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Amolecular toolkit for heterologous protein
secretion across Bacteroides species

Yu-Hsuan Yeh 1,2, Vince W. Kelly 1,7, Rahman Rahman Pour 1,8 &
Shannon J. Sirk 1,2,3,4,5,6

Bacteroides species are abundant, prevalent, and stablemembers of the human
gut microbiota, making them a promising chassis for developing long-term
interventions for chronic diseases. Engineering Bacteroides as in situ bio-fac-
tories, however, requires efficient protein secretion tools, which are currently
lacking. Here, we systematically investigate methods to enable heterologous
protein secretion in Bacteroides. We identify a collection of secretion carriers
that can export functional proteins across multiple Bacteroides species at high
titers. To understand the mechanistic drivers of Bacteroides secretion, we
characterize signal peptide sequence features, post-secretion extracellular
fate, and the size limit of protein cargo. To increase titers and enable flexible
control of protein secretion, we develop a strong, self-contained, inducible
expression circuit. Finally, we validate the functionality of our secretion car-
riers in vivo in a mouse model. This toolkit promises to enable expanded
development of long-term living therapeutic interventions for chronic gas-
trointestinal disease.

Engineered living therapeutics comprise an emerging class of micro-
bial cell-based treatment strategies utilizing both native and modified
strains to function as biological machines that mediate disease pre-
vention and treatment from within the human body. Achievements in
this field are driven by a continuous expansion of our knowledge of
host-microbiota interactions1 combined with ongoing innovations in
synthetic biology tools2. These advances have supported numerous
studies demonstrating that commensal gut bacterial species can be
engineered to perform metabolic functions3–6 or produce and deliver
therapeutic compounds from within the gastrointestinal (GI) tract4,7–11.
Notably, ~90%of the bacterial species in the average human gut belong
to only two phyla – Bacteroidetes and Firmicutes12– and ~25% of the
entire microbial community in the colon belongs to a single dominant
genus: Bacteroides13. Furthermore, a longitudinal study of human gut
microbiota stability of healthy adults in the United States showed that
the colonization of Bacteroides species can remain stable for up to five

years14. Together, these features potentiate the use of Bacteroides
species as a robust chassis for developing living therapeutics to achieve
in situ, long-termtreatment andmonitoring of chronic diseases such as
cancer, diabetes, and inflammatory bowel diseases (IBD). Critically,
recent extensive studies of Bacteroides species provide a powerful
selection of tools for genetic manipulation15–23, biocontainment24, and
tunable engraftment25, further advancing their application from bench
to bedside.

When engineering bacteria for therapeutic or diagnostic purposes
in which protein-based products must function in the extracellular
space, the ability of the microbial chassis to secrete heterologous
cargo is a key selection criterion26,27. While the Bacteroides genus
represents an attractive collection of target species for thispurpose, all
Bacteroides species are Gram-negative, which presents technical chal-
lenges for efficient protein secretion. Unlike Gram-positive bacteria,
which have a single lipid membrane and readily secrete heterologous
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cargo outside of the cell through both the general secretion pathway
(Sec) and the twin-arginine translocation (Tat) pathway as long as the
target protein is fused to an appropriate signal peptide (SP)28,29, pro-
tein secretion from double-membraned Gram-negative bacteria is
more complex and requires additional cellular machinery30. Thus far,
eleven different secretion systems have been identified in Gram-
negative bacteria, referred to as the type 1 secretion system (T1SS)
through T11SS30,31. Some of these secretion systems are well char-
acterized and widely used for heterologous protein secretion in non-
native hosts, such as T1SS32 and T3SS33–35. However, these secretion
systems are either poorly conserved or completely absent from all
Bacteroides species studied to date36,37. A few studies have reported
that fusing a therapeutic protein with SPs from Bacteroides fragilis
enterotoxin (BFT) or OmpA (BT_3852) of Bacteroides thetaiotaomicron
(B. theta)15,38–40 yields detectable levels of secretion; however, the
highest reported titer of ~10 ng/mL40 is still orders of magnitude lower
than the secretion titers observed with other well-studied Gram-
negative and Gram-positive bacteria, often exceeding 100 µg/mL28,41.

Here, to address these limitations and capitalize on the potential
of Bacteroides species as a powerful platform for developing engi-
neered living therapeutics, we systematically investigate the hetero-
logous protein secretion capability of both endogenous and
exogenous secretion systems in B. theta, a highly studied species that
is representative of the genus within the human gut microbiota. Our
investigations reveal a suite of full-length proteins and lipoprotein SPs
derived from native B. theta secretory proteins that can deliver func-
tional antibody fragments and reporter proteins into the extracellular
space. We show that these secretion carriers are broadly functional
across multiple Bacteroides species. We also define the sequence fea-
tures and preferred amino acid composition of lipoprotein SPs that
can drive high-level secretion. To further refine the usage of secretion
carriers, we evaluate the post-secretion fate of protein cargo exported
via full-length fusion partners and lipoprotein SPs and observe both
outer membrane vesicle (OMV)-dependent and OMV-independent
secretion. By selecting specific secretion carriers from our collection,
we are able to direct secreted proteins to specific target destinations:
freely soluble in the extracellular space; bound to the external surface
of OMVs; or held within the OMV lumen. Additionally, toward full
characterization and optimization ofour system,we identify a putative
cargo size limit for lipoprotein SP-mediated secretion of heterologous
proteins and also develop a strong, self-contained, inducible system
for driving robust protein expression inBacteroides species. Finally, we
verify the in vivo activity of our platform using B. theta engineered for
in situ delivery of the bioluminescent reporter NanoLuc, which we
quantify ex vivo in fecal homogenates. The molecular toolkit provides
an accessible framework for generating living therapeutic and diag-
nostic machines from highly relevant human commensal Bacteroides
species.

Results
PBfP1E6-RBS8 drives strong and reproducible secretion of pro-
teins in B. theta
To establish a set of secretion tools for members of the Bacteroides
genus,we selectedB. theta as the startingpoint basedon its prevalence
and abundance in the human gut as well as the large body of knowl-
edge surrounding this species, including a substantial collection of
well characterized genetic tools15–23. To ensure robust and repro-
ducible results, we first sought to establish a framework for evaluation
of protein expression and secretion across diverse samples. We iden-
tified a core set of three nativeB. theta proteins previously shown to be
highly secreted, each with a different N-terminal signal sequence:
BT_2472 (Sec/SPI SP), BT_3382 (lipoprotein SP), and BT_3769 (no SP
identified; secretion mechanism unknown)42. To identify optimal
genetic parts for reproducible and detectable protein secretion, we
tested each protein using three different promoter/ribosome-binding

site (RBS) pairs (Fig. 1a). For strong, constitutive expression, we used a
previously characterized Bacteroides fragilis phage promoter paired
with either its original RBS (RBSphage) or a modified version with the
highest observed activity amongst reported variants (RBS8)19. For
more precisely controlled protein expression, we used a tightly regu-
lated anhydrotetracycline (aTc)-inducible promoter (P1TDP-GH023)

17.
To evaluate the performance of the different constructs and to
determine the best timepoint for measuring extracellular protein
accumulation in future studies, we expressed each protein from each
expressionplasmid andmonitoredbacterial growth and secretion inB.
theta liquid culture for 48 h (Fig. 1b). Despite similar growth kinetics
between samples, we only observed high levels of secretion from
BT_3382, and only with the strong, constitutive phage promoter/RBS
pairs. BT_3769 only achieved levels of secretion above background
when expression was driven by PBfP1E6-RBS8, however the signal was
more than two-fold lower than that measured for BT_3382 with the
same promoter/RBS. Interestingly, P1TDP-GH023 did not drive high
enough protein expression to result in detectable levels of secretion
for any of the three proteins, even after doubling the concentration of
aTc from 100ng/mL to 200ng/mL (Fig. 1b). Similarly, no expression
construct produced detectable levels of secreted BT_2472 (Fig. 1b). It is
possible that the C-terminal domain of this protein is involved in
secretion and was compromised by the 3xFLAG tag that was included
for immunodetection.

For both BT_3382 and BT_3769, we observed peak extracellular
protein accumulation when B. theta cultures grew to late log phase
(16–20hr, OD600 0.6–0.8). Beyond this point however, the amount of
BT_3769 in the culture media rapidly dropped to undetectable levels
within 8 h, whereas the level of BT_3382 only dropped by ~15% when
measured 48 hr later (Fig. 1b). The persistently high levels of BT_3382
may be due to higher protein stability rather than continued produc-
tion and secretion by B. theta during stationary growth as BT_3382 is
reported to be enriched in OMVs42, which may lead to higher
thermostability43,44.

Based on these results, we decided to 1) use PBfP1E6-RBS8 as our
baseline promoter/RBS pair to drive expression of all constructs
moving forward since it resulted in the highest observed secretion
levels in this preliminary screen, and 2) collect all supernatant samples
between late log and stationary phase of growth to ensure consistent
detection of secreted productswithin the predictedwindowof protein
stability for all samples.

