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ABSTRACT: In 2024, an estimated 10 million people developed Tuberculosis (TB), nearly half a million NP
of whom were infected with drug-resistant tuberculosis (DR-TB). Early detection of infection and drug ‘_
resistance enables rapid engagement in effective care. Bacterial culture and nucleic acid testing remain the _C

primary diagnostic methods, with smear microscopy being phased out. However, these methods present
significant limitations for diagnosing drug resistance, such as lengthy time-to-result for phenotypic tests, as
well as the need for prior knowledge of resistance mutations and prohibitive cost for molecular tests. To -
address this, we developed a rapid phenotypic TB drug susceptibility test, termed Tre-DST, based on novel
metabolically incorporated trehalose probes, which specifically detect live mycobacteria. We used the
nonpathogenic Mycobacterium smegmatis and the virulence-attenuated Mycobacterium tuberculosis (Mtb)
H37Ra or auxotrophic Mtb to demonstrate a strong correlation between cost-effective plate reader results
and flow cytometry data, suggesting that the plate reader is a suitable fluorescence detector for Tre-DST. We T

determined that adding a 1-week incubation step allowed Mtb samples originally seeded at 10* CFU/mL to - M‘DNQW Zd
become detectable, over 2 weeks earlier than colony-forming unit analysis. We found that Tre-DST reports

on drug susceptibility in a drug-agnostic manner, demonstrating loss of fluorescence with frontline TB drugs as well as the newer
drug bedaquiline. Tre-DST distinguished RIF- and INH-resistant auxotrophs from susceptible controls and accurately reported the
resistance activity. Ultimately, because Tre-DST is agnostic to mechanisms of drug resistance, this assay is likely compatible with all
WHO-recommended and future DR-TB drugs as a diagnostic in reference laboratories.
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T uberculosis (TB) is the most lethal cause of death from a being more commonly used due to its shorter time to results
single infectious agent, killing close to 1.25 million people (~2 weeks) compared to solid cultures (~4 weeks)>® (Table
in 2023."” Nearly 500,000 individuals developed rifampicin- S1). However, the significant amount of time required to
resistant TB and/or multidrug-resistant TB, which affects confirm a negative result (up to 42 days) remains a major
almost 20% of all patients with recurrent TB.> Approximately drawback to the use of cultures as first-line DST. In response,
21% of newly diagnosed TB patients were never tested for the the fastest-growing and -adopted method for rapid TB DST is
TB frontline drug rifampicin (RIF) resistance, partly due to the molecular nucleic acid amplification test (NAAT), which
limited access to diagnostics, and even fewer received more detects the presence of Mtb DNA, specifically searching for
comprehensive testing to determine strain identity and an mutations associated with resistance against the two frontline

TB drugs, RIF and isoniazid (INH).”™® While the quick
adoption of molecular tests has contributed to the progress
made in TB control over the past few years, the prohibitive
costs prevent their widespread utility. Importantly, because

assessment of which anti-TB drugs would likely be most
effective. As a result, many of those with a drug-resistant strain
will receive an inappropriate treatment regimen, leading to

high rates of treatment failure and recurrence.”’ Unfortunately, locl b & '
very few of the widely available diagnostic methods can be molecular tests detect DNA, they cannot differentiate between

adapted into fast, accurate, and cost-effective drug suscepti- viable (live) vs nonviable (dead) Mtb a.nd cannot be adapte.d
bility testing (DST).4 to detect resistance to TB drugs with unknown genetic

To provide context for Tre-DST’s performance, Table S1 associations. Therefore, there remains a clear critical need for
. 2]

compares its turnaround time with those of conventional

phenotypic, molecular, and sequencing-based TB diagnostic Received: November 15, 2025
methods, illustrating the trade-offs between speed, accuracy, Revised: ~ December S, 2025
and accessibility across existing platforms. The gold-standard Accepted:  December 8, 2025

Published: December 19, 2025

method for TB DST remains culture of Mycobacterium
tuberculosis (Mtb)—the causative agent of TB. Mtb can be
cultured in either solid or liquid media, with liquid culture
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Figure 1. DMN-Tre detection of mycobacteria is feasible in a plate reader. (A) Schematic of Tre-probe labeling in mycobacteria with varying drug
conditions. Specific Tre-probe labeling of mycobacteria occurs following anti-TB drug treatment. Samples read in the plate reader, with
fluorescence validated with flow cytometry and viability measured with CFU/mL assays. (B) Linear correlation between plate reader fluorescence
and flow cytometry (MFI) for Msmeg treated or not treated (black) with anti-TB drugs RIF (orange, 0.2—20 yg/mL) and INH (purple, 1—10 ug/
mL) for 9 h before DMN-Tre labeling. (C) Plate reader fluorescence for varying concentrations of DMN-Tre-labeled Msmeg for limit of detection
analysis before and after a 24 h incubation. (D) Plate reader fluorescence for Msmeg treated for 3, 6, 9, 12, and 1S5 h with RIF 0.2—20 pg/mL, INH
1-10 pg/mL, or EMB 0.1—10 ug/mL. The starting density was ODgg 0.1. (E, F) Plate reader fluorescence for Msmeg treated with varying
concentrations of anti-TB drugs compared to CFU/mL viability data. Drugs include (E) 0.2—20 pg/mL RIF, 0.1—10 ug/mL EMB, and (F) 1—10
ug/mL INH in drug susceptible (all drugs) and INH-resistant AKatG Msmeg (INH only). All experiments were conducted in three biological
replicates. Created in BioRender. Jain, A. (2026) https://BioRender.com/ggyvmSk.

