 establishes a novel gene involved in PMB resistance. Transposon mutant
screens for PMB sensitivity in nonmodel Bacteroides species identified multiple
genes that appeared to be required for PMB resistance in those species, despite
being absent from the PMB-resistant species B. thetaiotaomicron (9). However, this
observation was complicated by known polar effects of the transposon, assessment
of mutant phenotypes only in the context of a mixed pool of thousands of mutant
strains, and the lack of methods for targeted deletion of candidate genes in these
nonmodel species. One example is BVU_1078 and its homologs, which are signif-
icantly (g values of <1078) required for fitness in a PMB-dependent manner, in
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Representative selection efficiencies during mutant construction are provided in Table S1; MICs determined from liquid

cultures are shown in Table S2.

B. vulgatus ATCC 8482 and Bacteroides eggerthii ATCC 27754, despite being absent
from B. thetaiotaomicron (9). These proteins are putative glycosyltransferases that
show greatest similarity to the ArnT protein of Cupriavidus metallidurans, according
to a PHYRE2 search (31, 32). ArnT functions to reduce cell surface negative charge
by attaching the cationic sugar 4-amino-4-deoxy-L-arabinose (L.-Ara4N) to lipopoly-
saccharide (LPS)-lipid A (33). ArnT is typically encoded within an operon encoding
seven enzymes (arnBCADTEF) involved in synthesizing and transporting L-Ara4N
(34). Notably, C. metallidurans arnT and BVU_1078 do not share this typical genetic
organization. However, C. metallidurans ArnT functions to attach L-Ara4N to lipid A
at the 1-phosphate position (32), suggesting a possible role for BVU_1078 in lipid
A modification.

We used pSIET to delete BVU_1078 and IpxF (BVU_3293), separately and in combi-
nation, from Bacteroides vulgatus ATCC 8482. As expected, deletion of IpxF significantly
increased PMB sensitivity (Fig. 4A to C). Notably, deletion of BVU_1078 also significantly
increased PMB sensitivity, and complementation restored the wild-type phenotype,
directly implicating this gene in AMP resistance (Fig. 4; also see Table S2). Mass
spectrometric analysis of lipid A from the wild-type strain and AlpxF, ABVU_1078, and
double deletion mutants revealed the expected IpxF-dependent dephosphorylation at
the 4’ position but no BVU_1078-dependent differences in lipid A structure (Fig. S1),
suggesting an alternative role for this protein in PMB resistance. This proof-of-concept
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FIG 4 BVU_1078 determination of PMB resistance in B. vulgatus. Strains containing the native copy of
each gene (+), deletions (—), and complementations (C) are indicated. MICs determined from liquid
cultures are shown in Table S2.

study demonstrates how pSIET can be used successively to engineer multiple modifi-
cations in wild-type Bacteroides strains.

DISCUSSION

Current tools for the genus Bacteroides, including high-throughput genetic screens,
engineered promoters, and gnotobiotic animal models, have provided valuable in-
sights about the human gut microbiome (3, 26). In this study, we introduce an
approach for genetic modification of Bacteroides species utilizing an engineered cas-
sette that provides selection through the induction of multiple toxic effectors. This
system complements related techniques utilizing a single effector (Bfe1) (22). Given the
prevalence of type VI effector-immunity pairs and orphan immunity genes across
human gut Bacteroides species (25, 35, 36) and the observation that immunity proteins
confer specific resistance to individual effectors (25), a counterselection system utilizing
multiple effectors reduces the likelihood that a recipient strain would be resistant to
effector-mediated selection. No orphan Bfe1 immunity genes were found by Garcia-
Bayona et al. (22), although another study did identify candidate orphan Bfe1 immunity
genes in both human metagenomic and microbial genome sequences (36). The mod-
ular design of the plasmid (Fig. 2A) allows for the exchange of effectors in the event
that a target strain has immunity to both effectors encoded by pSIE1. In addition,
counterselection systems that rely on the expression and activity of a single gene to
confer toxicity can be subject to inactivating missense or nonsense mutations that
produce colonies that have evaded the desired recombination event, a phenomenon
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known as “counterselection escape” (37-39). Robust tetR expression is critical to repress
effector expression prior to counterselection; because ribosomal promoters and their
derivatives can show reduced activity in stationary phase (26), the ribosomal P2A21
promoter driving tetR in the original construct (22, 23) was also replaced.