Identification of B. theta secretion carrier candidates from
endogenous and exogenous sources
To continue developing our secretion toolkit, we next sought to
identify signal peptides, full-length proteins, or protein domains that
function as secretion carriers that promote extracellular export of
heterologous proteins from B. theta. Similar approaches either utilize
endogenous secretionmachinery with homology to known systems or
introduce exogenous secretion systems/tags from other bacterial
strains41. Because most previously characterized secretion systems in
Gram-negative bacteria are either incomplete or not conserved in the
B. theta genome36,37, the endogenous secretion systems of B. theta are
still poorly understood. To circumvent this limitation, we identified
three secretion strategies that are typically applicable to all Gram-
negative bacteria—leaky outer membrane (OM), fusion partner, and
outer membrane vesicle (OMV) (Fig. 1c) – and searched for endogen-
ous secretion carrier candidates within each of these categories in B.
theta genome. The leaky OM strategy relies on transport of proteins
into the periplasm via the Sec pathway, followed by secretion to the
extracellular space through natural OM leakage41 (Fig. 1c). We selected
two Sec/SPI SPs from two B. theta endogenous proteins as candidate
secretion carriers for the leaky OM strategy: SusB, a periplasmic pro-
tein of the well-studied B. theta starch utilization system (Sus)45, and
BT_3769, which was previously identified as highly secreted42. The
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fusion partner strategy employs genetic fusion of heterologous car-
goes with full-length native secretory proteins for co-transportation
out of the cell41 (Fig. 1c), without the need to understand the under-
lying secretion mechanisms. To search for secretion carriers for the
fusion partner strategy, we referred to a previous study characterizing
endogenous protein abundance in different fractions (inner mem-
brane [IM], OM, OMV pellets [OMVp], and OMV-free supernatants

[SUP]) of B. theta liquid culture42 and identified thirty-three candidates
with high abundance in the OMVp, SUP, or both fractions (Supple-
mentary Data 1 and 2, Methods). Finally, the OMV strategy is based on
the recent discovery of the lipoprotein export signal (LES), a five-
residue conserved motif that immediately follows the lipoprotein SP
cleavage site ( + 2 to +6) in many native OMV-enriched lipoproteins in
B. theta42,46. We hypothesized that adding a lipoprotein SP with an
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identifiable LES to heterologous cargoes would enable their secretion
via OMVs (Fig. 1c). Using the same data set as for the fusion partner
strategy, we identified the SPs of twenty-four lipoproteins enriched in
either the OMVp or the combined (OMVp+SUP) fractions of B. theta
liquid culture as candidate secretion carriers for the OMV strategy42

(Supplementary Data 1 and 2, Methods).
We also selected two highly studied secretion systems from

Escherichia coli–T1SS and T8SS (Fig. 1c)—based on their small genetic
size, few components, and simple regulation to ensure the highest
chance of success. The hemolysin system (T1SS) of uropathogenic E.
coli (UPEC)47 and the curli system (T8SS) from E. coli K-1248, have both
been used successfully for heterologous protein secretion in non-
native hosts49,50. The hemolysin system contains HlyB, HlyD, and TolC,
which form the secretion channel, and HlyA, which is the cognate
secreted product used to drive co-transport of protein cargoes via
fusion to its C-terminal domain (HlyAc) (Fig. 1c, Supplementary
Data 2). We fused the HlyAc domain to the C-terminus of the secreted
protein cargo and inserted the HlyB and HlyD genes into the same
plasmid in a polycistronic format under the control of the strong
native B. theta constitutive promoter PBT1311 with the B. theta GH022
RBS18 (Fig. 1d). We did not include TolC in this construct because it is
conserved in most bacterial species51 and several putative homologs
exist in B. theta52. The curli secretion system (T8SS) is even simpler
than the hemolysin system, requiring only a CsgG transport protein
(expressed by PBT1311) and an N-terminal fusion of the first 22 amino
acids of the cognate secreted product (CsgA-N22) to the cargo
protein50 (Figs. 1c, d, Supplementary Data 2).

To evaluate the efficiency of the sixty-one secretion carriers
described above, we selected a single candidate protein to serve as our
standard secretion cargo. Because our goal is to establish a toolbox to
enable the development and implementation of Bacteroides species as
living therapeutics in their natural gut environment, we selected a
clinically relevant single domain antibody (sdAb) that targets Toxin A
(TcdA) from Clostridioides difficile53, a prominent and challenging
gastrointestinal pathogen54. Compared to full-length antibodies, the
small size and structural simplicity of sdAbs allows them to be more
easily expressed by bacteria and results in higher thermal and pro-
teolytic stability in the harsh gut environment. Except for HlyAc, all
candidate secretion carriers (candidate SP or full-length carrier pro-
tein) were fused to the N-terminus of sdAb-TcdA with a C-terminal
3xFLAG tag for detection (Fig. 1d).

Native B. theta secretion carriers enable high-level extracellular
export of sdAb-TcdA
Of the sixty-one secretion carriers we identified (Supplementary
Data 2) and fused to sdAb-TcdA, all constructs were successfully
cloned and conjugated into B. theta except for BT_3434, which
appeared to be lethal in E. coli DH5α. To determine the secretion
efficiency of each of the other sixty secretion carriers, we grew B. theta
transconjugant cultures to late-log phase and measured the abun-
dance of sdAb-TcdA in culture supernatant by dot blot (Fig. 1e).
Twenty-six (43%) of the secretion carriers produced visible signal and
were thus considered effective. No candidate from the leaky OM nor

the exogenous secretion system approaches were represented in this
group, which may be due to the need for membrane-disrupting
methods for full efficacy with the leaky OM approach55,56, and the need
for unknownaccessoryproteinsor regulators that arenot conserved in
B. theta with E. coli T1SS and T8SS48,57,58. Of the twenty-six effective
secretion carriers, seven (27% of effective candidates, 12% of total) are
full-length fusion partner proteins (six with Sec/SPI SPs and one with a
lipoprotein SP) and nineteen (73% of effective candidates, 32% of total)
are lipoprotein SPs. The seven effective fusion partners represent only
22% of the thirty-two total fusion partners tested. The relatively low
success rate of this class of secretion carrier could be improved with
optimization of the fusion, e.g., truncation mutants, alternate orien-
tations (N-, C-, or in-frame internal fusions), etc.59–61. Conversely, the
efficient secretion of sdAb-TcdA observed for 79% of the lipoprotein
SPs (19/24) supports our hypothesis that lipoprotein SPs with LES
sequences may be able to drive OMV-mediated secretion of hetero-
logous proteins.

A positively charged region and length-restricted hydrophobic
region are critical for effective heterologous protein secretion
by lipoprotein SPs
Most of the effective secretion carriers we identified were lipoprotein
SPs from theOMVsecretion strategy, however,fiveB. theta lipoprotein
SPs that we tested did not effectively mediate secretion of sdAb-TcdA:
BT_1488, BT_1896, BT_3147, BT_3148, and BT_3383 (Fig. 1e). To deter-
mine if effective lipoprotein SPs harbor other unique features in
addition to the LES, we analyzed their amino acid sequences. Lipo-
protein SPs are composed of a positively charged N-terminal region
(n), a central hydrophobic region (h), a cysteine residue after the
cleavage site ( + 1), and a LES motif ( + 2 to +6). Interestingly, we found
that the backbones (n- and h- regions) of the five ineffective lipopro-
tein SPs are either very short (~10 residues) or very long (~40 residues),
compared to the backbones of effective lipoprotein SPs (16-34 resi-
dues) (Fig. 2a). All five ineffective lipoprotein SPs lack a positively
charged n-region and BT_3383 SP also has no clear h-region (Fig. 2b).
These results suggest that, in addition to the LES, the presence of
positively charged residues in the n-region, as well as a minimum
length of the h-regionmay be critical factors that drive lipoprotein SP-
mediated secretion in B. theta.

To test this hypothesis, we swapped the n- and h-regions of the
five ineffective SPs with those from an effective SP to see if we could
improve their secretion efficiency through rational design. We chose
the SP from BT_3630 as our standard based on its layout of charged
and hydrophobic regions, which is broadly representative of the
collectionof lipoprotein SPs thatwe identified as effective (Fig. 2b, c).
For each of the five ineffective lipoprotein SP sequences, we made
the following three SP variants and fused them to the sdAb-TcdA: 1)
added two N-terminal lysines immediately after the start codon to
introduce the positively charged region (SP-N), 2) replaced the
hydrophobic region with the one from BT_3630 SP (SP-H), or 3)
introduced both modifications (SP-NH) (Fig. 2c). The only variant
that was not generated was the SP-N version of the BT_3383 SP;
because it does not have an obvious h-region we concluded that

Fig. 1 | Engineering B. theta to secrete sdAb-TcdA. aDesign of genetic constructs
for protein expression and secretion. b Protein secretion (top row) and growth
(bottom row) of B. theta expressing 3xFLAG-tagged BT_2472, BT_3382, or BT_3769
with their native secretion signals, measured from supernatant samples collected
over 48 hrs. Protein levels were measured by dot blot and bacterial growth was
measured by optical density at 600nm (OD600). For strains using the P1TDP-GH023
promoter, the inducer aTc (100 or 200ng/mL) was included in the medium at the
time of inoculation. Data are presented as the mean ± standard deviation of three
biological samples. a.u., arbitrary units. c Schematic representation of secretion
strategies explored in this study. d Design of genetic constructs for secretion

carrier screening in B. theta. e Relative levels of secretion of sdAb-TcdA in culture
supernatants of B. theta harboring sixty different expression/secretion constructs,
measured by dot blot. Inset shows representative dot blot with effective secretion
carriers (above detection limit) labeled. Detection limit (dotted line) was set at the
signal intensity of the faintest dot visible by unaided eye on the membrane, ~7 a.u.
Data are presented as the mean± standard deviation of three biological samples.
WT, wild-type B. theta; NC, negative control B. theta expressing sdAb-TcdAwith no
secretion carrier fusion. Panel (c) Created in BioRender. Yeh, Y. (2022) BioR-
ender.com/v42q089. Source data are provided as a Source Data file.
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Fig. 2 | Rational engineering enables ineffective lipoprotein SPs to secrete
sdAb-TcdA. a Comparison of the length of five ineffective (black) and nineteen
effective (green) lipoprotein SPs.bComparison of amino acid sequences of the five
ineffective lipoprotein SPs with the sequence of effective BT_3630 SP. Residue
coloring: blue, positive charge; red, negative charge; cysteine, green. c Secretion of

sdAb-TcdA driven by the SP variants of BT_1488, BT_1896, BT_3147, BT_3148, and
BT_3383, measured by ELISA. BT_3630 SP-sdAb-TcdA is included as a positive
control. Residue coloring is as for (b), the hydrophobic regions of BT_3630 SP are
boxed in gray. Data are presented as the mean ± standard deviation of three bio-
logical samples. Source data are provided as a Source Data file.
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addition of an n-region would not be sufficient to improve its
secretion capability.