fast, accurate, and cost-effective DSTs that can also report on
the resistance of all current and future TB drugs.

Mtb and other mycobacteria have a unique waxy
mycobacterial outer membrane, or mycomembrane, containing
intertwined lipids and glycolipids, including the abundant
surface-exposed trehalose mycolates.'”"> These trehalose
mycolates—thought to be unique to the Actinobacteria
phylum, which excludes canonical Gram-positive and Gram-
negative bacteria—are critical for mycobacterial viability and
are associated with virulence and survival within the host.">"*
This highly hydrophobic envelope can be specifically targeted
as a biomarker of cell viability in response to drug exposure.
Indeed, we and others have previously shown that trehalose,
synthetically modified to create fluorine-, azide-, alkyne-, or
fluorophore-functionalized derivatives, can be successfully
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converted into trehalose monomycolates (TMM) and
trehalose dimycolates (TDM) via the action of Antigen-8S
(Ag8S) mycoloyltransferases and incorporated into the
mycomembrane.'>~>* More recently, we reported on the use
of solvatochromic dyes—namely DMN-Tre and 3HC-Tre—
which only fluoresce once incorporated into the mycomem-
brane (Figure S1).*** Solvatochromic dyes are a subset of
fluorogenic dyes, which become fluorescent upon interacting
with a target.”> Specifically, solvatochromic fluorescent probes
change their emission characteristics in response to the polarity
of their environment.”®*” Upon incorporation of the
solvatochromic trehalose conjugates into the hydrophobic
mycomembrane, the environment-sensitive dyes become
fluorescent and are detected with a flow cytometer or
fluorescence plate reader.”””*** This enzyme-dependent
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fluorescence turn-on enables the ability to distinguish viable
from dead or drug-compromised Mtb.

In this paper, we leverage solvatochromic trehalose-dye
conjugates, DMN-Tre and 3HC-Tre, to develop a rapid
phenotypic TB drug susceptibility test, termed Tre-DST. Using
Mycobacterium smegmatis and Mtb H37Ra, we find that Tre-
DST is selective for mycobacteria and can distinguish drug-
susceptible from drug-resistant responses in three doubling
times. Tre-DST optimally detects drug susceptibility to
frontline anti-TB drugs (rifampicin, isoniazid, and ethambutol)
as well as newer drugs, such as bedaquiline, whose mechanisms
of drug resistance are unknown. Tre-DST can likely also be
expanded to include DST for other WHO-recommended
antibiotics to treat DR-TB, such as bedaquiline, delamanid,
linezolid, levofloxacin, clofazimine, pretomanid, and moxiflox-
acin.” Therefore, Tre-DST may serve as a useful phenotypic
DST assay for routine clinical applications.

B RESULTS

Tre-DST Is Sensitive and Compatible with a Standard
Fluorescence Plate Reader. While benchtop flow cytom-
eters can be affordable in some countries, many of the WHO
TB high-burden countries are low- to middle-income countries
with limited resources. We therefore evaluated whether Tre-
DST could be read on an inexpensive fluorescence microplate
reader—equipment already ubiquitous in clinical laboratories
for routine assays.”” Thus, to develop the phenotypic Tre-DST
platform, we first sought to define the plate-reader-based assay
parameters that will enable high-throughput phenotypic testing
in such settings (Figure 1). For proof-of-concept experiments,
we started with M. smegmatis (Msmeg), a nonpathogenic,
rapid-growing BSL1 model organism for Mtb. We generally
followed a simple protocol. We grew Msmeg or Mtb in liquid
medium and incubated at 37 °C until cultures reached an
optical density at 600 nm (ODgq) of 0.1 or above. Cells were
then treated with rifampicin (RIF), isoniazid (INH), or
ethambutol (EMB) at various concentrations and then labeled
with trehalose probes before fluorescence measurement on a
fluorescence microplate reader. Results were benchmarked
against flow cytometry and colony-forming units (CFU/mL)
on solid media (Figure 1A). To ensure that trends in plate
reader fluorescence are due solely to drug-killing effects rather
than antibiotic color or background fluorescence, samples are
washed and resuspended in DPBS before detection. Unlabeled
samples exhibited plate reader fluorescence values comparable
to vehicle controls, with only slight, nonsignificant decreases in
drug-treated samples, likely due to reduced cell viability and
corresponding lower autofluorescence (Figure S2). Therefore,
plate reader fluorescence is not affected by residual antibiotic
color after washing.

