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Probiotic acoustic biosensors for
noninvasive imaging of gut inflammation

Marjorie T. Buss 1, Lian Zhu 1, Jamie H. Kwon2, Jeffrey J. Tabor 3,4,5,6 &
Mikhail G. Shapiro 1,7,8

Inflammatory bowel diseases (IBD) affect millions of people globally, result in
severe symptoms, and are difficult to diagnose and monitor – often necessi-
tating the use of invasive and costly methods such as colonoscopies or
endoscopies. Engineered gut bacteria offer a promising alternative due to their
ability to persist in the gastrointestinal (GI) tract and sense and respond to
specific environmental signals. However, probiotics that have previously been
engineered to report on inflammatory and other disease biomarkers in the Gl
tract rely on fluorescent or bioluminescent reporters, whose signals cannot be
resolved in situ due to the poor penetration of light in tissue, or on colori-
metric reporters which rely on plating feces. To overcome this limitation, we
introduce probiotic biosensors that can be imaged in situ using ultrasound – a
widely available, inexpensive imaging modality providing sub-mm spatial
resolution deep inside the body. These biosensors are based on the clinically
approved probiotic bacterium E. coli Nissle, which we engineered to tran-
siently colonize the GI tract, sense inflammatory biomarkers, and respond by
expressing air-filled sound-scattering protein nanostructures called gas vesi-
cles. After optimizing biomolecular signaling circuits to respond sensitively to
the biomarkers thiosulfate and tetrathionate and produce strong and stable
ultrasound contrast, we validated our living biosensors in vivo by non-
invasively imaging antibiotic-induced inflammation in mice. By connecting
cell-based diagnostic agents to ultrasound, these probiotic biosensors will
potentiallymake it easier and cheaper to diagnose andmonitor IBDor other GI
conditions.

Inflammatory bowel diseases (IBD) affectmillions of people1,2, result in
severe life-altering symptoms3,4, and are caused by complex genetic
and environmental factors leading to chronic intestinal
inflammation5,6. Current methods to diagnose and monitor IBD, such
as colonoscopies and biopsies, can be invasive, unpleasant, and
costly7, causing delays in diagnosis and treatment that can lead to

complications and reduce the effectiveness of therapeutic
interventions8–14. Other less invasive methods such as blood and stool
tests often lack specificity due to inflammation elsewhere in the body
and the short-lived nature of many disease-associated intestinal
molecules. Moreover, they do not provide spatial information on the
location of inflammation within the intestines, which can influence

Received: 28 March 2025

Accepted: 23 July 2025

Check for updates

1Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA, USA. 2Division of Biology and Biological Engineering,
California Institute of Technology, Pasadena, CA, USA. 3Ph.D. Program in Systems, Synthetic, and Physical Biology, Rice University, Houston, TX, USA.
4Department of Biosciences, Rice University, Houston, TX, USA. 5Department of Bioengineering, Rice University, Houston, TX, USA. 6Department of Chemical
and Biomolecular Engineering, Rice University, Houston, TX, USA. 7Andrew and Peggy Cherng Department of Medical Engineering, California Institute of
Technology, Pasadena, CA, USA. 8Howard Hughes Medical Institute, California Institute of Technology, Pasadena, CA, USA. e-mail: mikhail@caltech.edu

Nature Communications |         (2025) 16:7931 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-4266-9197
http://orcid.org/0000-0002-4266-9197
http://orcid.org/0000-0002-4266-9197
http://orcid.org/0000-0002-4266-9197
http://orcid.org/0000-0002-4266-9197
http://orcid.org/0000-0001-8043-2038
http://orcid.org/0000-0001-8043-2038
http://orcid.org/0000-0001-8043-2038
http://orcid.org/0000-0001-8043-2038
http://orcid.org/0000-0001-8043-2038
http://orcid.org/0000-0001-7316-0361
http://orcid.org/0000-0001-7316-0361
http://orcid.org/0000-0001-7316-0361
http://orcid.org/0000-0001-7316-0361
http://orcid.org/0000-0001-7316-0361
http://orcid.org/0000-0002-0291-4215
http://orcid.org/0000-0002-0291-4215
http://orcid.org/0000-0002-0291-4215
http://orcid.org/0000-0002-0291-4215
http://orcid.org/0000-0002-0291-4215
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62569-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62569-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62569-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62569-1&domain=pdf
mailto:mikhail@caltech.edu
www.nature.com/naturecommunications


treatment decisions15–17. A method to noninvasively visualize inflam-
matory biomarkers in situ in the gastrointestinal (GI) tract could
greatly facilitate the monitoring, understanding, and diagnosis of IBD
and other GI diseases18–20.

Engineered probiotic bacteria could help diagnose IBD by colo-
nizing theGI tract and sensing and reporting on specific signals in their
environment21–23. Indeed, engineered bacteria have been developed to
monitor intestinal biomarkers such as thiosulfate24, tetrathionate24,25,
nitric oxide26,27, calprotectin28,29, and bleeding30. However, most of
these probiotics report their findings through fluorescent or colori-
metric reporters in the feces, which lack information about where in
gut the inflammation takes place and require specialized laboratory
equipment and protocols (e.g., flow cytometry) thatmaybe difficult to
translate to the clinic. Bioluminescent reporter strains28,31 can be
imaged in situ in mice, but have limited resolution due to light scat-
tering anddo not scale to larger animals or humans due to limited light
penetration32. Bioluminescent bacteria have been coupled with a pill-
basedwireless electronic device30, but this approach is complex, uses a
large pill ( ~ 4.5 cm) that would not be easy for humans to swallow, and
provides limited spatiotemporal information due to its rapid passage
through the GI tract.

As an alternative readout, ultrasound readily propagates
through tissue, allowing images to be acquired at several-
centimeter depth with 100 micron-level spatial resolution32.
Moreover, ultrasound imaging is inexpensive and ubiquitously
available33, increasing the translatability and potential impact of
diagnostics that use ultrasound as a readout. Recently, it was
demonstrated that bacteria can generate ultrasound contrast by
expressing acoustic reporter genes (ARGs), which result in the
production of air-filled protein nanostructures called gas vesicles
that scatter sound waves34,35. However, ARG expression has not
yet been incorporated into biosensors to detect specific mole-
cular signals or used to visualize GI-colonizing bacteria.

Here we develop ARG-expressing probiotic cells as the basis
for a “diagnostic yogurt” that could be ingested by a patient,
transiently populate the GI tract, sense an inflammatory bio-
marker, and produce acoustic contrast that could be detected
with a simple, noninvasive ultrasound scan the next day after
probiotic administration (Fig. 1). To test this concept, we engi-
neer the clinically approved probiotic Escherichia coli Nissle 1917
(EcN) to express ARGs in response to small molecule biomarkers

of GI inflammation – focusing on thiosulfate and tetrathionate24 –

and develop protocols for their ultrasound detection in vivo after
GI colonization. We optimize our acoustic biosensors through
multiple rounds of genetic engineering so that they would pro-
duce detectable ultrasound contrast under physiologically rele-
vant conditions (e.g., 37 °C, low biomarker concentrations).
Finally, we validate mouse models of antibiotic-induced inflam-
mation that exhibit elevated thiosulfate and noninvasively image
inflammation in these mice using our optimized acoustic thio-
sulfate sensor.