We observed enhanced secretion of the sdAb-TcdA only for SPs
that had both an added N-terminal charged domain and a swapped
hydrophobic region (SP-NH variants) (Fig. 2c), suggesting that both
regions are necessary, but neither is sufficient to drive high-level
secretion in B. theta. Notably, the increase in sdAb secretionmeasured
for the BT_3148 SP-NH variant was substantially lower than for the
other SP-NH variants (Fig. 2c). Inspection of the LES sequence revealed
positively charged amino acids at the +3 and +6 positions, which is
consistent with previous findings showing that positively charged
amino acids can offset LES-mediated OMV secretion42. Notably, close
inspection of the B. theta genome revealed alternative start codons for
BT_1488, BT_1896, BT_3147, and BT_3148, which result in incorporation
of a positively charged n-region and extended h-region for all four SPs
(Supplementary Fig. 1). We generated these four corrected SPs (suf-
fixed -corr) and variants with only the h-region (suffixed -corr-H) and
measured sdAb-TcdA secretion efficiency for each (Fig. 2c). Consistent
with the results of previous SP engineering, the four corrected SPs
mediated significant sdAb-TcdA secretion compared to the original
SPs, which was disrupted upon exclusion of the charged n-regions
(Fig. 2c). These results begin to define the requirements for the pre-
sence and placement of charged and hydrophobic residues in highly
effective B. theta lipoprotein SP sequences.

B. theta secretion carriers mediate export of multiple types of
functional protein cargoes
Toward our goal of establishing a flexible toolbox to enable efficient
secretion of diverse heterologous protein cargoes, we next tested the
ability of the twenty-six effective secretion carriers (Fig. 1e) to secrete
six additional proteins with therapeutic and/or diagnostic functions.
Three of the six proteins are disease-targeting antibody fragments,
including an sdAb targeting tumor necrosis factor alpha (sdAb-
TNFα)62, an antigen associated with chronic conditions such as
inflammatory bowel disease (IBD)63; another sdAb targeting epidermal
growth factor receptor (sdAb-EGFR)64, commonly overexpressed in
colon cancer65; and a single-chain variable fragment targeting human
epidermal growth factor receptor-2 (scFv-HER2)66, mainly known for
its role in breast cancer, but also implicated in colon cancer67. This set
of proteins allows us to evaluate secretion efficiency across diverse
antibody fragment formats while still focusing on targets relevant to
gastrointestinal delivery by engineered living therapeutics. We selec-
ted the other three proteins to provide a diverse set of reporter
functions: NanoLuc (Nluc)68, enhanced green fluorescent protein
(EGFP)69, and β-lactamase (BLac)70, which yield quantifiable outputs of
luminescence, fluorescence, or colorimetric signal, respectively.

Each of these six cargo proteins were fused to each of the twenty-
six secretion carriers, resulting in one hundred and fifty-six new
carrier-cargo pairs. With the exception of EGFP, all cargoes were
secreted from B. theta and accumulated at varying levels in culture
supernatants via different secretion carriers (Fig. 3a). The exception-
ally low levels of EGFP detected in culture media may be due to rapid
folding of this protein, which has been reported to stall the translocon
complex during the secretion process71. For the other cargoes, we
observed considerable variability in secretion efficiency both between
different secretion carriers and amongst cargoes secreted by the same
carrier. In contrast to EGFP, we detected secreted Nluc at high levels
across the majority of secretion carriers, suggesting that Nluc can be
broadly used as a highly sensitive reporter for measuring secretion
efficiency. Compared to the other proteins tested, Nluc has a higher
solubility and a more acidic isoelectric point (Supplementary Table 1),
both of which have been reported to enhance protein secretion72,73.

To verify that the secreted protein products were properly folded
and not otherwise functionally disrupted by fusion to the secretion
carriers, we performed functional assays to measure the antigen

binding or enzymatic activity of each of the secreted cargo proteins in
B. theta culture supernatants. Because the readouts of these functional
assays are not equivalent across cargoes (Supplementary Fig. 2), we
scaled the output values to a normalized range of zero to one, corre-
sponding to the lowest and highest readout for each cargo across the
twenty-six secretion carriers (Fig. 3b, lower panel). We then created a
functional secretion score for each carrier by summing the normalized
functional outputs for all six cargo proteins for each secretion carrier
(Fig. 3b, upper panel). These results revealed several lipoprotein SPs
that are broadly effective for secreting diverse cargoes with BT_3630
SP and BT_3067 SP emerging as the most consistent and robust
broadly active secretion carriers. To further verify that secreted anti-
body fragments retain their native function, we measured the TNF
neutralizing activity of bacterially secreted sdAb-TNFαonmurine L929
cells74 and observed a correlation between TNF-neutralizing activity
and bacterial secretion efficiency; the highest efficiency sdAb-TNFα
secretion carriers mediated the highest levels of neutralizing activity,
comparable to the saturated signals observed with 10 and 50 µg/mL of
purified sdAb-TNFα (Fig. 3c). These results also indicate that fusion to
secretion carriers does not disrupt the therapeutically relevant func-
tion of the sdAb cargo. Finally, to quantify the efficiency of our
approach compared to previously reported Bacteroides secretion
tools, we generated Nluc constructs fused to BT_3852 (OmpA) SP40 or
B. fragilis enterotoxin (BFT) SP15,38,39 and measured their secretion
efficiency in B. theta. Compared to a set of three secretion carriers
representing a range of secretion efficiency identified in this study, our
constructs demonstrated ~4- to 17-fold and 950- to 4000-fold higher
luminescence than OmpA or BFT SP respectively (Supplemen-
tary Fig. 3).

Interestingly, although all sdAbs share a similar structure75, the
three sdAbs tested here were not secreted at similar levels by the same
secretion carriers. It has been reported that cargo-specific interactions
with signal peptides can indirectly impact secretion by influencing
other cellular processes such as protein biosynthesis, folding kinetics,
and structural stability76, which could explain some of this variability.
Indeed, we further quantified the concentration of the above secretion
carrier-fused antibody fragments andNluc from equivalent volumes of
cell pellets and supernatants of B. theta liquid culture, revealing that
the overall protein levels (cell pellet + supernatant) varied across dif-
ferent secretion carriers and seemed positively correlated with their
secretion efficiency (Supplementary Fig. 4). These data suggest that
highly efficient secretion carriers may support high level protein
expression by unknown mechanisms. It is also possible that low effi-
ciency secretion carriers prevent protein export to such an extent that
they cause protein aggregation and the formation of inclusion bodies,
which would not be detected in our assay and would artificially
decrease the protein abundance detected in those cell pellets.

B. theta-derived secretion carriers function across multiple
Bacteroides species
Toward the goal of developing universal secretion tools for the Bac-
teroides genus, we next evaluated the B. theta-derived secretion car-
riers in other Bacteroides species. We selected the ten carriers with the
highest functional secretion scores (Fig. 3b) and measured secretion
(Fig. 4a) and functionality (Fig. 4b) of each of the six cargo proteins
when expressed in three different Bacteroides species: B. fragilis, B.
ovatus, and B. vulgatus. We were unable to generate B. fragilis trans-
conjugants for six of the carrier-cargo pairs, which may be due to low
conjugation efficiency in this species19 or lethal intracellular aggrega-
tion of protein cargoes77. For all other Bacteroides transconjugants, the
resultsmirrored those observed in B. theta (Fig. 3); secretion efficiency
varies not only between cargoes but also between species. Among the
Bacteroides species tested, B. ovatus generally demonstrated the
highest secretion activity for any given carrier-cargo pair, which may
be due to the closer phylogenetic relationship between B. theta and B.
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Fig. 3 | B. theta-derived secretion carriers function across multiple hetero-
logous proteins. a Relative levels of antibody fragments and reporter proteins
secreted into culture supernatant by B. theta secretion carriers. Bubble size cor-
responds to average dot blot signal intensity of three biological samples with
p <0.05 indicated by the blue color scale and p >0.05 shown in gray. Significance
was determined using unpaired two-tailed Welch’s t test. (b) Functional assays of
antibody fragments and reporter proteins secreted into culture supernatant by
B. theta secretion carriers. Binding of antibody fragments (sdAbs and scFv) to their
respective targetswasdeterminedby ELISA. Enzymatic activity of reporter proteins
Nluc and BLac was determined by bioluminescence assay and colorimetric assay,

respectively. Following log transformation of luminescence data, all functional
assay readouts were converted to values between zero and one by cargo-wise min-
max normalization. Functional secretion scores were calculated by summing the
average normalized readouts of all cargoes for each secretion carrier. c Viability of
L929 cells after treating with pre-incubated mixture of TNFα plus either purified
sdAb-TNFα or B. theta culture supernatants containing sdAb-TNFα secreted by
each of the 26 secretion carriers. Data are presented as the mean± standard
deviation of three biological samples for 26 secretion carriers and two biological
samples for purified sdAb-TNFα. Source data are provided as a Source Data file.
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ovatus17. As we observed with B. theta, Nluc generally had the highest
secretion levels among the six cargo proteins across all three Bacter-
oides species. In contrast, efficient secretion of sdAb-EGFR and scFv-
HER2 appears to be restricted to only a few selected secretion carriers.