We first set out to confirm that bulk plate reader signals
correlate with flow cytometry analysis, which provides single-
cell resolution and can distinguish trehalose probe-labeled live
from dead cells.”*** Our initial experiments confirmed that 30
min labeling of Msmeg cells with 100 yM DMN-Tre or 10 uM
3HC-Tre concentrations is sufficient for robust plate reader
detection (Figure S3). We labeled exponentially growing
Msmeg cultures, treated or untreated with increasing RIF or
INH concentrations, followed by labeling, then plate reader,
and flow cytometry analyses as above (Figures 1B and S4). We
performed a simple linear regression analysis of both data,
which revealed a strong correlation (R* = 0.79) between the
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two readouts. These results validate the plate reader as a
suitable fluorescence detector for Tre-DST.

Next, to establish the Tre-DST’s analytical sensitivity, we
sought to determine the assay’s limit of detection (LOD),
starting with Msmeg as a model organism. We incubated
Msmeg liquid cultures spanning 10* to 10° CFU/mL with 100
#M DMN-Tre for 30 min before fluorescence analysis. Under
these conditions, any sample with CFU/mL greater than 107
was determined to have fluorescence over background.
(Figures 1C and SSA)—three orders of magnitude less
sensitive than the World Health Organization (WHO)’s target
of 10* CFU/mL.**~** To improve sensitivity, we introduced
an incubation step, allowing Msmeg cells to grow to detectable
levels over 24 h at 37 °C (roughly 8 doubling times), before
performing the same fluorescence analysis. We observed
significant improvement in signal over background ratio
using both Tre-probes (Figures 1C and SSB), reaching the
WHO benchmark. Msmeg samples that were seeded with 10*
CFU/mL grew to a detectable density after 24 h, confirming
that the increased fluorescence resulted from bacterial
replication rather than changes in labeling efficiency. Thus,
by adding an incubation step, we markedly enhanced Tre-DST
sensitivity.

To confirm that Tre-probe fluorescence accurately reflects
the viable cell number, we compared DMN-Tre-derived
fluorescence intensities with CFU counts obtained from
parallel plating assays across the same dilution series. The
strong correlation between fluorescence and CFU/mL (Figure
S6) demonstrates that Tre-probe labeling serves as a
quantitative proxy for bacterial viability. Moreover, fluores-
cence increased proportionally with CFU over 24 h, indicating
that Tre-DST can sensitively monitor changes in viable cell
density in real time.

Tre-DST Reports Msmeg Susceptibility to RIF, INH,
and EMB. Next, we assessed the length of incubation time
required to detect the drug exposure response. We treated
Msmeg cells with RIF (0.2, 2, 20 ug/mL), INH (1, S, 10 ug/
mL), or EMB (0.1, 1, 10 ug/mL) for 1S h, collecting samples
every doubling time (approximately 3 h for Msmeg) followed
by DMN-Tre labeling and fluorescence analysis (Figures 1D
and S7). As expected, we observed steady drug dose-
dependent decreases in fluorescence in untreated or low-drug
controls, while fluorescence remained low in cultures exposed
to high drug concentrations, which is consistent with our
previous reports that Tre-probe labeling is specific to viable
cells.”> DMN-Tre labels actively growing cells above the
stationary phase cells and does not label dead cells.”” In
particular, we find that a 9 h drug exposure (roughly three
doubling times for Msmeg) is sufficient to discriminate live
from drug-killed Msmeg. Using these conditions, we treated
Msmeg cultures with RIF (0.2, 2, 20 ug/mL) or EMB (0.1, 1,
10 pug/mL) for 9 h, followed by labeling and analysis as before.
We found that our plate reader results agreed with CFU data,
suggesting that Tre-DST could be an early marker of CFU
results (Figures 1E, S6, and S7A).