Results
Engineered biosensing pathways enable the production of
ultrasound contrast in response to inflammatory biomarkers
Thiosulfate (S2O3

2-) and tetrathionate (S4O6
2-) are biomarkers for

intestinal inflammation arising from altered gut sulfur metabolism
during colitis. Thiosulfate is generated when host cells detoxify
hydrogen sulfide (H2S)

36, whose production is thought to be upregu-
lated during intestinal inflammation37–40. Reactive oxygen species
present during inflammation further convert thiosulfate into the
transient product tetrathionate41. Thiosulfate and tetrathionate have
been shown to be elevated in DSS-induced24 and Salmonella-induced25

mouse models of colitis, respectively.
To develop living biosensors of thiosulfate and tetrathionate, we

started with previously described fluorescent sensors of these mole-
cules based on two-component systems (TCS) from Shewanella24. We
aimed to replace the GFP in these constructs with ARGs to enable
ultrasound imaging of the sensor bacteria in situ rather than detection
of GFP in the feces via flow cytometry. We used a recently optimized
ARG construct called bARGSer, derived from Serratia sp35, placing it
downstream of the promoter driven by thsR or ttrR response reg-
ulators, which are activated by thiosulfate or tetrathionate through
thsS or ttrS sensor kinase receptors, respectively. We implemented
these genetic pathways on a single medium-copy plasmid, with the
TCS components constitutively expressed and with the Axe-Txe sta-
bility cassette42 to form the plasmids thsSR-bARGSer and ttrSR-
bARGSer (Fig. 2a).

Using these constructs, we observed ARG expression in E. coli in
response to thiosulfate and tetrathionate one day after induction,
but the initial ultrasound signal was lower than with an arabinose-
inducible positive control construct pBAD-bARGSer (Fig. S1). To
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Fig. 1 | Concept of probiotic biosensors for ultrasound imaging of gastro-
intestinal (GI) inflammation. Patients consume yogurt containing diagnostic
probiotic bacteria that transiently populate the GI tract. Using two-component
systems (TCSs), these engineered bacteria sense inflammatory biomarkers, such as
thiosulfate and tetrathionate, and express acoustic reporter genes (ARGs) that
encode for gas vesicles (GVs) in response. Binding of the biomarker to the

membrane sensor kinase protein triggers transcription of ARGs from a specific
promoter via phosphorylation of a cytoplasmic response regulator protein; in the
absence of the biomarker, phosphatase activity of the membrane sensor kinase
keeps the system repressed. ARG-expressing bacteria can be detected via ultra-
sound imaging in patients, enabling ultrasound imaging of GI inflammation.

Article https://doi.org/10.1038/s41467-025-62569-1

Nature Communications |         (2025) 16:7931 2

www.nature.com/naturecommunications


improve performance, we engineered our genetic constructs using
rapid mutagenesis and screening, relying on the optical opacity
of gas vesicle-expressing bacterial colonies and replica-plating
onto thiosulfate- or tetrathionate-containing media (Fig. 2b, c). In
our screens, colonies that were visually more opaque with 1mM thio-
sulfate/tetrathionate than without after one day of growth were
picked and characterized in patch format at 30 °C and 37 °C. First, we

tuned the expression levels of response regulators thsR/ttrR by
mutagenizing their constitutive promoters using semi-random
primers (Fig. S2a). This yielded several variants of thsSR-bARGSer

with slight improvements in opacity fold-change, but all variants
still performed poorly at 37 °C compared to 30 °C (Fig. 2d). For
ttrSR-bARGSer, this approach yielded several variants with a relative
patch opacity of > 1 at 37 °C and 1mM tetrathionate – in particular
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the m13 variant (Fig. 2e). Similar trends were observed whenmutating
the GFP-expressing versions of the sensors (Fig. S2b–f).

Mutating the promoters driving both thsR and thsS simulta-
neously led to improved thiosulfate-sensing performance at 30 °C and
37 °C, but performance remained poor at 37 °C, leading us to hypo-
thesize that themembrane sensor kinase thsSmight not expresswell at
the higher temperature. To address this issue, we mutated thsS using
error-prone PCR and found several variants with increased opacity at
37 °C and 1mMthiosulfate. In particular, the thsS(t3) variant exhibited a
relative patch opacity of <0.25 at 0mM and > 1 at 1mM thiosulfate at
both 37 °C and 30 °C (Fig. 2d). Overall, the thsS(t3)R-bARGSer variant,
which contained 4 missense mutations (K286Q, Q350H, I553V, and
F565I) and 2 silent mutations in thsS, exhibited 10.5 times higher
opacity at 37 °C and 1mM thiosulfate than its parent construct
(Fig. 2f–h, Fig. S3, Table S1). The mutated residues were distributed
across the ligand-binding, transmembrane, and catalytic domains of
the protein (Fig. 2i). The ttrSR(m13)-bARGSer variant, which contained
4 point mutations in the ttrR constitutive promoter, had 1.5 times
higher opacity at 37 °C and 1mM tetrathionate than its parent
(Fig. 2f–h, Table S1).

We characterized the ultrasound contrast produced by our two
improved biosensors in EcN cultured at 37 °C with a range of thio-
sulfate and tetrathionate concentrations, observing increasing signal
in response to increasing biomarker concentrations (Fig. 2j, k, Fig. S4).
Using BURST imaging, a highly sensitive and specific ultrasound pulse
sequence for gas vesicle detection43, thsS(t3)R-bARGSer and
ttrSR(m13)-bARGSer exhibited maximal fold-changes of 51 and 41,
respectively, in response to their cognate analytes. This switching
performance is high compared to many inducible biosensors in the
literature24,27,28,44. Similar trends were observed under xAM imaging, a
complementary, non-destructive ultrasound imaging mode also pop-
ular for gas vesicle detection45 (Fig. S4).

Recombinase-based switching increases sensor signal in
response to biomarkers
To increase ultrasound signal and biomarker sensitivity even further,
we incorporated a recombinase into our optimized two-component
sensors. We placed the serine integrase Bxb1 downstream of our thsR-
activated promoter, and placed bARGSer downstream of the strong
constitutive promoter P746, which we flanked with Bxb1 recognition
sequences attB and attP. We included a temperature-responsive ter-
minator upstreamof Bxb1 to reduce leaky expression outside the body
below 37 oC47 (Fig. 3a). Before cells are exposed to thiosulfate, the P7
promoter points towards two strong terminators and bARGSer is not
expressed. When cells are exposed to thiosulfate, the thsS(t3)R path-
way triggers Bxb1 expression, which catalyzes irreversible site-specific
recombination between attB and attP, flipping the direction of P7 and
resulting in constitutive bARGSer expression. We named this construct
thsS(t3)R-Bxb1_P7-bARGSer.

We compared thsS(t3)R-Bxb1_P7-bARGSer and thsS(t3)R-bARGSer

in EcNat 37 °C,measuring the BURST and xAMultrasound signals after
exposing the cells to a range of thiosulfate concentrations (Fig. 3b, c,
Fig. S5a, Fig. S6a, b). The recombinase-based biosensor produced 2.5-
fold higher ultrasound signal in 100 µM thiosulfate compared to
the non-recombinase construct and exhibited a maximal fold-change
of 100. The recombinase-based circuit also showed higher thiosulfate
sensitivity, shifting the half-maximum Hill equation constant for
BURST signal from 76.4 to 48.2 µM (Table S2).

We also implemented the Bxb1 switching approach in the fluor-
escent protein version of the thiosulfate sensor, forming plasmid
thsS(t3)R-Bxb1_P7-GFP_mCherry (Fig. 3d). Flow cytometry of thsS(t3)R-
Bxb1_P7-GFP_mCherry versus thsS(t3)R-GFP_mCherry EcN after indu-
cing with a range of thiosulfate concentrations at 37 °C demonstrated
increased GFP fluorescence in response to thiosulfate (19.2-fold higher
at 100 µM thiosulfate), increased sensitivity (the Hill constant
decreased from 105 to 57.2 µM), and distinct negative and positive
(“unflipped” and “flipped”) GFP populations with addition of the
Bxb1 switch (Fig. 3e, f, Fig. S5b, Table S2).

Weobtained similar resultswhen implementing theBxb1 switch in
the ARG and fluorescent versions of our tetrathionate sensor (Fig. S5c,
d, Fig. S6c–j, Table S2). These results demonstrate that addition of a
Bxb1 switch with the strong constitutive promoter P7 improves the
performance of two-component system EcN biosensors with both
acoustic and fluorescent outputs.