As a proof of concept, we deleted multiple genes in multiple Bacteroides species,
which recapitulated known phenotypes and established a new role for a gene that is
contained only in species with no previously established genetic system. Targeted
deletion of this gene, represented by BVU_1078 in B. vulgatus, significantly reduces
PMB resistance in this species; restoring expression in single copy fully complements
this defect. The mechanism of BVU_1078 activity is unknown. PMB resistance in
wild-type B. thetaiotaomicron is significantly greater than resistance in a B. vulgatus
ABVU_1078 mutant, although both of these strains contain an IpxF homolog and lack
a BVU_1078 homolog. This finding suggests that BVU_1078 could target a substrate
that is present in B. vulgatus but absent in B. thetaiotaomicron. Notably, this gene is
located adjacent to a predicted LPS biosynthesis gene cluster, and the LPS architectures
of B. thetaiotaomicron and B. vulgatus are distinct (40). Furthermore, LPS can vary
between strains of B. vulgatus (41), which could also affect the contribution of
BVU_1078. While further studies are required to define how BVU_1078 determines
antimicrobial resistance, these results highlight the diversity of AMP resistance mech-
anisms that can be accessed through genetic manipulation of nonmodel gut Bacte-
roides species.

This genetic system does have limitations. First, this strategy uses conjugation to
transfer pSIE1 to the recipient strain. While conjugation is generally feasible across
Bacteroides species, restriction modification and other factors can limit the efficiency of
incorporation of foreign DNA. Donor strains with appropriate DNA methylation systems
may partially address this challenge. Second, Bacteroides genetics are limited by a
paucity of selectable markers; if the strain of interest is naturally resistant to erythro-
mycin, tetracycline, chloramphenicol and other commonly used antibiotics, then a
different approach can be used to select for recombinants after conjugation (22). The
pNBU2_erm_SIE1 plasmid (Fig. 1) provides a straightforward means of assessing effec-
tor function and these other concerns prior to construction of an allelic exchange
vector. The 21 strains tested in this study display wide ranges of susceptibility to
erythromycin (0.34 to 12 ug/ml) and tetracycline (0.09 to 16 ng/ml) (see Table S3 in the
supplemental material), but the SIE1 cassette allows robust selection in each case,
demonstrating that erythromycin selection and aTC-dependent effector expression are
still functional across this range of antibiotic sensitivities (Fig. 1B). As with any genetic
manipulation, complementation of mutants is an important step; for example, if a
recipient strain contains a conjugative transposon that mobilizes spontaneously or in
response to aTC exposure, then comparison of parental, mutant, and complemented
strains will directly connect the intended mutation with the phenotype.

Despite these limitations, selection by inducible effector expression offers some
unique advantages. First, this approach provides the ability to perform targeted genetic
modification in a wide variety of wild-type Bacteroides species, avoiding the require-
ment for construction of a genetically modified parent strain for each bacterial strain of
interest and allowing study of pathways that may be affected by the parental genetic
modification. As an example, we deleted multiple genes in type strains of B. thetaiotao-
micron and B. vulgatus, as well as in a B. vulgatus strain isolated directly from a human
donor. The demonstrated functionality of the counterselection cassette across 21
Bacteroides strains, including 15 direct human isolates and representing 10 species,
suggests that this approach could be general (Fig. 1B). This could allow the genetic
study of patient isolates associated with clinical disease states. For example, human
clinical isolates of Bacteroides species exhibit distinct antibiotic resistance profiles,
capsular polysaccharides, and LPS, compared to type strains (42-44), and this system
could potentially be used to elucidate the mechanisms underlying the associations of
these phenotypes with colitis. Other recent studies used high-throughput culturing to
describe the evolution of Bacteroides species within an individual (45); pSIE1 and
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derivatives could enable direct genetic manipulation of ancestral and evolved isolates.
Second, this strategy does not require specific nutritional requirements or growth
conditions. The ability to use rich undefined culture media may help overcome some
of the challenges in applying a genetic system to a wide variety of species with various
growth requirements. Last, the allelic exchange vector is modular in design; the
effectors can be exchanged for others selected from the broad repertoire encoded in
various Bacteroides strains (25, 46) and the inducible promoters can be readily ex-
changed for others with different dynamic ranges (23). The inclusion of two effectors
independently expressed through a tightly regulated promoter enhances the func-
tional capability of this approach by facilitating genetic manipulation of strains that
harbor an immunity gene or other resistance mechanisms for one of the selected
effectors and also prevents any single inactivating mutation that silences one effector
from disabling the system. Together, these features should facilitate mechanistic study
of one of the most abundant genera in the human gut microbiome and may provide
a strategy that could be adapted for other commensal microbes from humans and
other animals, pathogens, and microbes from the environment.

