
Identification of a Fifth Antibacterial Toxin Produced by a
Single Bacteroides fragilis Strain

Andrew M. Shumaker,a,b* Valentina Laclare McEneany,a Michael J. Coyne,a Pamela A. Silver,b Laurie E. Comstocka

aDivision of Infectious Diseases, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts, USA
bHarvard Medical School, Department of Systems Biology, Boston, Massachusetts, USA

ABSTRACT Bacteroidales are the most abundant Gram-negative bacteria of the healthy
human colonic microbiota, comprising nearly 50% of the colonic bacteria in many indi-
viduals. Numerous species and strains of gut Bacteroidales are present simultaneously at
high concentrations in this ecosystem. Studies are revealing that gut Bacteroides has nu-
merous antibacterial weapons to antagonize closely related members. In this study, we
identify a new diffusible antibacterial toxin produced by Bacteroides fragilis 638R, desig-
nated BSAP-4. This is the fifth antibacterial toxin produced by this strain and the second
toxin of this strain with a membrane attack complex/perforin domain (MACPF). We iden-
tify the target molecule of sensitive cells as a �-barrel outer membrane protein (OMP)
with calycin-like domains. As with other MACPF toxins, the gene encoding the target in
sensitive strains is in the same genetic region as bsap-4 in producing strains. A compari-
son of B. fragilis strains showed there are two sensitive variants of this OMP that are
87% similar to each other and 50% similar to the resistant OMP. Unlike other MACPF
toxins, there are numerous B. fragilis strains that harbor the resistant OMP without
bsap-4. Several OMP variants from strains that are BSAP-4 resistant under the conditions
of our assay confer BSAP-4 sensitivity to Bacteroides thetaiotaomicron when constitutively
expressed. Using a reporter assay, we show that the BSAP-4 receptor gene is differen-
tially expressed in sensitive and resistant strains leading to apparent BSAP-4 resistance
under the conditions of our assay, despite harboring the BSAP-4 target gene.

IMPORTANCE The intestinal microbiota is a diverse microbial ecosystem that pro-
vides numerous benefits to humans. The factors that govern its establishment and
stability are just beginning to be elucidated. Identification and characterization of
antimicrobial toxins produced by its members and their killing range are essential to
understanding the role of antagonism in community composition and stability. Here,
we identify a fifth antimicrobial toxin produced by a single Bacteroides fragilis strain
and identify its target. The finding of such a large number of toxins that antagonize
competing members suggests that this feature substantially contributes to the fit-
ness of these bacteria. In addition, these toxins may have applications in genetically
engineered gut bacteria to allow engraftment or to antagonize a potentially patho-
genic member.

KEYWORDS antagonism, bacteriocins, bacteroides, MACPF, microbiota, pore-forming
toxins

Over the last several years, the predominant Gram-negative bacteria of the human
colon, the Bacteroidales, have been shown to secrete antimicrobial toxins that

antagonize closely related strains and species. These antimicrobial toxins include those
secreted by type VI secretion systems (T6SSs) as well as diffusible toxins. The genetic
architecture 3 (GA3) T6SSs are present exclusively in Bacteroides fragilis and have been
studied in different B. fragilis strains (1–3). These GA3 T6SS loci encode toxic effectors
and immunity proteins in the two divergent regions of these loci (4). Of the GA3 T6SS
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loci analyzed to date, each encodes two toxic effectors (1, 2), some of which have been
shown to antagonize nearly all Bacteroidales species analyzed, including those of
distinct families (1).

Strains of numerous Bacteroides species also secrete diffusible antimicrobial toxins;
the majority of those analyzed have membrane attack complex/perforin (MACPF)
domains. These domains are found in many eukaryotic proteins and are involved in
various functions, including immunity, defense, and development (reviewed in refer-
ence 5). The first MACPF toxin identified in Bacteroides, BSAP-1, is produced by
approximately 44% of B. fragilis strains, has a signal peptidase II cleavage site, and is
thus a lipoprotein that is secreted via outer membrane vesicles and likely kills by pore
formation (6). BSAP-1 targets a �-barrel outer membrane protein (OMP) of sensitive B.
fragilis strains (7). B. fragilis strains typically either contain the bsap-1 gene and produce
BSAP-1 or lack the gene and are sensitive to the toxin. This property is due to the fact
that bsap-1 is present in the producer’s genome in the same location as the gene
encoding the target OMP of sensitive strains. In the producer’s genome, there is a gene
adjacent to bsap-1 that encodes an ortholog of the target OMP molecule that is likely
functionally equivalent but distinct enough from the sensitive OMP that it does not
serve as a target for BSAP-1.