Probiotic biosensors colonize the GI tract and respond to their
cognate biomarkers
To prepare for disease biosensing in vivo, we first aimed to demon-
strate that EcN-based probiotic agents could colonize the GI tract and
produce ultrasound contrast in response to externally supplied small
molecules. To reduce colonization resistance by native fauna, we
treated themicewith streptomycin starting twodays prior to probiotic
administration48–51 and continuing through the course of the experi-
ment, and we used EcN with a spontaneous mutation in the rpsL gene
conferring streptomycin resistance (Table S3). Initially, we orally
gavaged arabinose-inducible pBAD-bARGSer EcN (Fig. S7) into mice
receiving arabinose in their drinking water (Fig. 4a). We used fecal
colony plating to confirm stable GI colonization for at least 3 days
(Fig. 4b), a duration sufficient for the probiotics to sense their envir-
onment and produce gas vesicles (high levels of which are reached
within 24 hoursof induction)35.We imaged themiceusing ahome-built
ultrasound scanning system that enables rapid large-scale imaging of
the abdomen (Fig. S8a), and BURST* ultrasound – a version of the
BURST43 pulse sequence thatweoptimized forGI probiotic imaging (as
described in Methods). Subsequently, we sacrificed the animals for
confirmatory ex vivo imaging of their intestines (Fig. S8b).

Scans ofmiceacquiredonedayafter gavage of pBAD-bARGSer EcN
revealed high levels of ultrasound contrast in the cecum, which was

Fig. 2 | Optimization of thiosulfate and tetrathionate sensors with ARGs as the
output. a Plasmid diagrams of thiosulfate (thsSR-bARGSer) and tetrathionate
(ttrSR-bARGSer) sensors with ARGs from Serratia sp. ATCC 39006 (bARGSer) as the
output. b Protocol for screening for optimized variants of these sensors based on
colony opacity. c Representative photographs of replica plates containing colonies
at 0 and 1mM tetrathionate. d Relative patch opacities from screening thsSR-
bARGSer variants mutated in the response regulator promoter (m01-m14, yellow
shading), in both the response regulator and the sensor kinase promoters (mm01-
mm68, orange shading), and in the sensor kinase gene thsS (t01-t13, red shading).
e Relative patch opacities from screening ttrSR-bARGSer variants mutated in the
response regulator promoter (m01-m26, yellowshading). Representative images (f)
and quantification in terms of relative opacity (g) of patches of the best-performing
variants compared to the parent construct and aGFP control inNEBStableE. coli. In
d–g, a relative patch opacity of 0 corresponds to the parent construct at 0mMand

a relative patch opacity of 1 corresponds to the parent construct at 1mM at 30 °C.
Variants were ordered from lowest to highest relative patch opacity at 37 °C within
each screening group.h Summary ofmutations in thebest-performing variants; see
Table S1 for full sequences. i AlphaFold 3 ref. 111 structural prediction of thsS(t3)
colored by predicted domains with the four mutations indicated by red circles; see
Fig. S3 for more views of structural predictions. Representative BURST ultrasound
images (bottom) andquantificationof the signal-to-background ratio (SBR) (top) of
the best variants for thsSR-bARGSer (j) and ttrSR-bARGSer (k) at varying thiosulfate/
tetrathionate concentrations in E. coli Nissle (EcN) at 37 °C; cells were cast at 109

cells/mL in agarose. See Fig. S4 for corresponding xAM data. In d, e, and g, points
represent the average of 2-4 biological replicates (N = 2 for points depicted in
orange or yellow shading; N = 4 elsewhere) and error bars represent the standard
deviation. In j and k, points represent biological replicates (N = 3, which were each
averaged over 2 technical replicates) and solid lines connect the means.
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not present in control mice administered with the fluorescent pBAD-
RFP EcN control (Fig. 4c–f, Fig. S9a). Ex vivo imaging three days after
gavage confirmed that the BURST* signal was concentrated primarily
in the cecumand colon (Fig. 4g–i and Fig. S9b), where resistant EcN are
known to colonize in streptomycin-treated mice31. Signal from the
colon was not as apparent in the in vivo images, likely because it was
more sparse andmore difficult to distinguish from background tissue,
but can be better seen in 3D projections (Supplementary Videos 1-2).
Negligible mutational silencing was observed in EcN plated from the
feces during the course of this experiment (Fig. S9c), and EcN cells
appeared to remain viable as indicated by stable colonization levels
and the ability to re-express gas vesicles for ex vivo imaging after their
collapse during the in vivo imaging. BURST* signal was also detected
directly in feces by ultrasound imaging butwas not able to be detected
in mice not treated with streptomycin due to lower levels of EcN
colonization (Fig. S10).

We next aimed to confirm that our thiosulfate-sensing acoustic
biosensor EcN cells could be detected via ultrasound in mice directly
fed with thiosulfate. After 2 days of streptomycin treatment, the
thsS(t3)R-bARGSer and thsSR-GFP probiotics were orally administered
to populate the GI tract (Fig. 4j, S11a, b). One day after gavage of the
biosensors, 1M thiosulfate was orally administered, or omitted from
control mice, and the next day all mice were imaged with ultrasound.

In the presence of thiosulfate, mice colonized with the probiotic
acoustic biosensor exhibited significantly higher BURST* signal in the
cecum compared to mice that did not receive the corresponding
biomarker or were colonized by control fluorescent strains (Fig. 4k, l).
The amount of contrast scaled with the amount of administered
thiosulfate (Fig. S11c–e). Similar results were obtained with the tetra-
thionate sensor (Fig S11f, g). These results demonstrated that our
probiotic EcNcells are capable of populating themouseGI tract in vivo
and functioning as acoustic biosensors of thiosulfate and tetrathionate
when present at sufficient concentrations.

Streptomycin-treated mice exhibit dysbiosis-associated
inflammation
To test our biosensors in a disease context, we set out to establish and
validate amousemodel of inflammatory dysbiosis. Since streptomycin
treatment can cause inflammation52, we aimed to determine whether
mice treated with this antibiotic exhibit elevated intestinal thiosulfate
levels. Accordingly, we treated mice with streptomycin sulfate or the
control antibiotic chloramphenicol for 5 days (Fig. 5a). The
streptomycin-treated mice exhibited signs of dysbiosis and inflam-
mation, including looser stools and greater weight loss compared to
chloramphenicol-treated controls (on top of acute weight reduction
caused by fasting with tail cups between days 2 and 3 to prevent

6 71BURST SBR (dB)

1000 5 20 60 500 5000

-B
xb
1

+B
xb
1

2 mm

-Bxb1
+Bxb1

102103 104105 102103 104105 102103 104105 102103 104105

0 20 100 5000
Fr
eq
ue
nc
y

GFP fluorescence (logicle scale)

0 1 10 100 1000 10000
0

100

200

300

400

500

BU
R
ST

SB
R

thsS(t3)R-bARGSer
thsS(t3)R-Bxb1_P7-bARGSer

[thiosulfate] (μM)

thsS(t3)R-GFP_mCherry
thsS(t3)R-Bxb1_P7-GFP_mCherry

[thiosulfate] (μM)