After validating the heterologous protein secretion capability of
the B. theta-derived secretion carriers across four Bacteroides species,

we next sought to quantify secretion titers in these species. For these
measurements, we selected five of our seven cargo proteins: four
antibody fragments and the most robust reporter, Nluc. For each
protein, we identified the two secretion carriers that yielded the
highest functional secretion scores in each species (Fig. 4b) and
selected these carrier-cargo-species combinations for our analysis.

Fig. 4 |B. theta-derived secretion carriersmediate export of diverse, functional
cargo proteins from multiple Bacteroides species. a Relative levels of six cargo
proteins detected in the culture supernatants of three Bacteroides species, driven
by each of the ten B. theta-derived secretion carriers with the highest functional
secretion score. Bubble size corresponds to average dot blot signal intensity of
three biological samples withp <0.05 indicated by the blue color scale and p >0.05
shown in gray. Significancewas determinedusing unpaired two-tailedWelch’s t test
comparing to the culture supernatants of wild-type strains. b Functional assays of
antibody fragments and reporter proteins secreted into culture supernatant of B.
fragilis, B. ovatus, and B. vulgatus by B. theta-derived secretion carriers. Binding of

antibody fragments (sdAb-TcdA, sdAb-TNFα, sdAb-EGFR, and scFv-HER2) to their
respective targetswasdeterminedby ELISA. Enzymatic activity of reporter proteins
(Nluc and BLac) was determined by bioluminescence or colorimetric assay,
respectively. Following log transformation of luminescence data, all functional
assay readouts were converted to values between zero and one by cargo-wise min-
max normalization. All functional assays were performed with three biological
replicates. cQuantitation of protein secretion titers mediated by the two secretion
carriers that yielded the highest functional protein levels of each cargo in each
species. Data are presented as the mean ± standard deviation of three biological
samples. Source data are provided as a Source Data file.
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Cultures were grown to late-log phase, and the concentration of
secreted product in each culture supernatant was determined by
comparison to standard curves of known concentrations of purified
proteins (Fig. 4c). For the subset of secretion carriers tested, we
observed comparable secretion titers across all four Bacteroides spe-
cies, between 150-440000ng/mL (Fig. 4c). Finally, to ensure that
protein accumulation in culture supernatants was not the product of
cell lysis, we performed western blot analysis to detect cargo proteins
alongside GroEL, a housekeeping cytoplasmic protein that should not
be present in the supernatant if cells remain intact. We analyzed cell
pellets and supernatants from cultures of all B. theta strains shown in
Fig. 4c (Supplementary Fig. 5a) aswell as supernatants fromcultures of
the Nluc-secreting B. fragilis, B. ovatus, and B. vulgatus shown in Fig. 4c
(Supplementary Fig. 5b) and observed no significant cell lysis.

Modified inducible expression system yields enhanced protein
secretion
Having successfully established an approach to enable heterologous
protein secretion from B. theta and other Bacteroides species, we next
sought to engineer additional layers of flexibility, control, and

enhancement using an inducible gene expression system. In our initial
studies, we observed that the aTc-inducible P2-A21-tetR-P1TDP-GH023
expression cassette resulted inmuch lower secretion than PBfP1E6-RBS8
(Fig. 1b), presumably due to lower expression. To generate an induci-
ble system capable of achieving much higher expression levels, and
thus much higher secretion levels, we introduced two modifications
aimed at enhancing activity. First, we replaced the GH023RBSwith the
A21 RBS (Fig. 5a), which was previously identified as the strongest RBS
tested amongst a collection of BacteroidesRBS sequences when paired
with the P1TDP promoter17. Because the original construct already
contained an A21 RBS sequence (Fig. 1a), we replaced the TetR-driving
P2-A21 promoter/RBS with PBT1311 and its native RBS (Fig. 5a) to avoid
issues such as unwanted homologous recombination events between
identical RBS sequences78.

To measure the activity of our enhanced inducible expression
system, we fused Nluc with the high-efficiency secretion carrier
BT_3630 SP and generated two expression/secretion constructs: one
driven by the aTc-inducible P1TDP-A21 promoter, and one driven by the
high-activity constitutive PBfP1E6-RBS8 as both a positive control and
reference point for high-level expression (Fig. 5b, top). To quantify

Fig. 5 | Development of a strong, aTc-inducible expression cassette for
enhanced control of protein secretion across multiple Bacteroides species.
a Low-activity promoter and RBS sequences in the original P2-A21-tetR-P1TDP-
GH023 inducible expression cassette (left)17 were replaced with high-activity var-
iants to generate the modified PBT1311-tetR-P1TDP-A21 expression cassette (right).
b Modified inducible expression cassette drives expression of Nluc reporter at
levels similar to high-level constitutive promoter PBfP1E6-RBS8 in cultures diluted at
1:100 (top)or 1:10 (bottom).Data are presented as themean± standarddeviationof

three biological samples. c Correlation between bacterial growth and Nluc secre-
tion levels shown in the top panel of Fig. 5b. dModified inducible systemmediates
tightly controlled expression and secretion of BT_3630 SP-Nluc across multiple
Bacteroides species. Data are presented as the mean ± standard deviation of three
biological samples. Significance was determined using unpaired two-tailedWelch’s
t test. P values are reported in the figures. Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-024-53845-7

Nature Communications |         (2024) 15:9741 9

www.nature.com/naturecommunications


secretion, we induced freshly diluted (1:100) overnight cultures with
100ng/mL aTc andperformedbioluminescencemeasurements from8
to 46 hr post-induction. Induction of Nluc expression from the
enhanced P1TDP-A21 promoter resulted in secretion levels up to 2000-
fold higher than uninduced controls and only ~1.4-fold lower than the
highly active PBfP1E6-RBS8 constitutively expressed control (Fig. 5b,
top). Because the B. theta cultures demonstrated a period of initial
slow growth following a 1:100 dilution of the overnight cultures into
fresh induction medium, we repeated the experiment using cultures
diluted at 1:10. These samples achieved late-log phase growth after
only 14 hr, compared to nearly 35 hr for the samples diluted at 1:100,
but reached nearly the same maximal secretion levels (Fig. 5b, bot-
tom), which suggests that the density of the culture does not affect the
induction of this promoter. As we observed in our initial growth
experiments (Fig. 1b), secretion levels are highly correlated with the
growth phase of liquid cultures (Fig. 5c). Notably, we observed a
growth delay ofB. theta P1TDP-A21 with aTc induction, whichwasmore
obviouswith the 1:10 culturedilution (Fig. 5b, bottom), suggesting that
this strong inducible promotermay impart somemetabolic burden for
B. theta. To verify the portability of this modified promoter, we repe-
ated the experiments in the four other Bacteroides species and
observed that the enhanced inducible expression system yields similar
levels of secreted Nluc, and similar fold-induction levels compared to
uninduced samples, across all four species tested (Fig. 5d). Interest-
ingly, for B. fragilis and B. vulgatus, this promoter gave rise to slightly
lower secretion levels in induced cultures and slightly higher expres-
sion leakage in uninduced cultures, resulting in overall lower fold-
induction levels for these two species. This difference, similar to what
we observed for overall secretion carrier performance across Bacter-
oides species (Fig. 4), may also be linked to their evolutionary distance
from the other two species.

Different secretion carriers mediate distinct post-secretion
extracellular fate of protein cargoes
Toward our goal of reproducibly delivering therapeutic proteins into
specific physiological niches such as the gut lumen, we next sought to
investigate the post-secretion extracellular fate of heterologous pro-
teins exported using our platform. Becausewe expectOMV-associated
proteins to have fundamentally different characteristics than freely
soluble proteins, such as thermostability, protease resistance, bioa-
vailability, and dissemination to other body sites79, precise determi-
nation of the extracellular destination mediated by different secretion
carriers is required to fully optimize our platform. Based on the high
secretion levels and high sensitivity observed in earlier experiments,
we selected Nluc as the secretion cargo for these studies. From our
collection of twenty-six effective secretion carriers (Fig. 1e), we selec-
ted four candidates with diverse structures and different secretion
strategies (Fig. 1c) for further investigation: BT_0169 and BT_0569
(fusion partner; full-length secretion carriers with Sec/SPI SPs);
BT_0922 (fusion partner; full-length secretion carrier with lipoprotein
SP); and BT_3630 SP (OMV; lipoprotein SP).

To determine the extracellular fate of Nluc when secreted by
these four carriers, we grew late-log phase liquid cultures of B. theta
expressing each carrier-Nluc fusion, separated the cell pellets (P) from
the total supernatants (T), then further separated the total super-
natants into the soluble (S) and insoluble OMV (O) fractions. Cell pel-
lets were concentrated 2.5-fold and OMV fractions were concentrated
20-fold during the extraction process. We measured the Nluc protein
abundance (Fig. 6a) and luminescence (Fig. 6b) in each fraction.
Consistent with the differences in carrier-specific Nluc secretion effi-
ciency observed in earlier experiments (Fig. 3), western blot analysis
revealed that themajority of the BT_0169-Nluc and BT_0569-Nluc were
retained in the cell pellets, whereas BT_0922-Nluc and BT_3630 SP-
Nluc were mostly secreted, although with different abundances in
different fractions. BT_0922-Nluc appeared to have been cleaved,

showing a faint band at its expectedmolecularweight of ~60 kDa in the
cell pellet andOMV fractions while only a smaller, ~23 kDa productwas
detected in all other culture fractions. In the luciferase assay we found
that, after separating out the OMVs, the soluble fraction of BT_0169-
Nluc accounted for ~80% of the luminescence observed in the total
supernatant (Fig. 6b), suggesting that BT_0169-Nluc ismainly secreted
in a freely soluble form. The luminescence signals of the OMV-free
soluble fractions of BT_0569-Nluc, BT_0922-Nluc, and BT_3630 SP-
Nluc account for ~50% of the total supernatant signal, suggesting that
these three secretion carriers mediate extracellular export of freely
soluble and OMV-bound cargoes in roughly equal proportions. How-
ever, the luminescence signal from the concentrated OMV fractions
was substantially higher for BT_0569 than for the other three secretion
carriers. Remarkably, BT_3630 SP-Nluc appeared in both soluble and
OMV fractions, suggesting that lipoprotein SPs secrete heterologous
proteins throughnot onlyOMV-dependent but alsoOMV-independent
pathways, which has been reported previously80–82, but, to best of our
knowledge, never for lipoprotein SPs nor in Bacteroides species.