To investigate whether Tre-DST reports on drug-resistant
Msmeg, we compared the drug-susceptible wild-type (WT)
with an isogenic drug-resistant (AkatG) mutant. In mycobac-
teria, katG encodes the catalase-peroxidase that transforms
INH into its active and its loss of function confers resistance to
INH treatment.”” > We treated WT and AkatG Msmeg
cultures with INH (1, S, 10 ug/mL) for 9 h followed by
fluorescence analysis as before (Figure 1F). For WT (INH-
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Figure 2. Tre-DST is feasible in Mtb. (A) Fold change of plate reader fluorescence of Tre-probe-labeled mycobacteria and nonmycobacteria
species normalized to their respective unlabeled controls. (B) Fold change of mixed culture Tre-probe labeling with varying concentrations of
Msmeg relative to fixed E. coli, B. subtilis, and S. mutans (left) and fold change of mixed culture Tre-probe labeling with fixed Msmeg relative to
varying concentrations of E. coli, B. subtilis, or S. mutans (right). (C) Plate reader fluorescence of Mtb H37Ra at an ODg, of 0.1 with varying
concentrations of DMN-Tre after a 16 h overnight incubation. (D) Plate reader fluorescence of Mtb H37Ra at an ODyq of 0.1 labeled with 1 mM
DMN-Tre for varying amounts of time. (E) Fold change of plate reader fluorescence for varying concentrations of Mtb H37Ra normalized to
background for limit of detection analysis before and after a 9-day incubation prior to labeling with DMN-Tre. (F) Linear correlation between plate
reader fluorescence and flow cytometry (MFI) for Mtb treated or not treated with RIF, INH, EMB, or BDQ for 3 days before DMN-Tre labeling.
(G) Plate reader fluorescence for Mtb H37Ra treated for 0, 1, 2, and 3 days with RIF 0.002—2 pg/mL, INH 0.01—10 yg/mL, or EMB 0.5—10 pug/
mL before DMN-Tre labeling. The starting density was ODgq, 0.1. All data were conducted in three biological replicates and analyzed by ANOVA
tests in GraphPad Prism. P values: * = 0.0332, ** = 0.0021, ***= 0.0002; ***%<0.0001.

susceptible), we observed a significant fluorescence decrease and Ag8S activity, labeling all metabolically active viable cells.
with increasing INH concentrations, unlike AkatG Msmeg In contrast, CFU assays rely on colony outgrowth, which can
(INH-resistant), whose fluorescence remained relatively be impaired in metabolically slowed (e.g., drug-treated) or
constant regardless of INH concentration (Figures 1F and persister populations. Thus, Tre-DST can effectively distin-
S7B). Plate reader fluorescence for untreated controls varies guish susceptible from resistant strains by detecting cells that
significantly between drug-sensitive and -resistant strains. maintain robust metabolic activity, potentially with a shorter
Given the comparable viability between strains, as evidenced turnaround time compared to solid media.
by OD and CFU/mL data, we attribute these baseline Tre-DST Is Selective for Mycobacteria and Reports
differences to Ag85 activity or TDM levels between the two Mtb Susceptibility to RIF, INH, and EMB. The potential of
strains (Figure S7B). We benchmarked these results with flow trehalose probes as detection tools for TB depends on their
cytometry and CFU analyses. All three methods agree well, selectivity for mycobacteria among other bacterial species
except in the case of 1 ug/mL INH, which shows decreased commonly found in human samples. Because trehalose
CFU counts but no reduction in the Tre-DST signal. This incorporation depends on Ag8S5-mediated mycolylation, we
discrepancy is likely due to fundamental differences in these expected that only organisms with active Ag85 will be detected
analytical methods. Tre-DST relies on trehalose metabolism with Tre-DST. We incubated a panel of mycobacterial
463 https://doi.org/10.1021/acsinfecdis.5c01008
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Figure 3. Drug susceptibility using Tre-DST is validated by microscopy and CFU/mL viability assays. (A) Widefield fluorescence microscopy of
Mtb H37Ra that is untreated or treated with 2 ug/mL RIF, 1 yug/mL INH, or 1 pg/mL EMB and labeled with DMN-Tre prior to imaging with a
63X objective. (B) Plate reader fluorescence for Mtb H37Ra treated with varying concentrations of anti-TB drugs compared to CFU/mL viability
data. Drugs include RIF 0.002—2 pg/mL, INH 0.01—10 pg/mL, or EMB 0.5—10 pg/mL before DMN-Tre labeling. (C) Widefield fluorescence
microscopy of Mtb H37Ra that is treated with 1 yg/mL BDQ and labeled with DMN-Tre prior to imaging with a 63X objective. (D) Plate reader
fluorescence for Mtb H37Ra treated with varying concentrations of BDQ_(0.001—10 yg/mL) compared to CFU/mL viability data. All experiments

were carried out in three biological replicates.

species—including nonmycobacterial controls (M. smegmatis,
M. tuberculosis H37Ra, Mycobacterium kansasii, Mycobacterium
lentiflavum, Mycobacterium simiae, Escherichia coli, Bacillus
subtilis, Streptococcus mutans, Staphylococcus aureus, Klebsiella
pneumoniae)—with DMN-Tre or 3HC-Tre for 30 min (rapid
growers) or 16 h (slow growers) (Figures 24, S8 and S9, Table
S2). First, we found that DMN-Tre selectively labeled
mycobacteria species and not the nonmycobacterial controls,
whereas 3HC-Tre exhibited signals for all species. Further, we
set up mixed-species DMN-Tre experiments to assess Tre-DST
selectivity even in the presence of other bacteria. We spiked
Msmeg into cultures of E. coli, B. subtilis, and S. mutans at
varying cell densities (Figures 2B and S10). We observed that
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fluorescence rose with increasing Msmeg but was unaffected by
higher counts of the nonmycobacterial species. In contrast,
3HC-Tre showed a high fluorescence signal in all mixtures.
Together, these data demonstrate that DMN-Tre (but not
3HC-Tre) is selective for mycobacteria.