In addition to BSAP-1, BSAP-2 and BSAP-3, produced by some Bacteroides uniformis
and Bacteroides vulgatus/Bacteroides dorei strains, respectively, are also MACPF toxins
(7, 8). Unlike BSAP-1, these toxins target the lipopolysaccharide (LPS) glycan (core or
O-antigen) of sensitive strains. Similar to bsap-1, the genes for these toxins are present
in the same genetic region as the target gene(s) in sensitive strains, in this case, in the
LPS glycan biosynthesis loci. Each Bacteroides species has a predominant LPS glycan
genetic locus, typically without a MACPF gene, whereas a minority of strains have a
MACPF gene and replacements of a few glycosyltransferase genes in these loci. The
genetic features suggest that these MACPF toxin genes were acquired with new
glycosyltransferase genes that replaced those of the predominant LPS glycan type,
sufficiently altering the glycan so it no longer serves as target for the toxin. We
identified at least one strain from nine Bacteroides species with a MACPF domain-
encoding gene in its LPS glycan region, along with glycosyltransferase gene replace-
ments at the predominant glycan locus of the species. In addition to BSAP-2 and
BSAP-3, we confirmed that two other MACPF proteins encoded in LPS glycan regions
are toxins that antagonize species-matched strains with the predominant LPS glycan
type (8). Like the BSAP-1 target, the LPS glycan target of BSAP-2 is important for gut
colonization, demonstrating why genes encoding the targets of MACPF toxins are
replaced rather than lost in the toxin-producing strain. MACPF domain proteins are
widely distributed in the phylum Bacteroidetes, including in diverse members that live
in soil and marine environments (6). As the target molecules of the MACPF toxins are
species specific, all MACPF antibacterial toxins that have been identified to date target
strains of the same or very closely related species, such as B. vulgatus and B. dorei (9).

In addition to BSAP-1, some B. fragilis strains secrete a diffusible antibacterial
molecule that is very similar to human ubiquitin (BfUbb) (10). Like the MACPF toxins,
this small protein also antagonizes strains of the same species; however, many strains
that do not harbor the ubb gene are also resistant to it. The mechanism of action of
BfUbb has not yet been reported.

B. fragilis strain 638R has served as our model strain for study of many of these
antimicrobial molecules. BSAP-1 and BfUbb are both produced by this strain. In
addition, we identified the two toxic effectors of the GA3 T6SS of this strain, Bfe1 and
Bfe2 (1). In our previous analysis of BfUbb, we created a mutant where both bsap-1 and
ubb were deleted. Here, we tested a panel of 34 B. fragilis strains and found that some
strains are still antagonized by a diffusible secreted molecule produced by this double
deletion mutant. In this study, we identified this fifth antimicrobial molecule of this
strain and its target in sensitive cells.

Shumaker et al. Journal of Bacteriology

April 2019 Volume 201 Issue 8 e00577-18 jb.asm.org 2

https://jb.asm.org


RESULTS
Identification of an additional diffusible toxin produced by B. fragilis 638R. A

B. fragilis 638R mutant in which both previously identified diffusible toxin-encoding
genes, BF638R_1646 (bsap-1) and BF638R_3923 (ubb), are deleted no longer inhibits the
growth of several B. fragilis strains in the in vitro spot overlay assay (10). We analyzed
a panel of 34 B. fragilis strains and found that three of these B. fragilis strains are growth
inhibited to some extent by a molecule secreted by this double deletion mutant (Table
1; Fig. 1), though the zones of inhibition are not as strong compared to those produced
by the BSAP-1 and BfUbb toxins. To identify this antimicrobial molecule, we performed
transposon mutagenesis using the 638R Δbsap-1 Δubb mutant background strain. A
transposon mutant was identified that was severely attenuated in its ability to inhibit
the growth of all three B. fragilis strains (Fig. 1B). The transposon insertion site mapped
to bp 1263 of gene BF638R_2714, which encodes a protein with a MACPF domain
(Fig. 1C).