Next, we investigated the OMV-specific localization of two secre-
tion carrier-Nluc fusions to further refine our ability to precisely
implement therapeutic protein delivery with our engineered platform.
We selected BT_0569 and BT_3630 SP as the secretion carriers for this
study. Because BT_0569 has a Sec SP, it should be predominantly
secreted into the periplasm through the Sec pathway. Conversely,
BT_3630 SP is a lipoprotein SP which, in E. coli, can deliver protein
cargoes to the inner leaflet of the OM through the localization of
lipoprotein (Lol) pathway or the outer leaflet of theOMwith additional
secretion machinery83. Therefore, we predicted that BT_0569-Nluc
should be packed into the OMV lumen and BT_3630 SP-Nluc should be
anchored on the OMVmembrane during the vesiculation process. We
performed a proteinase K accessibility assay onOMV fractions isolated
from liquid cultures of B. theta expressing BT_0569-Nluc and BT_3630
SP-Nluc (Fig. 6c). BT_0569-Nluc was highly resistant to degradation at
both early (5min) and late (30min) timepoints across nearly all pro-
teinase K concentrations tested, whereas BT_3630 SP-Nluc was much
more sensitive to degradation at the higher proteinase K concentra-
tions and over time. These results are consistent with our prediction
and further imply that BT_3630 SP may anchor cargo proteins to the
outer leaflet of the OMV membrane. Together these results suggest
that the post-secretion fate (soluble, OMV surface, or OMV lumen) of
protein cargoes can be controlled by careful selection of secretion
carriers (Fig. 6d), which will allow more refined customization of
Bacteroides-based in situ delivery systems for specific applications in
the future.

Probing the size limit of lipoprotein SP-mediated protein
secretion
To fully explore the capacity of B. theta for in situ delivery of protein-
based therapeutics, we next wanted to determine if there is a limit on
the size of the protein cargo that can be secreted by lipoprotein SPs
with high functional secretion scores (Fig. 3b). We therefore selected
BT_3630 SP as our representative SP and fused it to seven different
cargo proteins—three endogenous B. theta proteins and four hetero-
logous proteins—selected to cover a broad range of molecular weight:
Nluc (25 kDa), cellulase (Cel; 41 kDa), BT_3686 (53 kDa), chitinase
(ChiA; 68 kDa), BT_3703 (SusB; 88 kDa), β-galactosidase (LacZ;
122 kDa), and BT_3169 (148 kDa) (Fig. 6e). All constructs were fused
with a C-terminal 3xFLAG tag to enable immunodetection. Cargo sizes
listed above include the combined molecular weight of each protein
plus the signal peptide and 3xFLAG tag. To minimize the metabolic
burden and toxicity of constitutive high-level protein expression dur-
ing the post-conjugation recovery and selection phase of growth, we
used the aTc-inducible P1TDP-A21 promoter instead of the constitutive
PBfP1E6-RBS8. Following growth in liquid culture to late log phase, we
analyzed the culture supernatants for the presence of each secreted
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protein and only observed extracellular accumulation of the four
smallest cargoes. The next largest protein cargo, SusB, was clearly
observed in the pellet but not in the supernatant, suggesting a
potential molecular weight cutoff between 68 and 88 kDa (Fig. 6f). To
explore this further, we used the same proteins to generate a suite of
fusions of varying size and analyzed their abundance in cell pellets and

supernatants from B. theta culture (Fig. 6g). We detected two proteins
in the supernatant that exceeded the previously identified putative
molecularweight cutoff: Nluc-ChiA (87 kDa) andBT_3686-Cel (88 kDa).
Proteins > 88 kDa were only detected in cell pellets, which may more
accurately define the secretion size limit, but further investigation is
needed to verify this.
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Secretion carriers mediate in situ delivery of heterologous
proteins from B. theta in the mouse gut
To validate the in vivo functionality of our in vitro-characterized B.
theta secretion carriers, we next investigated their performance in the
gastrointestinal tract of mice. Following pre-treatment with an anti-
biotic cocktail, we orally gavaged C57BL/6 J mice with: B. theta con-
stitutively expressing Nluc with no secretion carrier (intracellular
control; no secretion), B. theta constitutively expressing Nluc fused
with BT_0294 SP (plasmid pYHY1, high efficiency secretion; Fig. 4c and
Supplementary Fig. 2), wild-type (WT) B. theta (negative control; no
heterologous protein expression/secretion), or PBS (no treatment
control) (Fig. 7a). We monitored general health (mouse weight), B.
theta colonization (colony forming units [CFU] in feces), and Nluc
activity (luminescence in feces) for sixty days (Fig. 7a).We observed no
difference in weight between any group, suggesting that our engi-
neered strains had no obvious adverse effects on mouse health
(Fig. 7b). Both the intracellular and secretedNluc strains engrafted and
persisted at above 106 CFU/mg feces (Fig. 7c), despite a slow decrease
from ~2 × 107 CFU/mg feces at day one to ~5 × 106 CFU/mg feces at day
sixty, demonstrating robust, long-term colonization in antibiotic pre-
treated mice.

Because we performed these studies in antibiotic-treated con-
ventional mice rather than germ-free, we used selective plating to
isolate and quantify fecal CFU of our strains, which harbor the
erythromycin-resistance gene. Thus, the CFU of the WT strain, which
has no erythromycin-resistance marker, could not be quantified using
this approach (Fig. 7c). Luminescence activity for both intracellular
and secreted Nluc was readily detectable in the feces over the entire
experimental time course, indicating that the secreted cargo was not
only continuously present but also functional (Fig. 7d). The presence
of Nluc in the fecal pellets of themice colonizedwith the non-secreting
(intracellularly expressing) B. theta strain suggests that some cell lysis
occurred either in the mouse intestine or ex vivo during sample pro-
cessing; however, the fecal luminescence measurements from mice
colonized with B. theta expressing BT_0294 SP-Nluc (secreted) were
around ten-fold higher than the intracellular Nluc values throughout
the experimental time course. To determine if the slow decrease over
time that we observed in colonization and luminescence for both the
intracellular and secreted Nluc variants (Fig. 7c, d) was due to plasmid
loss in the absence of antibiotic selection pressure, we generated a
BT_0294 SP-Nluc expression/secretion plasmid using pNBU122, which
stably integrates into the genome. We repeated the in vivo study
comparing colonization and luminescence of pYHY1 to pNBU1 B. theta
strains (Fig. 7e–g), with or without plasmid-selective antibiotics added
to the drinking water. Without antibiotic selection, Nluc secretion still
decreased over time for both genomically integrated (pNBU1) and
episomal (pYHY1) constructs (Fig. 7f), whereas antibiotic selection led
to more stable and prolonged B. theta colonization (Fig. 7e) and Nluc
secretion (Fig. 7f), suggesting that a lack of selective pressure

promotes a general reduction in the abundance of engineered bacteria
in themousegut that isnot necessarily tied toplasmid loss. In addition,
we calculated luminescence normalized to bacterial CFU, which
remained largely consistent after the fifth day for all groups (Fig. 7g),
indicating that the expression/secretion plasmids retained function-
ality and were likely not subject to mutational inactivation.

Discussion
Bacteroides species are a promising chassis for developing long-term
interventions for diseases of the GI tract. However, the lack of efficient
heterologous protein secretion tools for this genus limits their ability
to serve as in situ production and delivery vehicles for therapeutic
payloads or diagnostic reporters. In this work, we describe the devel-
opment, characterization, and implementation of a molecular toolkit
to enable efficient protein secretion in Bacteroides species. Previous
studies attempting to address this needwere able to achieve low levels
( < 10 ng/mL) of secretion of a number of different heterologous pro-
teins, including human keratinocyte growth factor-2 (hKGF-2)15,40,
murine interlukein-2 (mIL2)38, and human transforming growth factor
β1 (hTGF-β1)39, using SP sequences derived from either B. fragilis
enterotoxin (BFT)15,38,39 or B. theta OmpA (BT_3852)40. A key finding of
our current work is the identification and characterization of a col-
lection of lipoprotein SP and full-length protein secretion carriers
derived from endogenous B. theta secretory proteins that enable
efficient secretion at titers of up to ~440 µg/mL of functional hetero-
logous proteins from multiple Bacteroides species. Interestingly, the
two E. coli secretion systemswe testeddidnot functionat all inB. theta.
This is likely due to the phylogenetic distance between these two
species, which is much larger than the distance between Salmonella
enterica serovar Typhimurium and E. coli84, for which successful
secretion machinery swapping has been described49. Notably, several
Bacteroides species are reported to have native T6SS and T9SS36,37,85,
which are potential targets for future engineering and development of
novel secretion tools.