M
ea
n
G
FP

flu
or
es
ce
nc
e

0 1 10 100 1000 10000

102

103

104

105

377x

thsS(t3)R-Bxb1_P7-bARGSer

p15A thsRthsS(t3)axe-txe
J23104 J23105

TR Term

PphsA342 P7attB attP
Bxb1 integrase bARGSer

attL attR

Thiosulfate

attL attR

p15A thsRthsS(t3)axe-txe
J23104

mCherry
J23100 J23105

TR Term

PphsA342 P7attB attP
Bxb1 integrase sfGFP

Thiosulfate

thsS(t3)R-Bxb1_P7-GFP_mCherryd

e

f

a

b

c

100x

Fig. 3 | Increasing sensor activationwith additionof an integrase-based switch.
a Plasmid diagram of the optimized thiosulfate sensor thsS(t3)R-bARGSer with an
integrase-based switch to create thsS(t3)R-Bxb1_P7-bARGSer. Addition of thiosulfate
induces expression of the Bxb1 integrase which causes irreversible site-specific
recombination between the attP and attB sites that reverses the orientation of the
strong constitutive P7 promoter to activate bARGSer expression. BURST signal-to-
background ratio (SBR) (b) and representative images (c) of the optimized thio-
sulfate sensor with and without the Bxb1 integrase-based switch at varying thio-
sulfate concentrations. See Fig. S6a, b for the corresponding xAM data. d Plasmid
diagram of the optimized thiosulfate sensor thsS(t3)R-GFP_mCherry with an
integrase-based switch to create thsS(t3)R-Bxb1_P7-GFP_mCherry. Mean GFP

fluorescencemeasured via flow cytometry (e) and representative histograms (f) of
the optimized thiosulfate sensor with and without the Bxb1 integrase-based switch
at varying thiosulfate concentrations. In b and e, points represent biological
replicates (N = 4), curves represent fits to the Hill equation (see Table S2 for fitted
parameters), and numbers next to dashed arrows indicate maximal fold changes.
All strains were grown on plates with varying concentrations of thiosulfate at 37 °C
for 20–24hours (see Fig. S5 for images of the plates) and suspended in PBS for
ultrasound imaging and flow cytometry. For ultrasound imaging, cells were cast in
agarose phantoms at a concentration of 5 × 108 cells/mL. See Fig. S6c–j for the
corresponding data for the tetrathionate sensor.
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coprophagy53,54 and prepare for imaging) (Fig. 5b). Using ion
chromatography-mass spectrometry (IC-MS) to quantify thiosulfate
(Fig. S12), we found that fecal thiosulfate levels were elevated in
streptomycin-treated mice compared to chloramphenicol-treated

(Fig. 5c) or untreated (Fig. S13a, b) animals. These thiosulfate levels
were higher than those measured in mice treated with dextran sulfate
sodium (DSS), another agent known to cause GI inflammation55, which
was also not compatible with antibiotic treatment needed for EcN
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colonization (Fig. S13a, b). Given these results and difficulties in
quantifying tetrathionate, we decided to focus on thiosulfate sensing
in antibiotic-induced inflammation.

Blinded histological analysis of the cecal tissue from mice sacri-
ficed after 5 days of streptomycin treatment revealed significantly
more inflammatory pathology, including mononuclear infiltrates,

granulocytic infiltrates, and mucosal crypt hyperplasia, compared to
controls (Fig. 5d, e, Fig. S14). These results confirm that streptomycin
treatment leads to intestinal dysbiosis56 and inflammation52 and ele-
vates fecal thiosulfate. Quantitatively, the concentration of thiosulfate
measured in the feces ( ~ 90 µM in streptomycin-treated mice, assum-
ing an approximate density of 1 g feces per mL57) and initial flow
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cytometry measurements (Fig. S13c–e) and imaging experiments
(Fig. S11h) suggested that our recombinase-based biosensorswould be
the most suitable agents for detecting this inflammatory process with
ultrasound. When induced with 90 µM thiosulfate, the recombinase-
based thiosulfate sensor was detectable with BURST imaging down to
105 cells/mL in vitro (Fig. S15), consistent with previous imaging results
of bARGSer-expressing EcN35. However, as indicated by preliminary
in vivo imaging experiments (Fig. S10), a concentration of >~108 cells/
mL is likely required to see a signal above background tissue in vivo,
necessitating the use of antibiotics to achieve high levels of
colonization.

Probiotic acoustic biosensors enable noninvasive imaging of GI
inflammation in a mouse model of inflammatory dysbiosis
To test whether our optimized thiosulfate biosensors can visualize
streptomycin-induced inflammation, we orally administered the
thsS(t3)R-Bxb1_P7-bARGSer and thsS(t3)R-Bxb1_P7-GFP_mCherry EcN
probiotics two days after the start of dysbiosis induction (Fig. 5a).
Ultrasound imaging on day 3 revealed strong BURST* signal in the
cecum of streptomycin-treated mice that received the acoustic bio-
sensor; this signalwasnot present in chloramphenicol-treated controls
that received the same biosensor (which carries chloramphenicol
resistance), nor in streptomycin-treated mice that received the fluor-
escent version of the sensor (Fig. 5f–h, Fig. S16, and 3D renderings in
Supplementary Videos 3–5). Plating of feces on day 4 confirmed that
both biosensor strains colonized streptomycin- and chloramphenicol-
treated mice well (Fig. 5i). Corroborating our acoustic biosensor
results, flow cytometry of the feces obtained on day 4 from mice
administered with the fluorescent biosensor showed increased GFP
fluorescence and a larger GFP-positive population in streptomycin-
treated animals (Fig. 5j–l). The observed BURST* signal in individual
animals was positively correlated with the measured weight loss and
thiosulfate levels, whichwere themselves positively correlatedwith the
histopathology score (Fig S17).

In separate experiments, we verified that sulfate on its own, at
the same or higher level as present in our streptomycin sulfate
solution, did not affect fecal thiosulfate (Fig. S18), consistent with
literature58. When we removed the sulfate from the streptomycin
sulfate solution via calcium chloride precipitation, mice receiving
this sulfate-depleted streptomycin solution still exhibited BURST*
signals, though these were lower than mice receiving streptomycin
sulfate, with both groups exhibiting similar symptoms of inflamma-
tion, including weight loss and looser stools (Fig. S19a–f). The sig-
nificantly higher BURST* signals (and GFP fluorescence) in sulfate-
depleted streptomycin treated mice relative to control non-inflamed
mice receiving chloramphenicol (Fig. S19d–i) indicate that thio-
sulfate elevation does not require sulfate administration with the
dysbiosis-causing antibiotic. Together, these results suggest that
although dietary sulfate alone does not cause inflammation or ele-
vated thiosulfate, it enhances the accumulation of thiosulfate
resulting from streptomycin-induced dysbiosis.

To show that our biosensing approach can be generalized
beyond streptomycin, we aimed to test whether other antibiotics
could cause inflammation and elevated thiosulfate. We selected
piperacillin because many sulfate-reducing bacteria (SRB) are resis-
tant to it59,60, so it is unlikely to inhibit SRB-based sulfide generation
in the GI tract which has been linked to colitis40,61 and could con-
tribute to intestinal thiosulfate generation36. We constructed a
piperacillin-resistant EcN strain (Fig S20a, b), transformed it with our
recombinase-based thiosulfate sensor, and showed that it activated
in piperacillin-treated mice in a dose-dependent manner as indicated
by the BURST* signal (Fig. S20c–f). Piperacillin-treated mice also
exhibited similar levels of severity of histopathological changes
associated with inflammation as streptomycin-treated mice
(Fig. S20g, h). Together, these results demonstrate the in-situ

activation of thiosulfate-sensing acoustic biosensors in a disease
model, allowing a specific inflammatory biomarker to be imaged
noninvasively with ultrasound.

Discussion
In this study, we introduced, optimized, and validated the first pro-
biotic biosensors that can be used to visualize GI inflammation non-
invasively with ultrasound. We showed that these biosensors could be
imaged 1-3 days after oral administration and responded robustly to
multiple compounds (arabinose, tetrathionate, thiosulfate) to produce
ultrasound contrast detectable above the backdrop of intestinal tissue
and luminal contents. We demonstrated that a probiotic acoustic
biosensor of thiosulfate – optimized through several rounds of
mutagenesis, screening, and circuit design – could be used to non-
invasively visualize inflammatory dysbiosis caused by two different
antibiotic treatments, with in vivo imaging data correlating with dis-
ease severity.