To confirm that BF638R_2714 confers this toxin activity, we used pMCL177 (6), a
previously constructed plasmid with BF638R_2714 cloned into a Bacteroides expression
vector, and placed it in trans in the heterologous species Bacteroides thetaiotaomicron
VPI-5482. This gene conferred antimicrobial toxin activity to B. thetaiotaomicron when
tested against the three sensitive strains (Fig. 2A). To further confirm that this MACPF

TABLE 1 Ability of B. fragilis 638R, 638R Δbsap-1, 639R Δubb, 638R Δbsap-1 Δubb, and His–BSAP-4 to inhibit the growth of B. fragilis
strainsa

Overlay strain

Inhibition by:

OMP638Rb His–BSAP-1b BfUbb peptideb 638R �bsap-1 �ubb His–BSAP-4 BSAP-4 gene

CL03T00C08c Variant 2 (P137, T254)
CL05T12C13c Variant 2 (P137, A254, E281)
CM13c Faint Variant 1
20793-3c Variant 1
078320-1c Yes Variant 1
US326c Variant 2 (P137, T254)
S36-L11c Variant 2 (P137, P254)
J38-1c Variant 2 (L137, P254)
2_1_16c Faint Yes Variant 1
12905c Yes Variant 1
CL07T12C05c Yes Variant 1
9343c Variant 1
I1345c Variant 2 (P137, T254)
CL04T03C20c Variant 1
1284c Variant 1
Korea 419c Variant 1
3_1_12c Variant 3
LM001 Variant 2 (V94, P137, T254)
1279153I Faint
419
13141
B117
26877 Faint
LM16
12877810I
1281550I
26783
LM41 Faint
DSM2151 Faint
379
B124
LM2
LM8
LM36
aData regarding growth inhibition of strains and mutants are from when assays were performed using BHIS plates. Shading indicates that the strain is growth
inhibited by the strain/toxin.

bData were recently reported (10) but are shown here for comparative purposes.
cGenome sequence available.
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protein is the inhibitory factor produced by the Δbsap-1 Δubb strain, we made an
internal deletion mutant of BF638R_2714 in the 639R Δbsap-1 Δubb mutant back-
ground and found that this triple deletion mutant was attenuated in its ability to inhibit
the growth of the three B. fragilis strains. The addition of BF638R_2714 in trans to the
triple deletion mutant partially restored this growth inhibitory activity (Fig. 2B). As final
proof that BF638R_2714 encodes a toxin, we created an N-terminal His-tagged fusion
replacing the SpII signal sequence of the MACPF protein with the His tag. We found
that this purified protein targets all three sensitive B. fragilis strains (Fig. 2C) but none
of the other 31 strains shown in Table 1. We named this MACPF antimicrobial protein
BSAP-4.

Of the panel of 34 B. fragilis strains, we previously showed that 24 are targeted by
BSAP-1, 14 strains are targeted by BfUbb (10), and three by BSAP-4. Of the three
targeted by BSAP-4, two strains are targeted only by BSAP-4, whereas strain LM001 is
targeted by all three toxins (Table 1; Fig. 2D). Only seven of these B. fragilis strains are
not targeted by any of these three diffusible toxins of strain 638R.

Identification of the BSAP-4 target. Based on our previous findings that the BSAP-1,
-2, and -3 genes are found in the same genetic region as the receptor gene in sensitive
strains, we analyzed the genetic region adjacent to bsap-4 and aligned this region in all
the sequenced strains shown in Table 1. Based on genetic organization, bsap-4 may be
part of an eight-gene operon (Fig. 3A), as the largest intergenic gap in this region is
84 bp. Several of the genes in this region are similar to heme uptake and macromo-
lecular transport proteins. The gene immediately downstream of bsap-4 encodes a
�-barrel outer membrane protein of the calycin superfamily with �-barrel structures
(11). This gene is divergent in B. fragilis genomes, with extensive DNA identity (89% to
99%) resuming downstream of this gene (Fig. 3A). Although divergent, these variant
genes from different B. fragilis genomes all encode proteins with a calycin-like do-
main(s). We predicted that the variant of this calycin-like OMP in sensitive strains may
be the BSAP-4 receptor. We analyzed the sequences of this gene and its products from
all 17 sequenced B. fragilis strains listed in Table 1 and found three major variants of the
calycin-like OMP among these strains (Fig. 3A). Notably, in 10 of these 17 strains, this
protein is identical or nearly identical to that of 638R (�99% identical) (variant 1), but