Next, we aimed to validate Tre-DST with Mtb. In our
preliminary experiments, we found that incubating Mtb cells
with an increased concentration of 1 mM DMN-Tre for 16 h
maximized fluorescence detection, likely due to the much
slower metabolic rate of Mtb as compared to Msmeg (Figure
2C,D).** We performed similar analyses for 3HC-Tre to
determine optimal probe concentrations for specificity experi-
ments comparing 3HC-Tre labeling of Mtb to that of NTMs,
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Figure 4. Tre-DST assesses drug resistance and is validated by microscopy and CFU/mL viability assays. (A) Plate reader fluorescence for mc*7902
(drug susceptible) and mc?8247 (RIF resistant), treated with 0.001—2 pug/mL RIF for 3 days (B) or mc*7902 (drug susceptible) and mc?8245
(INH resistant), treated with 0.01—10 pg/mL INH for 3 days after DMN-Tre labeling, compared to CFU/mL viability data. Fluorescence data
were collected in three biological replicates, and CFU/mL data were collected in one biological replicate. (C) Widefield fluorescence microscopy of
untreated and RIF-treated mc?7902 and mc?8247 and (D) untreated and INH-treated mc>7902 and mc?8245 labeled with DMN-Tre.

which were all slow-growers (Figures 2A and S11). In addition,
similar to Msmeg, we found that adding a preincubation step
for 9 days (approximately nine doubling times) improves
sensitivity for DMN-Tre detection of Mtb cells from 10’ CFU/
mL to 10* CFU/mL (Figures 2E and S12). Thus, adding a
relatively short incubation step allows samples originally
seeded at 10* CFU/mL to become detectable after they have
grown for 9 days to reach a higher density and enabling a
reliable fluorescence detection. We also performed a simple
linear regression analysis of the plate reader data and flow
cytometry data to confirm concordance, even with much
smaller Mtb cells (Figure 2F). Our analysis revealed a strong
correlation (R* = 0.89) between the two readouts, validating
our earlier Msmeg results.

We then assessed the length of incubation times for the
optimal Mtb drug response assessment. We incubated Mtb
H37Ra cells at ODg, of 0.1 with different concentrations of
RIF (0.002, 0.02, 0.2, 2 ug/mL), INH (0.01, 0.1, 1, 10 ug/
mL), and EMB (0.5, 1, S, 10 ug/mL) for 3 days, collecting
samples every doubling time (approximately 24 h for Mtb) for

465

DMN-Tre labeling and fluorescence analysis (Figures 2G, S13,
and S14). We observed increased fluorescence labeling with
untreated controls and low drug concentrations over time but
not for the higher drug-treated samples. These differences in
fluorescence are dose-dependent, except for RIF, which
exhibits high levels of drug killing, even at early time points,
with concentrations as low as 0.002 pg/mL (Figure 2G). In
H37Ra, MIC values for RIF tend to be much lower than other
strains of Mtb, so it is likely that Tre-DST would capture dose-
dependent differences among RIF-treated samples in clinically
relevant strains that do not exhibit unusually high RIF
sensitivity.”® Future work will test a broader concentration
range to capture the H37Ra RIF MIC effectively. In addition,
our results show we can discriminate live, nondrug-treated Mtb
from drug-treated Mtb samples starting at Day 2, with
significant differences consistently detected across all three
drugs at Day 3. These results demonstrate that a 3-day
incubation (roughly three doubling times for Mtb) is sufficient
to significantly distinguish between live and drug-killed
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cultures (Figure S15). Future work will further examine live vs
nonreplicating labeling mechanisms and their implications.

Tre-DST Is Comparable to CFU, while Reducing
Turnaround Times. To benchmark Tre-DST against
microscopy and conventional culture, we first imaged Mtb
H37Ra that was untreated or pre-exposed for 3 days to RIF (2
pug/mL), INH (1 pg/mL), and EMB (1 ug/mL) before a 16 h
DMN-Tre labeling (Figure 3A). As expected, we observed few
fluorescently labeled Mtb cells in RIF- and INH-treated
samples. Interestingly, we observed fluorescent cells in INH-
treated Mtb, despite seeing a significant reduction in bulk plate
reader fluorescence signals (Figures 2G and S15). INH affects
the mycomembrane integrity through inhibition of mycolic
acid synthesis and cell wall thickening,‘”’37 which may lead to
nonspecific fluorescence turn-on seen only in microscopy.
Similarly, we observed brightly labeled cells in EMB-treated
cultures, even though our previous results demonstrated low
fluorescence with plate-reader and flow-cytometry signals
(Figures 2G and S15). Therefore, while bulk quantitative
assays report low overall fluorescence, our microscopy data
highlight nonspecific signal from individual intact cells,
suggesting microscopy may be an unsuitable instrument for
high-throughput DST measurements.