Because ultrasound imaging systems are relatively inexpensive
and widely available33, we anticipate that the development of ARG-
producing probiotic biosensorswill help facilitate the clinical adoption
of “diagnostic yogurts”. Compared with current methods to diagnose
and monitor IBD, such as colonoscopies and stool tests, our approach
provides an alternative that is simultaneously noninvasive and in situ,
bridging the gap betweenmolecular-level information and anatomical
imaging. Our approach is also highlymodular, as ARGs can be coupled
with virtually any transcriptional biosensor, enabling the noninvasive
imaging of a wide range of disease biomarkers or other molecular
species important to health. For instance, probiotic bacteria could be
engineered to sense and noninvasively report on a range of important
species in the GI tract, including bile acids62,63, formate64,65, lactate66,
and short-chain fatty acids67, to better understand their role in health
and disease or diagnose and track human conditions. However, it is
important to note that the biosensing ability of the bacteria will be
limited by its ability to colonize different GI regions at sufficient levels
for acoustic detection.

Specific to the biosensing targets of this study, our experiments
emphasize the role of antibiotics in causing dysbiosis and intestinal
inflammation through host-microbial interactions56,68–73. Streptomy-
cin, commonly used to assist E. coli colonization in rodent studies49,50,
induces mild inflammation52 and dysbiosis74–77 that increases intestinal
thiosulfate levels, likely due to a bloom of Enterobacteriaceae and
other facultative anaerobes which metabolize sulfomucins and sulfur-
containing amino acids, producing sulfide as a byproduct that is
detoxified by the host to thiosulfate37–39,78–81. The sulfate present in the
administered streptomycin solutions enhanced intestinal thiosulfate
levels in combination with streptomycin, but did not increase thio-
sulfate when administered alone; this is possibly because
streptomycin-induced dysbiosis resulted in higher levels of SRB, which
convert sulfate to sulfide and have been implicated in colitis
development82,83. Chloramphenicol-treatedmicemight representmice
with a healthier GI tract by suppressing the growth of SRB59,60 and
other bacteria that contribute to sulfide generation. Overall, our
results suggest that streptomycin sulfate treatment is a mouse model
for dysbiosis-associated intestinal inflammation, with thiosulfate as a
biomarker for disease severity. Given that DSS and piperacillin also
increase intestinal thiosulfate and cause inflammation, this molecule
could be a more general IBD biomarker, but future studies are needed
to investigate its importance inothermodels of IBD and in humans and
resolve the potentially confounding effects of exogeneous sulfur.

Outside of inflammatory biosensing, our results suggest that
ARGs could be useful for the noninvasive study and monitoring of a
larger variety of commensal microbes, pathogens, or engineered
bacteria in the GI tract84. ARGs could be expressed in different species
of bacteria to visualize their locations andgene expression over time in
response to different perturbations to the GI tract. For example, to
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better understand the role of gut microbes in gastrointestinal
cancers85, colonization of different bacteria in tumors along the GI
tract couldbemonitored using ARGs. Additionally, the spatiotemporal
expression of virulence genes by pathogenic bacteria86 or commensal
colonization factors by commensal bacteria87 could be noninvasively
monitored by linking them with ARG expression to better understand
their roles in causing GI infections or aiding colonization.

We envision several improvements to our technology. First, given
the role of antibiotics in causing dysbiosis and inflammation, and
regulatory concerns about the spread of antibiotic resistance, the
colonization of sensor bacteria should not be dependent on antibiotic
treatment. To instead obtain high levels of stable colonization of
sensor bacteria, the bacteria could be engineered to metabolize an
external carbon source that cannot be used by members of the native
microbiome; this strategy has been successfully used in Bacteroides by
engineering it to consume the polysaccharide porphyran88. Alter-
natively, an osmotic laxative such as PEG could be used to lower
colonization resistance in addition to helping prepare the bowel for
imaging89,90. Second, the detection of bARGSer expression in the GI
tract relies on collapse of gas vesicles through BURST imaging due to
the high background and non-uniformity from intestinal contents and
tissue, limiting imaging sessions to at most once per day to allow time
for gas vesicle re-expression. To overcome this limitation, bARGSer

could be engineered to produce more nonlinear contrast that can be
detected above background in the GI tract so that it can be imaged
nondestructively with amplitude modulation pulse sequences45,91.
Similar strategies could be used to improve the apparent in vivo
acoustic detection limit of 108 CFU/g feces, which would enable ima-
ging of strains colonizing at lower levels such as E. coli NGF-1 without
antibiotics25. Additionally, to complement thiosulfate and tetra-
thionate, additional sensors could be engineered to sense human-
validated biomarkers such as calprotectin28,29 and tested in models of
inflammation that display more localized patterns of disease, such as
TNBS-induced colitis92. Finally, to facilitate the clinical adoption of this
technology, parallel advances in ultrasound scanning technology are
needed to enable volumetric imaging93,94,95,96 or be adapted for con-
tinuous long-term disease monitoring by using adhesive ultrasound
devices97,98. Preclinical adoption would be facilitated by greater access
to automated, ready-to-use ultrasound scanning systems99. In either
case, emerging artificial intelligence systems could greatly help with
image acquisition100 and interpretation101–103. With these improve-
ments, diagnostic yogurts could become a valuable new flavor of
biotechnology.

Methods
Molecular biology
All plasmids were assembled using reagents fromNewEngland Biolabs
(NEB) forGibsonAssembly and from fragments generated via PCRwith
Q5High Fidelity DNA polymerase (NEB). Assemblies were transformed
into NEB Stable E. coli via electroporation for plasmid preparation and
maintenance, and all plasmids were verified with commercial Sanger
sequencing (Laragen) or whole-plasmid sequencing (Primordium
Labs). Plasmids containing the thiosulfate and tetrathionate TCS
components, pKD236-4b (encoding thsS), pKD237-3a-2 (encoding
thsR), pKD238-1a (encoding ttrS), and pKD239-1g-2 (encoding ttrR),
were gifts from Jeffrey Tabor (Rice University). Components for the
recombinase-based switch, including Bxb1, P7, attB, and attP, were
amplified from plasmids from Abedi et al.47. The plasmid backbone
containing a chloramphenicol resistance gene and the p15A origin of
replication, as well as arabinose-inducible components (araC and
pBAD promoter), bARGSer, and Axe-Txe were amplified from plasmids
from Hurt et al.35. The Axe-Txe stability cassette42 enabled plasmids to
be maintained without antibiotics35, such as in vivo when different
antibiotics were instead used for colonization, because the antitoxin
Axe is degraded faster than the toxin Txe. The pOSIP plasmid kit used

for clonetegration was a gift from Drew Endy and Keith Shearwin
(Addgene kit # 1000000035). Genomic modifications to E. coli Nissle
(EcN) were verified by colony PCR with OneTaq DNA polymerase
(NEB), gel purification of bands, and sequencing (Laragen or Pri-
mordiumLabs). IntegratedDNATechnologies synthesizedother genes
and all PCR primers (see Supplementary Data for primer sequences).

Materials and media
LB media was prepared using 10 g/L Bacto tryptone (BD Biosciences),
5 g/L Bacto yeast extract (BD Biosciences), and 5 g/L NaCl; LB-agar
plates were prepared with the addition of 15 g/L Bacto agar (BD Bios-
ciences). M9 media was prepared using 1x M9 salts (Sigma-Aldrich),
0.4% v/v glycerol, 0.2% w/v Bacto casamino acids (BD Biosciences),
2mM MgSO4, and 0.1mM CaCl2; M9-agar plates were prepared with
the addition of 15 g/L Bacto agar (BD Biosciences). Sodium thiosulfate
pentahydrate (Sigma-Aldrich) and potassium tetrathionate (Sigma-
Aldrich) solutions were freshly prepared in water and used within a
day. DSS (36,000 - 50,000MW, colitis grade, MP Biomedicals) solu-
tions were prepared fresh every 2 days. Chloramphenicol (Sigma-
Aldrich), streptomycin sulfate (Sigma-Aldrich), andpiperacillin sodium
salt (Cayman Chemical Company) were prepared as 1000X stock
solutions and stored at -20oC for in vitro experiments orwere prepared
fresh for animal experiments. All other chemicals were of analytical
grade and commercially available.