FIG 1 Identification of a third secreted diffusible antimicrobial molecule of B. fragilis 638R. (A) Agar
overlay assays showing the ability of diffusible molecules from wild-type 638R or the double deletion
mutant 638R Δbsap-1 Δubb (ΔΔ) to inhibit the growth of B. fragilis strains (strains used in overlays listed
on the right). (B) Agar overlay showing a transposon mutant (tn) in background strain 638R Δbsap-1 Δubb
that attenuates its antimicrobial activity against all three sensitive strains. (C) The transposon insertion
site in BF638R_2714.
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only four of these strains have the adjacent BSAP-4 gene. All 10 strains, however, are
resistant to BSAP-4 (Table 1). Of the three strains of B. fragilis sensitive to BSAP-4, two
have sequenced genomes available, and we PCR amplified and sequenced this region
from the third strain (B. fragilis LM001). Strains J38-1 and LM001 have a second variant
of this OMP that is 50% similar to the variant 1 OMP. Strain 3_1_12 has a third variant
of this OMP (variant 3) that is 53% similar to that of 638R (variant 1) and 87% similar to
that of strains LM001 and J38-1 (variant 2). Interestingly, variant 2 and 3 OMPs, which
are more similar to each other than to the variant 1 OMP, have two repeated calycin-like
domains (Pfam PF13944.5), whereas the variant 1 OMP has only a single copy of this
domain (Fig. 3B). To determine if the variant 2 OMP is necessary for BSAP-4 sensitivity,
we made a clean deletion mutant of M068_2717 in strain J38-1 (variant 2), as strains
LM001 and 3_1_12 are resistant to the two antibiotics used for genetic manipulation in
Bacteroides. Deletion of M068_2717 renders the strain resistant to BSAP-4, and sensi-
tivity is restored when the gene was added to this mutant in trans (Fig. 3C).

Heterologous expression of diverse variant OMP genes and phenotypic anal-
ysis. The variant 2 OMP is found in both BSAP-4-sensitive and -resistant B. fragilis strains
(Table 1). An alignment of the DNA sequences of this gene from the six sequenced
variant 2 strains listed in Table 1 revealed that the DNA upstream and downstream of
the gene (100 bp analyzed) is identical between strains. However, there are minor
nucleotide variants within the genes resulting in single-amino-acid differences between
these proteins. There are four positions that are variable between these seven proteins.
The protein from sensitive strain J38-1 has an L at position 137, whereas the six other
proteins, including that from sensitive strain LM001, have a P at this position. There are
three different residues at position 254 (P, T, or A), which do not segregate based on
strain sensitivity, as J38-1 has a P at this position and LM001 has a T. As these amino
acid differences do not correlate with strain sensitivity, we sought to determine

FIG 2 Confirmation that BF638R_2714 encodes toxin activity. (A) Placement of BF638R_2714 in trans
(p2714) in B. thetaiotaomicron VPI-5482 conferred growth inhibitory activity against all three B. fragilis
strains. (B) Deletion of BF638R_2714 in the 638R Δbsap-1 Δubb (ΔΔ) background, resulting in 638RΔΔΔ,
abrogated toxin activity that is partially restored when the gene is added in trans. (C) Purified His-tagged
2714 demonstrates toxin activity in a dose-dependent manner against the three sensitive B. fragilis
strains but not against resistant strain NCTC 9343. (D) Venn diagram of the sensitivity of the 34 B. fragilis
strains analyzed in this study against each of the three diffusible toxins produced by B. fragilis 638R.
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whether each of these variant 2 OMPs could render B. thetaiotaomicron sensitive to
BSAP-4. All five variant 2 OMPs, as well as the variant 1 OMP from 638R and the variant
3 OMP from strain 3_1_12 were cloned into a Bacteroides expression vector. When
placed in trans in B. thetaiotaomicron, all variant 2 OMPs and the variant 3 OMP
conferred BSAP-4 sensitivity to this strain, whereas the variant 1 OMP from strain 638R
did not (Fig. 4A). These data show that each of these variant 2 OMPs is able to serve as
a BSAP-4 target when expressed from a constitutive promoter in B. thetaiotaomicron.
We also transferred several of these OMP variants into the 638R mutant deleted for all
three diffusible toxins (638RΔΔΔ). Similar to the result in B. thetaiotaomicron, each
variant rendered the 638RΔΔΔ strain somewhat sensitive to BSAP-4, although the zones
of inhibition were not as sharp and clear as those resulting from the expression of these
target genes in B. thetaiotaomicron (Fig. 4B). In addition, we placed the variant 2 OMP
from strain CL03T00C08, which is identical to the OMP from strain I1345, into the
wild-type I1345 background. This strain, which under the conditions of our assay does
not appear to be growth inhibited by BSAP-4, becomes growth inhibited when its own
OMP is expressed from a constitutive promoter. Therefore, there must be factors other
than amino acid differences in the variant 2 OMPs that render a B. fragilis strain sensitive
to BSAP-4.