Beyond our primary goals of achieving highly efficient protein
secretion and identifying the sequence determinants that promote
this optimized performance, we also undertook a detailed explora-
tion of our engineered platform by examining specific behaviors of
the system and its components. Toward the goal of developing a fully
characterized and flexible platform for diverse biomedical applica-
tions, we identified a size limit of 88 kDa as a potential cutoff for
efficient secretion of heterologous proteins from Bacteroides spe-
cies. While proteins larger than 88 kDa have been found in Bacter-
oides species-derivedOMVs42, theymay require additional machinery
for efficient secretion, such as the β-barrel translocator domain of
the autotransporter system (T5SS)41. We also investigated the post-
secretion extracellular fate of the heterologous protein cargo and
identified differential secretion patterns depending on the secretion
carrier. From these studies, we identified B. theta secretion carriers

Fig. 6 | Characterizationof thepost-secretion extracellular fate and size limitof
secreted cargo proteins. a Western blot analysis of Nluc abundance in different
fractions of B. theta liquid cultures expressing four carrier-Nluc constructs. P, cell
pellet; T, total supernatant; S, soluble fraction of total supernatant; and O, OMV
fraction of total supernatant. P and O fractions are 2.5-fold and 20-fold more
concentrated than T and S fractions of equivalent volume, respectively.
b Enzymatic activity of secreted Nluc in soluble and OMV fractions, measured by
luminescence assay. To normalize the difference in Nluc secretion efficiency
between the four secretion carriers, the luminescence in soluble andOMV fractions
was divided by the luminescence in total supernatants to calculate the relative
abundance of secreted Nluc in soluble and OMV fractions. Normalized lumines-
cence of concentrated OMV fractions was divided by 20 to correct for concentra-
tion during sample prep. Data are presented as the mean± standard deviation of
three biological samples. Significance was determined using unpaired two-tailed
Welch’s t test. P values are reported in the figures. c Western blot analysis of

proteinase K assay of OMV fractions from B. theta cultures expressing BT_0569-
Nluc (Sec/SPI SP; predicted localization to OMV lumen) and BT_3630 SP-Nluc
(lipoprotein SP; predicted localization to OMV surface). This experiment was per-
formed with one biological replicate. PK, proteinase K d Schematic representation
of post-secretion extracellular fate of Nluc mediated by BT_0169, BT_0569, and
BT_3630 SP. BT_0922-Nluc is predicted to have a similar pattern asBT_3630 SP-Nluc
as both have a lipoprotein SP and demonstrated similar abundance and localization
in Figs. 7a and 7b. e Set of seven expression constructs generated to test the ability
of BT_3630SP tomediate secretionof different sized protein cargoes from B. theta.
The molecular weight of each protein is shown on the right. f and g Western blot
analysis of supernatants and cell pellets from the liquid culture of B. theta
expressing seven proteins and their fusion proteins of varying size fused to
BT_3630 SP. These experiments were performed with one biological replicate.
Panel (d) Created in BioRender. Yeh, Y. (2023) BioRender.com/e26o022. Source
data are provided as a Source Data file.
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that appear to preferentially export protein cargo freely into the
extracellular space (BT_0169), packaged within the OMV lumen
(BT_0569), or bound to the OMV surface (BT_3630 SP). These find-
ings support multiple avenues for future development of living
therapeutic interventions. For example, proteins that are freely
secreted into the extracellular space can efficiently exceed the
threshold concentration required for therapeutic efficacy over short
distances, whereas proteins packed into the OMV lumen have higher
thermostability and protease resistance, enabling long-distance dis-
semination in the GI tract79. Secretion of surface-bound antibody
fragments or receptor ligands on the outside of OMVs could facilitate
targeted delivery of OMV-based therapeutics86,87. OMVs are also able
to enter antigen-presenting cells via endocytosis and induce immu-
nogenic responses79,88, highlighting a potential future application of

our secretion tools for development of Bacteroides-derived OMV
vaccines.

Similar post-secretion protein localization results were recently
reported for E. coli Nissle 1917 in which the SP from the E. coli lipo-
protein Lpp, truncated OmpA, or hemolysin ClyA were fused to cargo
proteins to direct them toward the lumen or external surface of
OMVs89, suggesting that secretion machinery plays a key role in
determining the localization of exported proteins on OMVs. Notably,
the Lpp SP promoted anchoring of protein cargo to the OMV mem-
brane within the lumen, whereas the SP of the B. theta lipoprotein
BT_3630 exported membrane-anchored proteins to the external OMV
surface. This suggests a possible dual-orientation distribution for
lipoprotein SP-mediated anchorage on OMVs, similar to some lipo-
proteins on the OM90,91. In another recent study also using E. coli as a

Fig. 7 | Direct intestinal delivery of heterologous protein cargo by B. theta
in mice. a Design of in vivo experiments. Mice were monitored and fecal samples
were collected and analyzed for sixty days following inoculation. b The weight of
mice in all groups increased similarly over time, indicating no adverse health
effects. c Engineered B. theta strains persisted at high levels in themouse intestine,
as determined by fecal CFU counts (limit of detection: 10 CFU/mg feces). d The
functionality of intestinally delivered protein cargo (Nluc) persisted over time, as
determined by luminescence measurements of fecal homogenates. e, f, and g The

colonization (e), luminescenceofNluc in feces (f), and luminescencenormalized by
CFU (g) of the B. theta strain expressing secretory BT_0294 SP-Nluc. For all panels,
data are presented as themean ± standard deviation of the results of each group of
mice (n = 4 mice per group; one mouse in the pNBU1 + antibiotics group died at
D13, and onemouse in pYHY1 + antibiotics group died at D42). Panel (a) Created in
BioRender. Yeh, Y. (2023) BioRender.com/h86o809. Source data are provided as a
Source Data file.
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model, cargo proteins fused with membrane proteins (OmpA, SLP, or
SlyB), periplasmic proteins (BtuF or MBP), or a series of truncated Lpp
SPs with different linkers demonstrated precisely controlled distribu-
tion and orientation in relation to OMVs92. Interestingly, the authors
found that the size and number of OMVs produced by E. coli varied
based on the fusion partner and fusion linker length, indicating a
possible mechanism behind the cargo-dependent variability we
observedwith different secretion carriers inBacteroides species. These
features, together with the predicted size limit and post-secretion
distribution that we observed, suggest that unknown lipoprotein
transportation, sorting, and secretion systems exist in Bacteroides.
Indeed, recent transposon mutagenesis studies in B. theta have
revealed novel systems involved in OMV production93,94, however,
whether these systems are involved in lipoprotein sorting and protein
packing into OMVs remains unclear and further investigation is
required before these mechanisms can be exploited to improve
secretion output.

The secretion carriers developed in this study enable enhanced
heterologous protein secretion across multiple Bacteroides species.
This platform expands the applicability of living therapeutics, which
have previously focused largely on metabolic disorders and cancer in
clinical development4 and have relied heavily on transiently colonizing
probiotic strains, such as E. coli Nissle 1917 and Lactococcus lactis. By
establishing a toolbox enabling the secretion of biotherapeutic pro-
teins from permanently colonizing Bacteroides strains, we provide a
means to utilize the living therapeutics platform for a broader range of
diseases, including chronic conditions that require continuous treat-
ment. Our additional characterization of the secretion carriers that we
identified also provides a means for downstream users to select or
engineer secretion carriers that are best suited for their particular
goals and applications. Building on the success of our enhanced tun-
able promoter, future refinement of this platform will include incor-
poration of more sophisticated gene circuits for more precise control
of expression/secretion outputs22, sense-and-respond circuits for
disease-specific activation of therapeutic response95–97, and stable
engraftment25 and biocontainment24 of engineered strains within the
GI niche. Beyond therapeutic applications, Bacteroides species are
prominent and abundant representative members of the gut
microbiota98; the secretion tools described here could also be imple-
mented for studying interspecies interactions and microbiota-host
crosstalk in the gut.

Methods
Bacterial strains and culture
Bacteroides thetaiotaomicronVPI-5482,Bacteroides fragilisNCTC9343,
Bacteroides ovatus ATCC 8483, and Bacteroides vulgatus ATCC 8482
were acquired from ATCC. Bacteroides species were anaerobically
cultured at 37 oC in TYGmedium22, BHISmedium (Brain Heart Infusion
Supplemented with 1 µg/mL menadione, 0.5mg/mL cysteine, 0.2mM
histidine, 1.9 µMhematin) or on BHI agar with 10% horse blood (BHIB).
E. coli strains were aerobically cultured in LB medium at 37 oC. E. coli
DH5α was used for plasmid maintenance and E. coli RK23199 was used
to achieve plasmid transfer into Bacteroides strains via tri-parental
mating. For pNBU1-based plasmids, E. coli S17-1 λ pir was used
for plasmid maintenance and conjugation. Antibiotics were used
when required at the following concentrations: ampicillin 100 µg/mL,
kanamycin 50 µg/mL, gentamicin 25 µg/mL for liquid cultures and
200 µg/mL for agar plates, and erythromycin 12.5 µg/mL.

Identification and selection of secretion carriers for fusion
partner and OMV strategies
Based on the reported label-free quantification values (LFQ) of each B.
theta protein in IM, OM, OMVp, or SUP fractions42, we calculated and
ranked three different log2(ratio) values (log2[SUP/IM+OM+OMVp],
log2[OMVp/IM+OM+SUP], and log2[SUP+OMVp/IM +OM]) for every

detected B. theta protein to determine which proteins are highly
secreted in the soluble fraction, insoluble OMV fraction, or both frac-
tions (SupplementaryData 1). From these three categories, we selected
fifty-seven secretory proteins (Supplementary Data 2) to serve as
secretion carriers for the fusion partner and OMV strategies. The
twenty-nine proteins in all three categories with a Sec/SPI SP and the
single protein with a Tat/SPI SP were used as full-length secretion
carriers in the fusion partner strategy based on the assumption that
their extracellular export relies on protein domains other than just
their SPs. In addition, four lipoproteins with high log2(SUP/IM+OM
+OMVp) values were also used as full-length secretion carriers in the
fusion partner strategy based on previous reports in E. coli83 demon-
strating that lipoprotein SPs are only responsible for anchoring pro-
teins to the IM or OM, and other domains of the secreted protein may
help mediate extracellular export in freely soluble form. For the
remaining twenty-three lipoproteins with high log2[OMVp/IM +OM+
SUP] or log2[SUP+OMVp/IM +OM], we identified the N-terminal
charged and central hydrophobic regions preceding the cysteine
cleavage site and used this along with ~20 additional amino acids fol-
lowing the cleavage site as the secretion carriers for the OMV strategy.
BT_p548220 is a lipoprotein expressed from an endogenous B. theta
plasmid and has a high log2(SUP+OMVp/IM+OM); it was selected as
part of the OMV strategy due to its homology with a highly secreted B.
fragilis plasmid-expressed protein, BF9343.20c100. BT_2472, though it
has the highest log2(SUP/IM+OM+OMVp), was not selected because
we could not detect its secretion after C-terminal fusion with
3xFLAG (Fig. 1b).