We next compared Tre-DST directly with the CFU assay.
We incubated Mtb cells with RIF, INH, and EMB as before
and split the sample into two: one aliquot was labeled for 16 h
at 37 °C and analyzed as before; the other aliquot was plated
for CFU (incubated at 37 °C without shaking for up to 17
days; Figures 3B and S15). We observed agreement with both
methods, but Tre-DST delivered results close to 16 days
sooner. The same concordance—and speed advantage—was
observed for bedaquiline (BDQ)-treated Mtb cultures (Figures
3C,D and S15), demonstrating that Tre-DST is compatible
with not only frontline TB drugs but also newer drugs like
BDQ. Together, these data show that Tre-DST provides
phenotypic drug-susceptibility results that are comparable to
the gold-standard CFU assay, yet with shorter time-to-results,
making it possible to accelerate decision-making for TB drug
regimen selection.

Tre-DST Detects Mtb Resistance to RIF and INH.
Finally, we investigated whether Tre-DST can discern
genetically linked drug resistance. We leveraged the triple
auxotrophic strains of Mtb H37Rv—mc?7902 (drug-suscep-
tible), mc?8245 (INH-resistant), and mc?8247 (RIF-resist-
ant)—because they are avirulent and they can be safely
handled at biosafety level 2.**

We incubated Mtb H37Rv mc*7902 (drug-susceptible) and
mc?8247 (rifampicin-resistant) with RIF (0.002, 0.02, 0.2, 2
ug/mL) for 3 days followed by a 16 h labeling with DMN-Tre
(Figures 4A and S16). Similarly, we treated the drug-
susceptible Mtb auxotroph and mc?8245 (isoniazid-resistant)
with INH (0.01, 0.1, 1, and 10 pg/mL) followed by DMN-Tre
labeling (Figures 4B and S17). In both experiments, we
observed reduced fluorescence signals in the drug-susceptible
cultures when exposed to either RIF or INH, but the
fluorescence signals did not change for the drug-resistant
strains regardless of the drug concentrations. Although
resistant isolates can display variable trehalose dimycolate
(TDM) abundance and Ag8S activity, which could influence
baseline fluorescence, we found that these intrinsic differences
did not affect overall Tre-DST performance or interpreta-
tion.””* Finally, using fluorescence microscopy, we imaged
untreated or pre-exposed drug-susceptible and drug-resistant
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auxotrophs to RIF or INH, followed by DMN-Tre labeling
(Figure 4C,D). Similar to before, we observed few
fluorescently labeled cells in RIF-treated drug-susceptible
samples but not INH-treated samples (Figure 4D), whereas
we see clear decreases in bulk plate reader fluorescence signals
for INH-treated Mtb (Figure 4B). Nonetheless, we find that
Tre-DST accurately reports on Mtb drug resistance, similar to
standard culture methods. Collectively, these experiments
demonstrate that Tre-DST accurately identifies RIF- and INH-
resistant Mtb, matching CFU results yet requiring shorter
turnaround times.

B DISCUSSION

The accelerating spread of DR-TB continues to undermine
global TB control efforts. A major hurdle is the lack of efficient
routine diagnostics that can deliver phenotypic drug-suscept-
ibility results fast enough to influence the initial therapy. By
coupling environment-sensitive trehalose probes to a fluo-
rescence-plate-reader format, Tre-DST closes this gap (Table
S1). The assay exploits the Ag85-dependent conversion of
environment-sensitive trehalose conjugates into fluorogenic
trehalose mycolates, leading to fluorescence turn-on only in
metabolically active mycobacteria and eliminating the need for
a priori knowledge of drug resistance mechanisms to detect
drug susceptibility.

By leveraging these trehalose conjugates, we designed a new
trehalose-based drug susceptibility assay (Tre-DST) using
cost-effective fluorescence plate readers that are readily
available in standard clinical laboratories. We tested our
assay using two different plate readers to ensure the trends in
fluorescence were consistent across instruments (Figure S18).
We used the nonpathogenic Msmeg and the virulence-
attenuated Mtb H37Ra or auxotrophic Mtb to demonstrate a
strong correlation between bulk plate reader results and single-
cell-level flow cytometry data, suggesting the fluorescence plate
reader is a suitable fluorescence detector for Tre-DST. We
determined that adding a relatively short incubation step
(about 1 week for Mtb) allowed samples originally seeded at
10* CFU/mL to become detectable, reaching the WHO’s
recommended limit of detection. When compared directly with
the CFU assay, Tre-DST delivered results in agreement with
CFU over 2 weeks earlier. These results demonstrated that
Tre-DST could enable shorter turnaround times for a
phenotypic DST. Importantly, we found that Tre-DST reports
on drug susceptibility in a drug-agnostic manner, demonstrat-
ing loss of fluorescence with frontline TB drugs RIF, INH, and
EMB, as well as the newer drug BDQ. Finally, Tre-DST
distinguished RIF- and INH-resistant auxotrophs from
susceptible controls and accurately reported resistance activity.
Together, the data demonstrate that Tre-DST’s performance is
both genotype-agnostic and extensible to newly licensed or
investigational drugs.