Reporter analysis of the variant 2 OMP promoter in BSAP-4-sensitive and -resis-
tant strains. The data suggest that variant 2 OMP genes are differentially expressed in
BSAP-4-sensitive and -resistant B. fragilis strains. The promoter regions upstream of the
variant 2 OMP genes of sensitive and resistant strains are identical for the first 266 bp,
and there is only a single base pair difference between strains in the entire 301-bp
upstream intergenic region. However, this single base pair change does not correlate

FIG 3 BSAP-4 receptor analysis. (A) ORF maps of the four distinct genetic variants in the bsap-4 or corresponding genetic regions of sequenced
B. fragilis strains. Genes highlighted in purple are conserved between genomes. Red indicates the bsap-4 MACPF gene. Yellow and green genes
identify the three OMP variants. Lines between genomes delineate the extent of the major divergences. (B) Each of the three OMP variant proteins
shown as a line with the extent of the calycin-like domains (PF13944.5) shown above in pink with the amino acid positions of the domains
indicated. (C) Agar overlay assays showing that the deletion of the variant 2 OMP gene in strain J38-1 (J38-1 Δ2717) renders the strain resistant
to BSAP-4 and that sensitivity to BSAP-4 is restored when the OMP gene is added to the mutant in trans (p2717).
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with BSAP-4 sensitivity or resistance. Therefore, the promoter sequence is not likely a
factor in expression differences. To determine the expression levels of this promoter in
sensitive and resistant strains with variant 2 OMPS, we cloned the entire 301-bp
intergenic region upstream of the variant 2 OMP gene of resistant strain I1345 into a
NanoLuc reporter plasmid (12). This plasmid is pNBU2 based (13) and integrates into
Bacteroides chromosomes at an att site (13). Among B. fragilis strains with variant 2
OMPs, there is one BSAP-4-sensitive strain (J38-1) and two BSAP-4-resistant strains
(S36_L11 and I1345) that are erythromycin sensitive, allowing for selection of the
integrants. The pNBU2 plasmid itself or plasmid pMM553 that has the promoter of the
housekeeping sigma factor of B. thetaiotaomicron cloned upstream of the NanoLuc
gene (12) were also integrated into these three B. fragilis strains to serve as negative or
positive controls, respectively.

We measured relative luciferase units (RLU) when these nine constructs were grown
in supplemented brain heart infusion (BHIS) broth, the same medium used for the plate
overlay assays, or in a defined M9-based minimal medium. When grown in BHIS broth,
the RLU from the variant 2 OMP promoter in the BSAP-4-sensitive strain J38-1 were
23-fold and 16-fold higher than luciferase units from BSAP-4-resistant strains S36-L11
and I1345, respectively (Fig. 5; see also Table S1 in the supplemental material).
Therefore, the same promoter in different B. fragilis strains is differentially regulated.
The results are even more striking when these strains are grown in a defined minimal
medium. Under these conditions, the RLU produced by the variant 2 OMP promoter in
the BSAP-4-sensitive strain J38-1 is 336-fold and 247-fold greater than in strains