Mutant library generation and screening
For site-directed mutagenesis of constitutive Anderson promoters,
semi-random primers (Fig. S2a) were used for PCR with Q5 High
Fidelity DNA polymerase (NEB). For error-prone PCR of thsS, Taq DNA
polymerase (NEB) with the standard reaction buffer (NEB), 0.2mM
dATP/dGTP, 1mM dCTP/dTTP, 0.5 µM primers, 5.5mM MgCl2, and
0.2mM or 0.5mM MnCl2 was used. After assembly via Gibson
Assembly, mutant libraries were transformed via electroporation into
NEB Stable E. coli. Various 10-fold dilutions of the outgrowth were
plated onto LB-agar plateswith antibiotics (30 µg/mL chloramphenicol
+ 100 µg/mL streptomycin) to ensure evenly spaced colonies for
replica plating. Transformant colonies were transferred to M9-agar
plates with antibioticswith andwithout the appropriate inducer (1mM
thiosulfate or tetrathionate) via replica plating, and replica plates were
grown at 30 °C or 37 °C for 20–24hours. Colonies that were more
opaque or that had higher GFP expression at 1mM than at 0mM
inducer were picked from the plate with 0mM inducer into LB media
with antibiotics and grown at 37 °C overnight. One µL of the overnight
culturewas then dropped ontoM9-agar plates with varying thiosulfate
or tetrathionate concentrations to make patches, and patch plates
were grownat 30 °C or 37 °C for 20–24hours. ARG-expressing patches
were quantified in terms of opacity by acquiring white trans images
with the standard filter using a Bio-Rad ChemiDocMP gel imager. GFP-
expressing patches or colonies were quantified by acquiring an image
using blue epi illumination and a 530/28 filter. For quantifying patch
opacity, ROIs were drawn around patches and the background directly
adjacent to the patch using ImageJ. The mean pixel intensity of the
background ROI next to the patchwas subtracted from themean pixel
intensity of the patch ROI to correct for nonuniformity in the back-
ground of the white trans image. The background-subtracted mean
pixel intensities were then normalized so that a value of 0 represented
the opacity of the parent strain at 0mM inducer and 30 °C, and a value
of 1 represented the opacity of the parent strain at 1mM inducer and
30 °C. These values were termed “relative patch opacity.”

Because E. coli Nissle (EcN) appeared to mutate plasmids
during transformation, all EcN transformants had to be screened.
Sequence-verified plasmids purified from NEB Stable E. coli cultures
were transformed into EcN via electroporation. The resulting trans-
formant colonies were screened by streaking onto plates with anti-
biotics (30 µg/mL chloramphenicol, 100 µg/mL streptomycin, and/or
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25 µg/mL piperacillin) and with and without the appropriate inducer
(1mM thiosulfate or tetrathionate). Only colonies which expressed
GFP/bARGSer on the inducer plate were picked from the plate without
inducer into LBmediawith antibiotics. LB cultures were grown at 37 °C
or 30 °C overnight, and cryostocks were prepared by gently mixing
500 µLof theovernight culturewith 500 µLof 30%glycerol andplacing
at −80 °C.

In vitro characterizations
To characterize strains in vitro, the appropriate cryostock was used to
inoculate LB +0.4% glucose + antibiotics (30 µg/mL chloramphenicol,
100 µg/mL streptomycin, and/or 25 µg/mL piperacillin), which was
grown overnight at 37 °C and 250 rpm. For characterizations in liquid
culture, the overnight culture was used to inoculate 25–50mL of M9
media + antibiotics in 250mL baffled flasks at an initial OD600 of 0.05
(NanoDrop 2000c, Thermo Fisher Scientific). Once the OD600 of the
M9 culture reached 0.1–0.3, 1mL aliquots were distributed in 15mL
tubes and inducedwith thiosulfate, tetrathionate, or L-arabinoseor left
uninduced. The 1mL cultures were grown at 37 °C and 250 rpm for
20–24 hours before being placed at 4 °C or on ice until analyzed by
ultrasound imaging or flow cytometry. For characterizations on solid
media, 1 µL from the overnight culture was dropped onto M9 plates +
antibiotics and the desired inducer concentrations. Plates were grown
at 37 °C for 20–24 hours, and the resulting patches were scraped off
using inoculating loops into PBS and kept on ice or at 4 °C until
ultrasound imaging or flow cytometry.

Ultrasound imaging of in vitro bacterial samples and feces
To prepare phantoms of bacterial cells for ultrasound imaging, wells
were castwith a custom3D-printedmoldusing 1% (w/v) agarose in PBS,
whichwasdegassedby incubating at 65–75 °C for at least 16 hours. The
culture or cell suspension to be imaged was diluted to 2x the final
desired cell concentration in a volume of 100 µL in PBS on ice. The
100 µL of cells in PBS was placed on a heating block at 42 °C for
approximately oneminute, 100 µL ofmolten 1% agarose in PBS at 42 °C
was gentlymixed in, and themixture was pipetted into the wells of the
phantom in duplicate, taking care to avoid bubbles. To prepare
phantoms of feces for ultrasound imaging, 10 µL of molten 1% agarose
in PBS at 55 °C was pipetted into a well, and a fecal pellet was quickly
pushed into the well into the molten agarose. More molten agarose
was pipetted on top of the fecal pellet to completely fill the well and
any air pockets.

Once solidified, the phantoms were submerged in PBS, and
ultrasound images were acquired using a MATLAB-based Verasonics
Vantage programmable ultrasound scanning system and an L22-14v
(Figs. 2, S1, S4, S7, S10) or an L22-14vX (Fig. 3, S6, S21) 128-element
linear array transducer. The L22-14v transducer had a center frequency
of 18.5MHz with 67%-6-dB bandwidth and an elevation focus of 6mm.
The L22-14vX transducer had a center frequency of 18.0MHz with
>60%-6-dB bandwidth and an elevation focus of 8mm. Both transdu-
cers had an element pitch of 100 µm and an elevation aperture of
1.5mm. The transducer was attached to a custom-made manual
translation stage to move between samples.

B-mode and xAM images were acquired using the same para-
meters as described previously35: the frequency and transmit focus
were set to 15.625MHz and 5mm, respectively, and each image was an
average of 50 accumulations. B-mode imaging was performed with a
conventional 128-ray-lines protocol, where each ray line was a single
pulse transmitted with an aperture of 40 elements. xAM imaging was
performed using a custom sequence detailed previously45 with an
angle of 19.5o and an aperture of 65 elements. With the L22-14v trans-
ducer, BURST images were acquired as a series of pAM91 images where
the focuswas set to 6mmand the frequencywas set to 18.0MHzwith 2
waveform cycles (3 half-cycles plus a half-cycle equalization), and the
voltage was set to 1.6 V for the first 10 frames and 25 V for the last 46

frames. With the L22-14vX transducer, BURST images were acquired as
a series of B-mode images, where three 32-aperature focused beams
were acquired at a time to improve the frame rate by a factor of 3, and
where the first image was acquired at 1.6 V and the last 7 images were
acquired at 20V. The focus was set to 6mm and the frequency was set
to 18.0MHz with 3 half-cycles and a half-cycle equalization.

For image processing and analysis, custom beamforming scripts
were applied on-line to reconstruct images from the acquired RF data.
BURST images were calculated as the first collapsing frame minus the
last collapsing frame (Fig S21, Supplementary Note 1). Circular ROIs
were drawn around the sample wells and around the background
regions in the phantom without wells in MATLAB. The signal-to-
background ratio was calculated as the mean pixel intensity of the
sample ROI divided by themean pixel intensity of the backgroundROI.
Conversion to decibels (dB) was calculated as 20*log10(SBR). For dis-
play, images were normalized by dividing by the average background
signal of all images being compared and setting the lower and upper
limits of the colormaps to be the same, where the lower limit was equal
to a constant A and the upper limit was equal to a constant B times the
maximum pixel intensity divided by the average background out of all
images being compared; images were then converted to dB. For
BURST images, A = 3 and B = 1 with the L22-14v transducer, and A = 2
and B =0.5 with the L22-14vX transducer. For xAM images, A = 2 and
B =0.5 with the L22-14v transducer, and A = 2 and B =0.4 with the L22-
14vX transducer.