MATERIALS AND METHODS

Primers, plasmids, and strains. Full lists of primers, plasmids, and strains are provided in Tables S3
and S4 in the supplemental material. Plasmids are available from Addgene (identification numbers
136355 and 136356).

Bacterial culture conditions. Escherichia coli was grown aerobically at 37°C in Luria-Bertani (LB)
medium. All Bacteroides species, including human-gut-derived isolates, were grown anaerobically in
tryptone-yeast-glucose (TYG) medium or on brain heart infusion (BHI) agar supplemented with 10%
horse blood (Quad Five Co.). For selection, ampicillin (100 wg/ml), gentamicin (200 wg/ml), erythromycin
(25 or 12.5 ug/ml), and aTC (100 ng/ml) (Cayman Chemicals) were added as indicated. A flexible
anaerobic chamber (Coy Laboratory Products) containing 20% CO,, 10% H,, and 70% N, was used for all
anaerobic microbiology steps.

Construction of pSIE1. The pSIET plasmid was constructed using the backbone of the pExchange
plasmid (14). The constitutive Pgep,eq promoter (26) was fused to the tetR gene using splicing by overlap
extension (SOE) PCR (47); this Pgppiee-driven tetR construct was PCR amplified (primers 1 and 2) using
Q5 high-fidelity DNA polymerase (NEB) and cloned into pExchange at the Kpnl and Sall sites using standard
restriction cloning. The antibacterial effectors ss-btel and ss-bfel were PCR amplified from pNBU2_
erm_P1T_DP-GHO023-ss-bte1 and pNBU2_erm_P1T_DP-GH023-ss-bfe1 (23), respectively, and cloned into the
vector with aTC-inducible promoters and periplasmic signal sequences using primers 3 to 6. The periplasmic
signal sequence is amino acids 1 to 21 (base pairs 1 to 63) from BT_4676.

Allelic exchange. The protocol developed in this study for counterselectable allelic exchange using
the pSIET plasmid was modified from previously published work (14). Briefly, ~700-bp regions flanking
each gene of interest were amplified from pEX:LpxFKO (9) for BT_1854 and from B. vulgatus strains for
BVU_3293 (primers 11 to 14) and BVU_1078 (primers 17 to 20) using high-fidelity Q5 polymerase (NEB).
PCR products were purified (QIAquick PCR purification kit; Qiagen), cloned into the pSIE1 plasmid MCS
using Gibson assembly (NEB), and transformed into E. coli S17 pir using standard protocols (48).
Candidate clones were verified by sequencing.

Verified E. coli S17 pir clones were conjugated to appropriate Bacteroides species using previously
published methods (14), with some modifications. Briefly, Bacteroides and E. coli strains were grown for
16 to 24 h in TYG medium (Bacteroides species) or LB medium with ampicillin (E. coli), subcultured in
triplicate to an optical density at 600 nm (ODg,) of 0.3 to 0.6 in the same medium (10 ml for Bacteroides
species and 5ml for E. coli), pelleted, resuspended, and combined in a total volume of 1ml of
phosphate-buffered saline (PBS). This volume was plated on BHI plates, which were incubated aerobically
for 16 to 24 h. Biomass was collected and resuspended in 1 ml of PBS, and dilutions were plated on BHI
plates with gentamicin and erythromycin to select for transconjugants. Colonies were screened by PCR
to determine whether the pSIE1 plasmid integrated upstream or downstream of the region of interest.
Validated merodiploids (approximately one to three) were then grown overnight in TYG medium, plated
on BHI plates containing aTC, and screened by PCR (primers 7 to 10, 15, 16, 21, 22, and 25 to 28) and
antibiotic selection to identify the desired mutants.