FIG 4 Analysis of the growth inhibition of strains when distinct variant 1, 2, and 3 OMP genes are
constitutively expressed in trans. (A) A variant 1 OMP (638R), a variant 3 OMP (3_1_12), and each of the
five distinct variant 2 OMPs were cloned into a vector for constitutive expression and placed in trans in
B. thetaiotaomicron. Compared to vector alone, the variant 3 and all variant 2 OMPs conferred BSAP-4
sensitivity to B. thetaiotaomicron, but the variant 1 OMP did not. (B) The same analysis as in panel A
except that the OMP-encoding plasmids were transferred to 638R Δbsap-1 Δubb Δbsap-4 (638RΔΔΔ). (C)
Constitutive expression of the CL03T00C08 OMP, which is identical to that of the background strain
I1345, confers a degree of BSAP-4 sensitivity to this otherwise resistant strain.
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S36_L11 and I1345, respectively (Fig. 5; Table S1). These data confirm that there are
differences in these background strains unrelated to the promoter sequence that
dictate differential expression of the OMP genes and therefore whether a variant 2 OMP
carrying strain is sensitive or resistant to BSAP-4.

Genetic analysis of the BSAP-4 or corresponding genetic region in B. fragilis
strains. The detection of three different OMP variants, and that a resistant OMP (variant
1) can be present without bsap-4, prompted us to determine the frequency of each of
these four genetic heterogeneities (variant 1 OMP gene with bsap-4, variant 1 OMP
gene without bsap-4, variant 2 OMP gene, and variant 3 OMP gene) in sequenced B.
fragilis strains. As shown in Table S2, of the 118 sequenced B. fragilis genomes, 50
strains harbor a variant 2 OMP, 38 harbor BSAP-4 and the variant 1 OMP, 27 harbor the
variant 1 OMP but not BSAP-4, and 4 strains harbor the variant 3 OMP. Therefore, unlike
our findings with BSAP-1, -2, and -3, nearly 23% of strains do not harbor BSAP-4 and yet
are resistant to it due to the presence of a resistant receptor ortholog.

DISCUSSION

MACPF domain proteins are a major family of antibacterial toxins of gut Bacteroides
and may also mediate competition in diverse Bacteroidetes species. Bacteroides MACPF
toxins are the first MACPF toxins shown to be produced by bacteria that kill bacteria.
BSAP-4 and BSAP-1 are the only proteins of B. fragilis 638R with MACPF domains.
During our original identification of BSAP-1, we noted that some B. fragilis strains were
still inhibited by the bsap-1 deletion mutant, and at that time, we tested whether
BF638R_2714 (BSAP-4) may be conferring this additional toxin activity (6). We did not
detect toxin activity by BF638R_2714 against four B. fragilis strains that were still
inhibited by Δbsap-1 and have since shown that they are targeted by BfUbb (10).
Therefore, our inability to detect toxin activity by BF638R_2714 was because none of
the strains previously tested for inhibition are sensitive to this MACPF protein.

There are two major types of molecules that these MACPF toxins target on sensitive
cells: �-barrel OMPs and glycan molecules of LPS. BSAP-1 and BSAP-4 are the only two
MACPF toxins identified to date that recognize �-barrel OMPs, albeit distinct molecules,
on target cells. However, these MACPF toxins share very little similarity to each other
(42% similarity). The same is true of the MACPF toxins that target LPS glycan molecules.
There are no obvious clues in the sequences of these proteins to suggest what their
cellular targets may be. Instead, we have found that the target molecules can typically
be identified based on the location of the MACPF gene and the products encoded by
the surrounding gene(s) that differ from those in sensitive strains.

FIG 5 NanoLuc reporter data of the promoter activity of the variant 2 OMP (BSAP-4 receptor) in sensitive
and resistant strains under two growth conditions. For each experiment, the negative control is the vector
without the NanoLuc gene. The experimental group has the promoter for the variant 2 OMP gene cloned
upstream of the NanoLuc gene, and the positive control is the B. thetaiotaomicron housekeeping sigma
factor promoter cloned upstream of the NanoLuc gene. RLU, relative luciferase units. Each bar is the
average from biological triplicates, and error bars show the standard errors of the means. Data are shown
for the B. fragilis J38-1 strain (BSAP-4 sensitive) and for two strains that are resistant to BSAP-4.
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There are a few features about the BSAP-4 toxin system that are distinct from the
previously characterized MACPF toxins of Bacteroides. The first is that B. fragilis strains
can have a gene encoding the resistant variant of the target without the MACPF toxin
gene. Second, there are two sensitive variants of the target OMP that confer sensitivity.
These variants are 87% similar to each other, and unlike the resistant variant 1 OMP,
they each have two tandem calycin-like domains, which may contribute to recognition
by the BSAP-4 toxin. In addition, the variant 2 BSAP-4 receptor gene is differentially
regulated in strains, rendering some strains that likely have the potential to be inhibited
by BSAP-4 to appear resistant. It will be interesting to identify growth conditions under
which this OMP is turned on in these resistant strains. It is possible that this regulation
is an adaptation to selective pressure by this toxin.