Molecular cloning
Q5 high-fidelity DNA polymerase (New England Biolabs) was used for
PCR amplification of DNA fragments for cloning. All primers were
synthesized by Integrated DNA Technologies (IDT). All plasmid con-
struction was done by Gibson Assembly (HiFi DNA Assembly Master
Mix, NewEnglandBiolabs) and validated by sequencing. Plasmidswere
stored in E. coli DH5α or E. coli S17-1 λ pir for maintenance and con-
jugation. To increase protein expression levels in Bacteroides species,
we constructed an episomal E. coli-Bacteroides shuttle vector, pYHY1
(Addgene Plasmid #215926) via Gibson assembly. All endogenous
secretion carriers were cloned from the genome of B. theta. The HlyA,
HlyB, HlyD of UPEC T1SSwere cloned frompVDL9.3 (Addgene Plasmid
#168299) and pEHlyA5 (Addgene Plasmid #168298) plasmids. The
CsgG of E. coli K-12 T8SS was cloned from the genome of E. coli DH5α.
For constructs with short N-terminal fusions (CsgA [N-terminal 22
residues], SusB SP, BT_3769 SP, and BFT SP), the sequences were
introduced at the N-terminus of cargo proteins directly through
overhang PCR. The sequences of PBfP1E6, sdAb-TcdA, sdAb-TNFα, scFv-
HER2, and EGFP were synthesized by IDT. The sequences of Nluc and
sdAb-EGFR were cloned from plasmids pNBU2_erm-TetR-P1T_DP-
GH023-NanoLuc (Addgene Plasmid #117728) and pTrcHIS-wt7D12
(Addgene Plasmid #125268). All promoters, RBS, secretion carriers,
and protein cargoes were cloned into pYHY1 vector at the sequence
betweenampR and ermG. A 3xFLAG tag and the rrnbT1 terminator of E.
coliwere introduced at the 3’end of the protein coding region by PCR.
A GSSG or GSSGSSG linker was introduced at the C-terminus of each
protein, in frame with the 3xFLAG tag and a GSGGSGSSGS linker was
introduced at C-terminus of each full-length secretion carrier, in frame
with the protein cargo, by PCR. For plasmids used for recombinant
protein expression and purification, the toxin A fragment (TcdAf;
amino acid residues 2460-2710) was amplified from the C. difficile
genome by PCR and cloned into the 2Bc-T plasmid (Addgene Plasmid
#37236); 3xFLAG taggedNluc, sdAb-TcdA, sdAb-TNFα, and sdAb-EGFR
aswell as untagged scFv-HER2were cloned into the pET24b(+) plasmid
with an N-terminal fusion with the E. coli outer membrane protein A
(OmpA) signal peptide to for secretion of proteins into the
periplasm101.
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Conjugation and selection
Plasmids for Bacteroides conjugations were first used to transform E.
coliDH5α or E. coli S17-1 λ pir to generate plasmid donor E. coli strains.
Equal volumes of overnight cultures of plasmid donors, E. coli RK231
(tri-parental mating helper strain), and Bacteroides (plasmid recipient)
were spun down and washed once with PBS. For each conjugation, the
cell pellet of the donor, recipient, and helper (if needed) were serially
resuspended in 30 µL PBS, spotted onto BHIB plates, and incubated
aerobically overnight at 37 oC upside down (lid on top). Mating spots
were scraped off of plates, streaked onto BHIB plates supplemented
with 200 µg/mL gentamicin and 12.5 µg/mL erythromycin, and incu-
bated anaerobically for 2–3 days at 37 oC to allow selective growth of
transconjugant Bacteroides clones.

Recombinant protein expression and purification
For sdAb-TcdA and toxinA fragment (TcdAf) purification, anovernight
culture of E. coli BL21(DE3) harboring the 2Bc-T-TcdAf plasmid was
grown overnight at 37 oC with shaking, then diluted 50-fold in 50mL
terrific broth (yeast extract 24 g, tryptone 20 g, glycerol 4mL, 100mL
KPO4 buffer [0.17MKH2PO4, 0.72MK2HPO4] per liter ofmedium)with
50 µg/mL kanamycin. When culture OD600 reached 0.6, isopropyl β-D-
thiogalactoside (IPTG) was added to a final concentration of 0.1mM to
induce protein expression. After overnight induction of cultures at
25 oC with shaking, the cells were harvested and sonicated in lysis
buffer (20mM sodium phosphate, 0.5M NaCl, 40mM imidazole, 1%
Triton X100, 0.1mMPMSF pH 7.4). The soluble fractions of cell lysates
were passed through a Ni-NTA chromatography column, and the
recombinant TcdAf proteins were eluted with elution buffer (20mM
sodium phosphate, 0.5M NaCl, and 500mM imidazole). The con-
centration of purified TcdAf was calculated from A280, molecular
weight, and extinction coefficient using the Beer-Lambert law. For
Nluc, sdAb-TcdA, sdAb-TNFα, and sdAb-EGF, the expression plasmids
were introduced into E. coli BL21(DE3). Overnight cultures of E. coli
BL21(DE3) in LB were diluted 50-fold in 100mL BHI with 50 µg/mL
kanamycin. After the OD600 reached 0.3, protein expression was
induced with 0.1mM IPTG and cultures were grown overnight with
shaking at 27 oC for sdAb-TcdA, sdAb-TNFα, and sdAb-EGFR and at
22 oC for Nluc. Cells were pelleted by centrifugation at 5000× g for
10min and sonicated in lysis buffer (PBS with 1% Triton X-100 and
0.1mM PMSF). The soluble fraction of cell lysates was loaded on a
column with anti-FLAG® M2 affinity gel (Sigma-Aldrich) for protein
purification following themanufacturer’s instructions. Untagged scFv-
HER2 was purified from E. coli BL21(DE3) through the HiTrap™ Protein
L column (Cytiva). The column was washed with PBS and the protein
was eluted with 0.1M glycine (pH 3.5). Protein concentration was
determined by DC protein assay (Bio-Rad).

Immunoblot analysis of proteins
Bacteroides strains streaked on selective BHIB plates were inoculated
into TYG or BHIS media with 25 µg/mL gentamicin and 12.5 µg/mL
erythromycin (with 100 ng/mL aTc when using aTc-inducible pro-
moters). After reaching late-log or stationary phase, culture super-
natants were separated from bacterial cells by centrifugation at
10,000× g for one minute and filtered through 0.22 µm PVDF syringe
filters. For dot blot analysis, 10–30 µL of filtered supernatant was
directly spottedonto awet PVDFmembraneplaced on a stack of paper
towels to aid rapid and consistent wicking of the samples through the
membrane. For western blot analysis, 10.5 µL of filtered supernatant
was mixed with 1.5 µL β-mercaptoethanol and 3 µL 5x sample loading
buffer (300mM Tris-HCl at pH 6.8, 10% SDS, 50% glycerol, and 0.5%
bromophenol blue dye) and boiled at 98 oC for 10min. 10 µL of boiled
sample was subjected to Tris-glycine SDS-PAGE (12% gel or 4–20%
gradient gel) in electrophoresis buffer (25mM Tris-base, 250mM gly-
cine, and 0.1% SDS) at 100V for 1.5 hr for protein separation. To ana-
lyze intracellular proteins, cell pellets from 0.5mL liquid culture were

washed once with PBS and resuspended in 50 µL 1x BugBuster protein
extraction reagent (Merck Millipore). After 1 hr shaking at room tem-
perature, PBS was added into cell lysates to a final volume of 0.5mL,
and 10.5 µL of cell lysate was processed and subjected to SDS-PAGE.
Proteins were transferred to a PVDF membrane at 100V for 1 hr in
transfer buffer (25mM Tris-base, 192mM glycine, and 30%methanol).
For both dot blots andwesterns, themembranes were blockedwith 5%
milk in 0.1% PBS-T (phosphate-buffered saline with 0.1% Tween 20) at
room temperature for 1 hr, then incubated with anti-FLAG M2 mono-
clonal antibody (Sigma-Aldrich, F1804, 1:2000 dilution in 5%milk/0.1%
PBS-T) or anti-GroEL polyclonal antibody (Sigma-Aldrich, G6532,
1:5000 dilution in 5% milk/0.1% PBS-T) at 4 oC with rocking overnight.
After washing three times with PBS-T, the membrane was incubated
with goat anti-mouse IgG secondary antibody conjugated with horse
radish peroxidase (HRP) (Jackson Immuno Research, 115-035-146,
1:5000 dilution in 5% milk/0.1% PBS-T) or goat anti-rabbit IgG-HRP
(Invitrogen, 65–6120; 1:3000 dilution in 5%milk) at room temperature
for 1 hr. Signal was detected using SuperSignal™ West Dura Extended
Duration Substrate (Thermo Scientific) on a Bio-Rad GelDoc imaging
system. For dot blot, the signal intensity was quantified by ImageJ.
Briefly, the dot blot image was first inverted to obtain a black back-
ground, and the signal intensity of each dot was determined by cal-
culating the mean gray value in the circular selection area via ROI
Manager.