Counterselection sensitivity testing. The pNBU2_erm plasmid (27) was modified (primers 23 and 24)
to include the SIE counterselection cassette (encoding PgepqestetR, P1T,CHO23-ssbtel, and P1T,,5H023-ssbfe’)
and integrated into the genome of Bacteroides strains (Table S3) by conjugation. Strains were grown in
triplicate and plated on BHI plates with gentamicin and erythromycin, in the presence or absence of aTC;
recovered CFU were normalized to the average from the non-aTC condition. Sensitivity to aTC was also tested
for each strain carrying an unmodified pNBU2_erm plasmid. Sensitivity to erythromycin and tetracycline
was determined with Etest strips (bioMérieux) for each Bacteroides strain. For these measurements, liquid
cultures (ODg,, of 0.1) of each strain were spread evenly on a BHI agar plate and allowed to dry for 10
min, followed by placement of Etest strips in triplicate for each antibiotic. Plates were incubated
anaerobically at 37°C for 16 to 24 h.
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Construction of complementation vectors. Complementation of B. thetaiotaomicron AlpxF was
performed using a previously described vector (9). Vectors for complementation of B. vulgatus were
created in the pNBU2_erm integration plasmid. Primers 29 and 30 were used to amplify the Pgrpses
promoter from pWW3821 (26), which was cloned by Gibson assembly into Notl- and Spel-digested
pNBU2_erm. The promoter region was sequence verified and designated pNBU2_erm_P5E4. Genes were
cloned downstream of the Pyqpse, promoter (primers 25 to 28), using Gibson assembly cloning, in Ncol-
and Sall-digested pNBU2_erm_P5E4.

Determination of efficiency of recombination steps. Conjugations were performed as described
above. First recombination CFU were determined after the 16- to 24-h aerobic conjugation step by
plating serial dilutions from the collected biomass on BHI plates containing gentamicin or gentamicin
plus erythromycin. Each biological replicate was plated on antibiotic selection plates in triplicate. Second
recombination CFU were determined by growing confirmed merodiploids in TYG medium overnight and
plating them in triplicate on BHI plates containing gentamicin or aTC. All replicate values were averaged.

PMB sensitivity assays. Liquid MIC values were determined by the Hancock laboratory microtiter
broth dilution method (49), with minor modifications. Briefly, strains were cultured for 24h in TYG
medium and inoculated into 96-well microtiter plates at a starting OD,, of 0.01, in a total volume of
150 ul of medium supplemented with selected concentrations of the AMP PMB (Sigma); 96-well plates
were incubated at 37°C and monitored continuously using a microplate reader (BioTek Eon). Each
experiment was performed in triplicate, with a negative control (no bacteria) and a positive control (no
PMB) on each plate. The MIC was calculated as the lowest concentration of PMB that reduced growth
(ODgq0) by more than 50%, compared to the positive control, at 24 h.

Visualization of PMB sensitivity was performed with Etest strips. For these measurements, 200 ul of
liquid culture (ODg,, of 0.1) of each strain was spread evenly onto a BHI agar plate and allowed to dry
for 10 min, followed by placement of a PMB Etest strip (bioMérieux) at the center of the plate. Plates were
incubated anaerobically at 37°C for 16 to 24 h before imaging.

Lipid A extraction and mass spectrometry analysis. Triplicate cultures of each strain were grown
to an ODgy, of 1.0 in 25 ml of TYG medium, washed with 1X PBS, pelleted, and frozen. Cell pellets were
washed in PBS. Lipid A was extracted using mild acid hydrolysis, as described previously (50, 51). Lipid
A samples were subjected to matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS). All solvents were high-performance liquid chromatography (HPLC)-grade quality. Lipid
A samples were dissolved in a mixture of chloroform and methanol (4:1 [vol/voll); 5-chloro-2-
mercaptobenzothiazole (CMBT) (Sigma) was dissolved in methanol/chloroform/water (4:4:1 [vol/vol/vol]) to a
concentration of 25 mg/ml. The matrix was prepared by mixing CMBT with saturated tribasic ammonium
citrate (20:1 [vol/vol]). Samples and matrix were mixed (1:1 [vol/vol]), and 1 ul was loaded onto the target
plate. MALDI-TOF MS data were calibrated using a peptide calibration standard (Bruker Daltonics), in
negative-ion mode. MALDI-TOF MS mass spectra of lipid A extracts were acquired in reflector mode with
an Autoflex Speed mass spectrometer (Bruker Daltonics). A total of 500 single laser shots were averaged
from each mass spectrum. Data were acquired and processed using FlexControl 3.4 and FlexAnalysis 3.4
software (Bruker Daltonics).
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