The large number of antibacterial toxins produced by B. fragilis suggests that the
ability of these bacteria to antagonize other members is important for competitive
fitness in the mammalian gut (1–3, 7). A schematic of the five antibacterial toxins
produced by B. fragilis 638R is shown in Fig. 6. Most B. fragilis strains have a GA3 T6SS
that is able to kill numerous gut Bacteroidales species. Such a broad-spectrum killing
system should allow these organisms to compete with other Bacteroidales members
that are able to harvest a greater range of nutrients. All four of the identified diffusible
toxins of B. fragilis, namely, BSAP-1, BSAP-4, BfUbb, and a MACPF toxin of B. fragilis
strain J38-1 that recognizes an LPS glycan (8), target strains of the same species. Indeed,
these are the organisms with which they compete most for nutrients and space. Our
accumulating data suggest that of all the human gut Bacteroides species, B. fragilis
strains may produce the largest arsenal of antimicrobial toxins. As each of the three
diffusible toxins of 638R target a different subset of B. fragilis strains, the accumulation
of toxin genes allows for a greater range of antagonism. In addition, if more than one

FIG 6 Schematic of the five antibacterial toxins produced by B. fragilis 638R. Toxins are designated in red font. Three toxins
are actively secreted from B. fragilis 638R and two are delivered by a type VI secretion system (T6SS). The toxic effectors of the
T6SS (Bfe1 and Bfe2) have transmembrane domains and are predicted to insert into the cytoplasmic membrane of the target
cell. Their mechanism of toxicity has not been described. BSAP-1 and BSAP-4 are MACPF domain proteins and bind different
�-barrel OMPs on the surfaces of sensitive cells and are predicted to form large pores in the outer membrane. The
ubiquitin-like protein functions by an unknown mechanism and its localization and target in sensitive cells has not been
reported.

A Second MACPF Toxin of B. fragilis 638R Journal of Bacteriology

April 2019 Volume 201 Issue 8 e00577-18 jb.asm.org 9

https://jb.asm.org


toxin targets the same competing strain, it may allow for more rapid or robust
antagonism of that strain. Lastly, a larger repertoire of toxins may allow for antagonism
under different environmental conditions if toxins and receptor molecules are regu-
lated by various conditions in the human gut.

MATERIALS AND METHODS
All oligonucleotides used in this study are listed in Table S3 in the supplemental material.
Bacterial strains and growth conditions. Bacteroides strains used in this study were previously

described and are listed in Table 1. Bacteroides strains were grown anaerobically at 37°C in supplemented
basal medium (14) or supplemented brain heart infusion (BHIS) medium for liquid cultures or on BHIS
plates. Defined minimal medium has M9 salts with added glucose, L-cysteine, CaCl2, MgSO4, hemin,
vitamin K, FeSO4, and vitamin B12. Antibiotics (erythromycin, 5 �g/ml; gentamicin, 200 �g/ml) were
added as indicated in “Construction of deletion mutants,� below. Escherichia coli strains [DH5�, BL21(DE3)
and S17 � pir] were grown in L broth or on L plates supplemented with antibiotics (carbenicillin,
100 �g/ml; kanamycin, 100 �g/ml) when appropriate.

Agar spot test for growth inhibition analysis. Diffusible antimicrobial activity was assayed using
the agar spot test (15). Bacterial cells were scraped from petri dishes into 500 �l of phosphate-buffered
saline (PBS) and resuspended to an approximate density of 3 � 109 cells/ml, and 5 �l was spotted onto
BHIS plates. These plates were incubated overnight to allow secretion of antimicrobial molecules into the
medium. Cells were removed using a cotton swab, and remaining cells were killed by exposing the plate
to chloroform vapor for 15 min. Alternatively, His–BSAP-4 was spotted directly onto plates. Strains to be
tested for growth inhibition were grown to mid-log phase, added to 4 ml of top agar, and poured over
the prepared plates. These agar overlay plates were incubated overnight, and zones of clearing were
analyzed after �20 h. In some instances, the gamma value was adjusted for the image.