Despite having a modest quantum yield, we found that
DMN-Tre, but not 3HC-Tre, probes demonstrated selectivity
for mycobacteria. This surprising discrepancy might be due to
the respective photophysical characteristics of each probe.
Indeed, in our previous work, we showed that DMN-Tre’s
fluorescence is rigorously quenched unless the dye reaches a
very nonpolar environment. In contrast, 3HC-Tre’s fluores-
cence is quenched far less stringently by water, and its higher
hydrophobicity and 7-surface area could promote aggregation
and nonspecific membrane adsorption. Understanding these
structure—activity relationships will guide the design of better
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and brighter, yet selective, solvatochromic rotors that retain
mycobacterial specificity while shortening the current over-
night-labeling step required for slow growers.

Despite these constraints, Tre-DST offers a blend of
compelling attributes. Tre-DST is compatible with standard
laboratory equipment, cost-effective, selective for mycobac-
teria, meets the target limit of detection, enables drug-agnostic
Mtb DST in under a week, and reports on drug resistance. The
assay could be run on standard 96 plates, permitting scaling up
to large drug panels without additional instrumentation, and
would remain valid even as resistance mechanisms evolve. By
translating a lipid-metabolism pathway into an optical viability
readout, Tre-DST delivers phenotypic drug-susceptibility
profiles within a clinically relevant window and is therefore
poised to enable individualized therapy for DR-TB in reference
laboratories.

B METHODS

Bacteria Strains, Media, and Reagents. The bacterial
strains used in this work included M. smegmatis mc*155 wild-
type, M. smegmatis AKatG (donated generously by the
Bertozzi Lab at Stanford University), M. tuberculosis H37Ra,
and auxotrophic M. tuberculosis H37Rv mc?7902 (drug-
susceptible, ApanCD AleuCD AargB), mc?8245 (isoniazid-
resistant, ApanCD AleuCD AargB A2116169—2162530), and
mc*8247 (rifampicin-resistant, ApanCD AleuCD AargB rpoB
(H445Y)). Auxotrophic strains are avirulent and can be
handled at biosafety level 2.°® E. coli (ATCC 12435), B. subtilis
(ATCC 6051), S. mutans (ATCC 25175), S. aureus (ATCC
12600), and K. pneumoniae (ATCC 13883) were also included
in this work. Experiments also included nontuberculous
Mycobacteria (NTM) strains, namely, Mycobacterium abscessus
(ATCC 19977), Mycobacterium fortuitum (ATCC 6841),
Mycobacterium mucogenicum (ATCC 49651), M. kansasii
(ATCC 12478), M. lentiflavum, M. simiae, and Mycobacterium
szulgai (ATCC 35799). NTMs were generously donated by
Dr. Omai Garner at the UCLA Clinical Microbiology Lab in
the UCLA Health System.

M. smegmatis (Msmeg) was inoculated on 7H10-agar plates,
supplemented with 10% (v/v) OADC (BD BBL Middlebrook
OADC Enrichment, catalog no. B12351), 0.5% (w/v) glycerol
(catalog no. G2025-500 ML, Sigma-Aldrich), and 0.05% (w/v)
Tween 80 (catalog no. BP338-500, Fisher Scientific). Msmeg
AKatG solid and liquid mediums were also supplemented with
S0 ug/mL hygromycin (Sigma-Aldrich, catalog no. H7772-
SOMG). M. tuberculosis (Mtb) was inoculated on solid media
composed of 7H9 powder (catalog no. M0178-500G, Sigma-
Aldrich), 12% agar, 10% OADC (BD BBL Middlebrook
OADC Enrichment, catalog no. B12351), 0.5% glycerol
(catalog no. G2025-500 ML, Sigma-Aldrich), and 0.05%
Tween 80 (catalog no. BP338-500, Fisher Scientific). For
liquid cultures, all Msmeg and Mtb strains were grown in
Middlebrook 7H9 Broth Base (catalog no. M0178-500G,
Sigma-Aldrich) liquid supplemented with 10% (v/v) oleate—
albumin—dextrose—catalase (OADC) enrichment (BD BBL
Middlebrook OADC Enrichment, catalog no. B12351), 0.5%
(v/v) glycerol (catalog no. G2025-500 ML, Sigma-Aldrich),
and 0.05% (w/v) Tween 80 (catalog no. BP338-500, Fisher
Scientific).

Auxotrophic Mtb strains’ solid and liquid growth media were
additionally supplemented with 24 mg/L pantothenate
(catalog no. PS155-100G, Sigma-Aldrich), S0 mg/L L-leucine
(catalog no. L8912-100G, Sigma-Aldrich), and 200 mg/L 1-
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arginine (catalog no. A8094-100G, Sigma-Aldrich). Aliquots of
vitamin supplements were added fresh in 25 uL of supplement
per S mL of media every 2 weeks.