Measurement of activities of secreted antibody fragments and
reporters in culture supernatants
Activity is defined as antigen binding for antibody fragments and
enzymatic or fluorescent activity for reporter enzymes. The activities
of all antibody fragments were measured by ELISA as follows: 96-well
Immulon 2HB ELISA plates were coated with 1–2 µg/mL purified anti-
gens (TcdAf, purified as described above; TNFα soluble form [#10602-
HNAE-100], EGFRECD [#10001-H08H], andHER2 ECD [#10004-H08H]
were purchased from Sino Biological) at 4 oC overnight. After washing
3x with 0.1% PBS-T, plates were blocked with 5% milk/0.1% PBS-T for
1 hr at room temperature and washed again. Filtered culture super-
natants (100 µL) or cell lysates (100 µL, processed as mentioned in
immunoblot section) were added to wells and incubated for 1 hr at
room temperature. Plates were washed again and anti-FLAG M2 anti-
body (Sigma-Aldrich, F1804, 1:2000 dilution in 5% milk/0.1% PBS-T)
was added and incubated for 1 hr at room temperature. Following PBS-
T washing, goat anti-mouse IgG secondary antibody conjugated with
HRP (Jackson Immuno Research, 115-035-146, 1:5000 dilution in 5%
milk/0.1% PBS-T) was added and incubated for 1 hr at room tempera-
ture. For scFv-HER2, protein L-HRP (VWR, PI32420, 1:5000 dilution in
5%milk/0.1% PBS-T) was used instead for detection. After washingwith
PBS-T, o-phenylenediamine (OPD) substrate solution was added and
shaken for 10min at room temperature. The absorbance at 450nm
(A450) was measured using a BioTek Synergy HT multimode micro-
plate reader. To quantify secreted sdAb-TcdA, sdAb-TNFα, sdAb-EGFR,
and scFv-HER2, 10-fold serially diluted purified proteins were run in
parallel as standards, and the four-parameter logistic (4PL) regression
model was applied to build the sigmoidal standard curves to estimate
the secretion titer by GraphPad Prism 10. For NanoLuc, the Nano-Glo
luciferase assay (Promega)wasperformed as follows: 5-10 µL undiluted
or 10-fold diluted culture supernatant and cell lysate (processed as
mentioned in immunoblot section) was mixed with 15–20 µL PBS, fol-
lowed by mixing with 25 µL Nano-Glo® luciferase assay buffer supple-
mented with furimazine substrate at a ratio of 1:50. Luminescence was
measured on themicroplate reader using an integration time of 1 s and
gainof 100.Quantificationof secretedNlucwas achievedwith a 10-fold
serial dilution of purified 3xFLAG tagged Nluc and a standard linear
regression model was applied to log-transformed luminescence (RLU)
and concentration to build the standard curve for quantifying secreted
Nluc. For β-lactamase, the β-lactamase activity assay kit (Sigma-
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Aldrich) was used following the manufacturer’s protocol. Briefly, 10 µL
filtered culture supernatant was mixed with 40 µL PBS, followed by
mixing with 50 µL β-lactamase assay buffer supplemented with nitro-
cefin substrate at a ratio of 1:25. Plates were incubated for 5min at
room temperature, then the absorbance at 490nm (A490) was mea-
sured using the microplate reader.

Analysis of the post-secretion extracellular fate of secreted
proteins
B. theta colonies were inoculated into 30mL TYG with 12.5 µg/mL
erythromycin and anaerobically grown to late log or stationary phase.
1mL of liquid culture was first centrifuged at 10,000× g for 1min to
separate cell pellets and culture supernatant. Cell pellets were then
washed oncewith PBS to obtain the cell pellet fraction, whichwas then
resuspended in 200 µL 2x sample loading buffer with 10% β-mercap-
toethanol, boiled at 98 oC for 10min, and diluted with 200 µL PBS to
bring the sample buffer to 1x. The remaining 29mL of culture was
centrifuged at 5000 × g for 10min to separate the cells and super-
natant, and the supernatant was filtered through a 0.22 µm syringe
filter to remove remaining cells and debris to obtain the cell-free total
supernatant fraction. OMVs in the total supernatant fraction were
extracted using the ExoBacteria™ OMV Isolation Kit (System Bios-
ciences) according to the manufacturer’s protocol: 25mL of the total
supernatant fraction was transferred to an OMV-binding column and
rotated at 4 oC for 30min. The column was uncapped, and the flow-
through was collected as the OMV-free soluble fraction; finally, the
column was washed twice with 15mL binding buffer, and the OMVs
were elutedwith 1.25mL elution buffer to obtain the 20x-concentrated
OMV fraction. For western blot analysis, 10.5 µL from the total super-
natant, soluble, and OMV fractions were mixed with 1.5 µL β-
mercaptoethanol and 3 µL 5x sample loading buffer and boiled at
98 oC for 10min. SDS-PAGE and immunoblotting were performed as
described above with 10 µL of each processed fraction. For Nluc
quantification, 10 µL of total supernatant, soluble, and OMV fractions
containing secreted Nluc were analyzed using the Nano-Glo assay as
described above.

Proteinase K accessibility assay
The extracted OMV fractions (19 µL) from the culture supernatants
of B. theta expressing BT_0569-Nluc or BT_3630 SP-Nluc were
mixed with 1 µL diluted proteinase K solution to the final con-
centrations indicated in Fig. 6c and incubated at 37 oC for 5 min or
30min. After incubation, 10.5 µL of mixture was immediately
mixed with 1.5 µL β-mercaptoethanol and 3 µL 5x sample loading
buffer and boiled at 98 oC for 10 min, then 10 µL of each boiled
sample was subjected to SDS-PAGE and immunoblotting, per-
formed as described above.

Analysis of size limit of lipoprotein SP-mediated protein
secretion
Cellulase (Cel) and chitinase (ChiA) were cloned from pCellulose
(Addgene Plasmid #36300), pET16better_H10_HRV3C_chitinase
(Addgene Plasmid #175091). BT_3686, BT_3703 (SusB), and BT_3169
were cloned from the genome of B. theta. β-galactosidase (LacZ) was
cloned from the genome of E. coli BL21(DE3). Homodimers and het-
erodimers were constructed via Gibson assembly. Gene expression
was driven by the P1TDP-A21 promoter on the pYHY1 vector, and
plasmidswere conjugated intoB. theta. The transconjugant colonies of
B. theta strains harboring these plasmids were inoculated into BHIS
medium with 100ng/mL aTc, 25 µg/mL gentamicin, and 12.5 µg/mL
erythromycin and incubated anaerobically overnight. After reaching
late log or stationary phase, cell pellets and supernatants from liquid
cultures were processed and subjected to western blot analysis as
described above.

TNFα neutralization assay
The murine L929 cell line (ATCC CCL-1) was used for measuring the
neutralizing capacity of sdAb-TNFα secreted from B. theta. L929 cells
were seeded in a 96-well plate with 1 × 104 cells in 100 µL DMEM per
well and incubated at 37 oC overnight. Treatment mixtures for each
well were generated by pre-incubating 100 µL of B. theta culture
supernatants or serially diluted sdAb standards with 100 µL fresh
DMEM containing 1 µg/mL actinomycin D and 4 ng/mL human TNFα
for 1 hr at 37 oC. The mixtures were then used to replace the culture
media of the L929 cells. After incubation at 37 oC for 20 hr, the viability
of L929 cells was measured by MTT assay (Abcam) following the
manufacturer’s instructions.

In vivo Nluc secretion
All animal experiments were performed using protocols approved by
the University of Illinois Institutional Animal Care and Use Committee.
Mice were maintained at 22–26 °C, 30–70% humidity, and a 12-h light
cycle. C57BL/6 J specific-pathogen-free (SPF) mice (6-8 weeks old; sex-
balanced) were pre-treated with an antibiotic cocktail in their drinking
water (1 g/L metronidazole, 1 g/L neomycin, 0.5 g/L vancomycin, and
1 g/L ampicillin, and 20 g/L Kool-Aid Drink Mix102) for 7 days followed
by a 2-daywashout period with plain tapwater. Mice were divided into
four groups (2males and 2 females per group) and orally administered
200 µL of PBS or bacterial strains (1 × 109 CFU).Micewere weighed and
fecal samples were collected every two days for two weeks, then once
perweek for another sixweeks, with afinal sample collectedonday60.
For antibiotic water groups, mice were treated with 12.5 µg/mL ery-
thromycin and 100 µg/mL gentamicin in their drinking water
throughout the experiment. To quantify colonization of the engi-
neered B. theta strains, fecal samples were homogenized in PBS (10 µL
per mg of feces) and serially diluted in 96-well plates. Dilutions were
plated on selective BHIB plates using a multi-channel pipettor and the
highest dilution with single colonies was used to calculate CFU permg
of feces. To measure the level of secreted Nluc in fecal pellets, the
homogenized fecal pellets were centrifuged at 12,000× g for 2min to
pellet bacterial cells, then 25 µL of supernatant was used in the Nano-
Glo luciferase assay described above.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The following plasmids, withmaps and sequences, are available through
Addgene: pYHY1 (empty E. coli-Bacteroides shuttle vector; Addgene
Plasmid #215926), pYHY2 (pYHY1-PBfP1E6-RBS8-BT_0294 SP-Nluc-
3xFLAG; Addgene Plasmid #216108), and pYHY3 (pYHY1-PBT1311-tetR-
P1TDP-A21-BT_3630 SP-Nluc-3xFLAG; Addgene Plasmid #216109). Source
data are provided with this paper.
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