Transposon mutagenesis. Bacteroides fragilis 638R Δbsap-1 Δubb was the background strain for
transposon mutagenesis using plasmid pSAM_BcellWH2 (16). Transposon mutants were screened for loss
of inhibitory activity against B. fragilis 3_1_12 using the agar overlay assay. The transposon insertion site
was identified by arbitrary PCR amplification using a primer within the transposon with an arbitrary
primer followed by a second round of amplification with two primers as previously described (17).
Amplicons were purified from agarose gels and sequenced using an oligonucleotide directed outward
from the transposon cassette.

Cloning and heterologous expression of genes. Genes for expression in Bacteroides were PCR
amplified and cloned into expression vector pFD340 (18) either by restriction digest cloning or assembly
using NEBuilder (New England Biolabs) (Table S3). In these constructs, transcription initiates from a
constitutive vector-borne promoter. Sequence-confirmed clones were conjugally transferred from E. coli
DH5� into Bacteroides strains using helper plasmid RK231.

Construction of deletion mutants. Nonpolar deletion mutants were constructed using Bacteroides
suicide vector pKNOCK-bla-ermGb. Approximately 2,500-bp flanking regions upstream and downstream
of the gene to be deleted were PCR amplified and cloned using NEBuilder (New England Biolabs) into
the suicide vector linearized with BamHI, which was then transformed into E. coli S17 � pir. A plasmid
confirmed to have the correct assembly of the segments was conjugally transferred into the appropriate
B. fragilis strain, and cointegrates were selected on BHIS plates containing gentamicin and erythromycin.
Cointegrates were passaged three times and then plated on BHIS plates. Double cross-outs were
identified by replica plating onto BHIS plates with erythromycin, and mutants were identified by PCR
followed by Sanger sequencing.

Cloning and purification of His-tagged BSAP-4. BF638R_2714 was PCR amplified using primers
designed to omit the first 84 bp of the open reading frame (ORF) to eliminate its 28-amino-acid
N-terminal signal sequence (Table S3). The amplified fragment was digested with NdeI and BamHI and
ligated into the pET16b vector (Novagen) to introduce an N-terminal His tag. Transformants of E. coli
BL21(DE3) were confirmed by Sanger sequencing. Expression of the recombinant protein was induced by
the addition of IPTG (isopropyl-�-D-thiogalactopyranoside), and the recombinant protein was purified
using the Probond nickel-nitrilotriacetic acid (NTA) purification system (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions for native protein purification. Eluted fractions were dialyzed
against PBS, and the protein concentration was quantified using a Qubit fluorometer (Thermo Fisher
Scientific).

Construction of NanoLuc plasmid and luciferase assay. We started with a previously constructed
NanoLuc-containing plasmid designated pMM553 (12) that utilizes the pNBU2 plasmid (13) with the
promoter from the B. thetaiotaomicron housekeeping sigma factor BT1311 (19) cloned upstream of the
NanoLuc gene. Using NEBuilder (NEB) and the primers listed in Table S3, we replaced the BT1311
promoter of pMM553 with the 301-bp region of the variant 2 OMP promoter of B. fragilis I1345. This
construct, as well as pNBU2 and pMM553, were each individually conjugally transferred to three B. fragilis
strains, J38-1, S36_L11, and I1345, where they integrate into the chromosomes at an att site (13). For
luciferase assays, these nine strains were swabbed from a fresh plate and resuspended to an optical
density at 600 nm (OD600) of approximately 0.8, and then 150 �l was added to 1.35 ml of medium and
grown for 4 h (BHIS broth) or 6 h (defined minimal medium). The final OD600 values of the cultures
following growth in a given medium were standardized so that equivalent cell numbers were analyzed
per condition. The cells were collected by centrifugation and lysed using Bugbuster protein extraction
reagent (MilliporeSigma, Burlington, MA). Equal volumes of lysed cells and Nano-Glo luciferase assay
reagent (Promega Corp., Madison, WI) were combined in half-area white 96-well plates (Greiner Bio-One,
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Monroe, NC), and luminescence was measured using a SpectraMax L microplate reader (Molecular
Devices, LLC., San Jose, CA) with a 1-s integration time using noncorrective photon counting. Biological
triplicates were performed for all assays.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00577-18.
SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.4 MB.
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