Animal procedures
All animal experiments were approved by the California Institute of
Technology Institutional Animal Care and Use Committee (IACUC).
Animals were housed in a facility maintained at 71–75oF and 30-70%
humidity, with a lighting cycle of 13 hours on & 11 hours off (light cycle
6:00 AM–7:00 PM). All mice were 6-10 week-old female Balb/c (Fig. 4,
S9, S10, S11, S21) or male C57BL/6 (Figure 5, S13, S14, S16, S17, S18, S19,
S20)mice obtained from Jackson Labs. For antibiotic,DSS, and inducer
treatments administered in the drinking water ad libitum, the appro-
priate compounds were dissolved in water and filtered with a 0.2 µm
membrane; the water was freshly prepared at least every 2 days.
Antibiotics were maintained in the water throughout the course of the
experiment when provided. Standard rodent diet (5053 - PicoLab
Rodent Diet 20) was provided ad libitum unless mice were being fas-
ted. Oral gavage was performed using a 20 gauge 1.5” length animal
feedingneedle andwith a volumeof 200uL. Prior to gavage,micewere
fasted in individual housing for 2–3 hours. EcN strains were prepared
for gavage by growing an overnight culture in LB +0.4% glucose +
antibiotics at 37oC from a cryostock, diluting the overnight culture
1:100 into 50mL of fresh M9 or LB +0.4% glucose + antibiotics in
250mL baffled flasks, incubating at 37 oC and 250 rpm until the OD600

reached 0.4–0.6, pelleting the culture at 3500 g at room temperature
for 10min, and suspending in an appropriate volume of sterile PBS for
an OD600 of 20. Feces were collected by placing mice individually in
empty cages without food or bedding for approximately
20–30minutes.

In vivo ultrasound imaging
Prior to imaging, mice were fasted overnight with tail cups, which
prevent coprophagy53, in individual housing with access to water only
to reduce the amount ofmaterial and background ultrasound signal in
the GI tract54, in addition to preventing re-ingestion of EcN, which
would confound the imaging results. Shortly before imaging, mice
were anesthetized with 2% isoflurane, the tail cups were removed, and
the abdominal fur was removed with shaving and Nair. Approximately
5minutes before imaging, 1.2 µg atropine in a volume of 60 µL saline
was injected subcutaneously on each side of the abdomen to slow
movement of intestines due to peristalsis104,105.Micewere placedprone
and partially submerged in water onto a thin film of mylar (2.5 µm
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thickness, Chemplex, catalog number 100) which was acoustically
transparent. A nose cone provided isoflurane and kept the head out of
the water, white a heating lamp was used to regulate the body tem-
perature. The ultrasound transducer (L22-14v or L22-14vX) was sub-
merged using a probe cover (Protek, part number 1-519-2450) and
attached to a BiSlide computer-controlled 3-D translatable stage
(Velmex). The transducer was positioned 6mm below the mylar at an
angle of 15° from the vertical to minimize specular reflection, and at a
distance from themylar to center the6mmfocus on the intestines. See
Fig. S8a for a diagram.

A custom MATLAB script was used to control the ultrasound
system and the 3-D translatable stage at the same time so that the
entire abdominal area of the mouse was automatically scanned.
Starting at the rib cage, the transducer was moved in three 9.6-mm
steps across the body and in eighty 0.5-mm steps lengthwise down the
body to the tail. At each spot, BURST imaging was performed, giving a
total of 240 BURST acquisitions per mouse which took around 15min
to acquire. BURST acquisitions were a series of B-mode images, where
three 32-aperature focused beams were acquired at a time to improve
the frame rate by a factor of three43, with the first image taken at 1.6 V
and the last seven images taken at the collapsing voltage. The focus
was set to 6mm and the frequency was set to 18.0MHz. With the L22-
14v transducer (used for in vivo data in Figs. 4, S9, S11, and S21), 3
transmit waveform cycles were used and the collapsing voltage was
25 V. With the L22-14vX transducer (used for in vivo data in Figs. 5, S16,
S17, S19, and S20), 2 transmit waveform cycles were used and the
collapsing voltagewas 20Vdue to its higher pressure-to-voltage curve.

BURST* images were calculated by subtracting the first collapsing
frame from the second because the ARG-specific signal was char-
acterized by an increase in signal from the first to the second collap-
sing frame and using more frames was confounded by tissue motion
(Fig. S21, Supplementary Note 1). Acquisitions during which breathing
occurred weremanually excluded. The first collapsing frame was used
for the B-mode images. At each transverseplane, the three acquisitions
across the bodywere stitched together to formone B-mode image and
ROIs were drawn around the GI tract in each transverse plane B-mode
image. 3-D BURST* and 3-D B-mode images were formed by stitching
all 240 acquisitions together. For 3-DBURST* images, pixelswere set to
zero anywhere breathing occurred or outside of the ROIs. For display
in 3-D, 3-D BURST* and 3-D B-mode arrays were converted to dB and
loaded into napari106 where the BURST* image rendering and blending
was set to “additive.” For display in 2-D, the B-mode signalwas summed
over the depth of the mouse from 4 to 8mm, and the BURST* signal
was summed over the depth of the entire ROI. The 2-D integrated
BURST* image was thresholded, converted to dB, and overlaid onto
the dB-converted 2-D integrated B-mode image. To calculate the total
BURST* signal, all pixel intensities in the 3-D BURST* array inside the
ROI excluding breathing were summed.

Ex vivo ultrasound imaging
Prior to imaging,micewere fastedovernightwith tail cups in individual
housing with access to water only to reduce the amount of material
and background ultrasound signal in the GI tract. Mice were eutha-
nized by sedating with isoflurane and performing cervical dislocation,
and the entire GI tract (stomach to rectum) was quickly removed and
linearized by removing mesenteric tissue, taking care not to rip the
intestines. The intestines were submerged in a degassed water bath
where the stomach, cecum, and rectum were pinned down on plat-
forms so that the entire GI tract was in approximately a straight line at
constant depth. The platforms consisted of acoustic absorbers (Pre-
cision acoustics) on top andmagnets embedded into the platforms on
the bottom so that the platforms would stay submerged and could be
moved to stretch out the intestines (whose length varied between
mice) using another external magnet on the bottom of the water bath.
The L22-14v ultrasound transducer was attached to a BiSlide

computer-controlled 3-D translatable stage (Velmex) and was posi-
tioned 8mmabove the intestines at an angle of 15° from the vertical to
minimize specular reflection. See Fig. S8b for a diagram.

A custom MATLAB script was used to control the ultrasound
system and the 3-D translatable stage at the same time so that the
entire GI tract was automatically scanned. Starting at the stomach, the
transducer was moved in approximately six hundred 1-mm steps
lengthwise down to the rectum, which took around 30min. At each
spot, BURST acquisitions were obtained as a series of B-mode images,
where three 32-aperature focused beams were acquired at a time to
improve the frame rate by a factor of 3, with the first image taken at
1.6 V and the last seven images taken at 25 V. The focuswas set to 8mm
and the frequency was set to 18.0MHz with 3 transmit waveform
cycles.

As with the in vivo images, ex vivo BURST* images were calculated
by subtracting the first collapsing frame from the second (Fig. S21,
Supplementary Note 1), and the first collapsing frame was used for the
B-mode images. For display in 2-D, both BURST* and B-mode images
were summed over the width of the transducer (9.6mm). The 2-D
integrated BURST* image was thresholded, converted to dB, and
overlaid onto the dB-converted 2-D integrated B-mode image. To cal-
culate the integrated BURST* signal along the length of the GI tract, all
BURST* pixel intensities were summed between a depth of 4
and 12mm.

Processing fecal samples for downstream analysis
Approximately 50-150mg of feces were collected per mouse and were
stored on ice immediately after collection. Feces were homogenized at
100mg feces per mL in sterile ice-cold PBS using vortexing and anMP
Biomedical FastPrep 24 Tissue Homogenizer set to 5m/s for
20–40 seconds. One hundred µL of the homogenized feces were saved
for plating, 100–200 µL were saved for flow cytometry, and the rest
were centrifuged at 10,000 g and 4 °C for 20min. The supernatant was
filtered through a 0.2 µm cellulose acetate membrane and was frozen
at -80oC until analysis via IC-MS. The 100–200 µL that were saved for
flow cytometry were mixed 1:1 with PBS containing 2mg/mL chlor-
amphenicol, filtered through a 40 µm membrane (Falcon Cell Strai-
ners), and incubated at 37 °C and 250 rpm for one hour to allow
fluorophore maturation while protein synthesis was inhibited by the
1mg/mL chloramphenicol24. The mixture was then stored at 4 °C until
analysis via flow cytometry within 24 hours. The 100 µL that was
saved for plating was diluted in 900 µL sterile PBS, and five more 10-
fold serial dilutions were made and plated on agar plates with anti-
biotics (30 µg/mL chloramphenicol, 100 µg/mL streptomycin, and/or
25 µg/mL piperacillin) and with and without inducers (1mM thio-
sulfate, 1mM tetrathionate, or 0.1% L-arabinose) using the drop plate
method107. Total colony counts were used to calculate colony forming
units (CFUs) per gram of feces, and the number of colonies that failed
to express reporter genes on plates with inducer was used to calculate
the fraction mutant colonies.

Flow cytometry
AMACSQuant VYBflowcytometer (Miltenyi Biotec) was used for all flow
cytometry analysis with the following settings: low flow rate, medium
mixing, 25–50 µL uptake volume, standard mode, chilled 96 rack, and a
trigger by SSC with a threshold of 2.0. The Y2 channel was used for
mCherry and the B1 channel was used for GFP. For analyzing in vitro
samples, appropriate dilutions in PBS+0.5% (w/v) BSA+ 1mg/mL
chloramphenicol were prepared to target 106 cells/mL. For analyzing
fecal samples, the 50mg/mL feces + 1mg/mL chloramphenicol in PBS
samples that were stored at 4 °C were diluted to 2.5mg/mL feces in
PBS+0.5% (w/v) BSA+ 1mg/mL chloramphenicol (1/20 dilution).
Cytoflow108 was usedwith customPython scripts forflowcytometry data
analysis. Events were gated on FSC-A and SSC-A characteristics of E. coli
and on positive mCherry fluorescence (see Fig. S22). The geometric
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mean was used to calculate mean GFP fluorescence, and the fraction of
GFP-positive cells was calculated as the number of events above 1000 in
the B1 channel divided by the total number of gated events. For histo-
grams, the number of bins was calculated according to the Freedman-
Diaconis rule (with a minimum of 100 bins) and a logicle scale with
parameters from Cytoflow was used for the x-axis.

Ion chromatography mass spectrometry (IC-MS)
Thiosulfate was quantified via IC-MS using a Dionex Integrion HPIC
system coupled to an ISQ EC Single Quadrupole Mass Spectrometer
(Thermo Scientific). A Dionex AS-AP autosampler was used to inject
5μL of sample into a 25μL sample loop in push-partial mode. Ion
chromatographywas performed using a Dionex IonPac AS18 analytical
column (2 x 250mm)with a guard column (2 x 50mm) at a flow rate of
0.25mL/min. An eluent generator (with Dionex Cartridge EGC 500
KOH)was used to create the followingKOHgradient: 12 to 44mMfrom
0–5min, 44mM from 5–8min, 44 to 52mM from 8–10min, 52mM
from 10–15min, 52 to 12mM from 15–15.05min, and 12mM from
15.05–22min. A Dionex 2mmAERS suppressor operated at 33mAwas
used to remove the KOH before conductivity detection and negative
ionmodemass spectrometry. Themass spectrometer was operated in
component mode to scan for thiosulfate at m/z = 113 using a source
CID voltage of 10.

Thiosulfate standards were freshly prepared at concentra-
tions ranging from 100 to 3000 nM in water with 1/10x PBS. The
100mg/mL fecal filtrates in PBS to be analyzed with IC-MS were
removed from −80oC, rapidly thawed in a room temperature
water bath, and diluted 1/10 in water. Peaks were automatically
integrated using Chromeleon 7.2.10 software with the Chrome-
leon 6 detection algorithm and custom parameters. Because all
samples contained the same PBS concentration (1/10x), phos-
phate which was detected via conductivity was used as an internal
standard; the thiosulfate peak area was normalized by the phos-
phate peak area to correct for variations in sampler injection
volume. For each biological replicate, 3 technical replicates were
analyzed and the mean was used for plotting.

Sulfate depletion and quantification
Sulfate was depleted from streptomycin sulfate solutions via calcium
precipitation. Five grams of streptomycin sulfate was dissolved in
25mL DI water, and 3.09 g calcium chloride dihydrate was added,
causing a white precipitate of calcium sulfate to form. After 5mins of
stirring at room temperature, the precipitate was filtered off using
Whatman filter paper (grade 3) and the solution was immediately
diluted to 1 L in DI water because streptomycin is not stable in solution
at high concentrations109. This streptomycin calcium chloride solution
wasfiltered through a0.22 µmmembrane to sterilize and stored at 4 °C
until administered to mice. Sulfate was quantified using a
QuantiChromTM Sulfate Assay Kit (DSFT-200, BioAssay Systems)
according to the manufacturer’s instructions.

Histology of cecal tissue
Mice were euthanized by sedating with isoflurane and performing
cervical dislocation. The GI tract was quickly removed and a
portion of the cecum was excised, flushed with ice-cold PBS to
remove the contents, and fixed in 10% neutral buffered formalin
for 24 hours at 4 °C. Fixed cecal tissues were transferred to 70%
ethanol and stored at 4oC until being shipped to IDEXX Labora-
tories for paraffin-embedding, sectioning, and H&E staining. A
pathologist performed blinded grading of microscopic changes
twice independently as to severity using the International Har-
monization of Nomenclature and Diagnostic (INHAND) Criteria
grading system where 0 = no significant change, 1 = minimal, 2 =
mild, 3 = moderate, and 4 = severe110.

Structural predictions
3D models for thsS and thsS(t3) were generated from their amino acid
sequences using AlphaFold 3 ref. 111 using a seed value of 100. Struc-
tures were displayed and aligned using ChimeraX112.

Statistics and reproducibility
Sample sizes are indicated in figure captions and were chosen based
on preliminary experiments to provide sufficient power for statistical
comparison. Prism (version 6, GraphPad) was used to calculate
p-values. No replicates were excluded, but BURST ultrasound acqui-
sitions which captured breathingmovements for portions of in vivo GI
scans were excluded from downstream analyses; no other data were
excluded. For in vivo experiments, animals were randomly distributed
into cages that were randomly chosen for different conditions. For
non-animal experiments, randomization was not necessary because
samples being compared received the same treatments. For histolo-
gical analyses, an external pathologist performed blinded grading of
tissue samples. For other analyses, blinding was not necessary because
data collection, processing, and analysis methods were quantitative
and identical across experimental groups.

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

Data availability
Plasmids will be made available through Addgene upon publication
(Addgene IDs 232468 – 232475). All data are availablewithin the article,
its Supplementary Information, and the Source Data file. Raw unpro-
cessed data and other materials are available upon request from the
corresponding author. Source data are provided with this paper.

Code availability
Ultrasound data acquisition and analysis code are available on the
Shapiro Lab GitHub at https://github.com/shapiro-lab in the “Probio-
tic-GI-Imaging” repository113. Source data are provided with this paper.
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