E. coli (ATCC W1485) and B. subtilis (ATCC 60510) were
cultured in Luria broth (LB) medium (catalog no. 12795027,
Thermo Fisher Scientific) overnight before experiments. S.
mutans (ATCC 25175) was cultured similarly in Brain Heart
Infusion media (catalog no. DF0037-17-8). S. aureus (ATCC
12600) and K. pneumoniae (ATCC 13883) were cultured at
BSL2 in biosafety cabinets in tryptic soy broth (catalog no.
DF0370173, Fisher Scientific) and Difco nutrient broth
(catalog no. DF0003-17-8, Fisher Scientific), respectively. S.
Aureus cultures were grown overnight, and K pneumoniae
cultures were grown for 2 days before carrying out experi-
ments.

Stock solutions of 20 mM DMN-Tre and 10 mM 3HC-Tre
were prepared in water and stored at —20 °C. Stock solutions
of 10 mg/mL rifampicin (catalog no. J60836.03, Thermo
Fisher Scientific), 10 mg/mL isoniazid (Sigma-Aldrich, cat. no.
13377-5G), 10 mg/mL ethambutol (catalog no. AAJ6069506),
and 10 mg/mL bedaquiline (Fisher Scientific, catalog no.
AC465912500) were prepared in 100% DMSO. For all drug
experiments, 1% DMSO controls were included. Prior to use in
experiments, stock solutions were diluted to the desired
concentration. Unless otherwise noted, all experiments were
conducted in three biological replicates.

General Procedure for Bacterial Growth and Label-
ing. Bacterial starter cultures were generated by inoculating
single colonies of freshly streaked agar plates into 10 mL of
liquid medium or from frozen glycerol stocks. Msmeg WT and
AKatG were grown by shaking at 225 rpm at 37 °C, and Mtb
strains were grown standing at 37 °C. All cultures were grown
to mid-logarithmic phase and then diluted to a lower optical
density before carrying out experiments.

For labeling experiments, bacterial cultures were mixed with
liquid medium and probe stock solution in 1.5 mL Eppendorf
tubes for Msmeg, E. coli, and B. subtilis or T12.5 flasks for Mtb
and NTMs at a final volume of 1 and 3 mlL, respectively.
Unless otherwise noted, the final DMN-Tre probe concen-
trations were 100 uM DMN-Tre for Msmeg or 1 mM DMN-
Tre for Mtb and NTMs. 3HC-Tre was used at a final
concentration of 10 yM. Samples were incubated in a shaking
incubator for Msmeg, E. coli, and B. subtilis or a standing
incubator for Mtb, NTMs, S. auresus, and K. pneumoniae until
the desired end point (typically 30 min for E. coli, B. subtilis, S.
mutans, S. aureus, K. pneumoniae; 16 h for Mtb). After labeling,
E. coli, B. subtilis, and S. mutans samples were washed twice
(21,300 g, 1 min, room temperature) in 1 mL of 1X
Dulbecco’s phosphate-buffered saline (Sigma-Aldrich, cat. no.
D8662-500 ML). For Mtb, NTMs, S. aureus, and K.
pneumoniae, samples were fixed with 1 mL of 4% formaldehyde
(Sigma-Aldrich, cat. no. 252549-500 ML) for 10 min at room
temperature (21,300 g, 1 min) and then washed with DPBS
(5000 g, 10 min). Samples were then prepared for analysis
using flow cytometry, a fluorescence plate reader, or
fluorescence microscopy.

Flow Cytometry and Fluorescence Plate Reader
Analysis. After fluorescence labeling as described above, 150
uL from each sample was aliquoted (in quadruplicates) in
opaque 96-well black plates (Thermo Fisher Scientific, cat. no.
12—566—23). Unless otherwise stated, flow cytometry was
performed on a BD Biosciences C6 Accuri Plus flow
cytometer. This instrument is equipped with a 488 nm laser
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for the FITC channel used to detect DMN-Tre and 3HC-Tre
fluorescence. Fluorescence data were collected for 100,000
cells per sample using the minimum threshold (10 FSC-H) for
drug experiments and a bacteria-only threshold (4000 FSC-H)
for specificity experiments. Flow cytometry data were
processed using BD Accuri C6 Plus Software. For the plate
reader, fluorescence measurements were taken at 405/525 nm
excitation/emission wavelengths for DMN-Tre and 3HC-Tre
using a SpectraMax iD3 fluorescence plate reader (Molecular
Devices) or a Biotek Instruments SYNERGY HI1 for
comparison studies. 100 or 150 yL was plated in clear 96-
well plates (catalog no. 14387224, Thermo Fisher Scientific)
for ODgy, measurements in the plate reader at 600 nm. All
plate reader data were measured without a lid except for Mtb,
S. aureus, and K. pneumoniae.

Time-Series and Limit of Detection Experiments. For
time-series experiments, Msmeg and Mtb cultures were diluted
to an optical density at 600 nm (ODyy) of 0.1. Samples were
subsequently mixed with 100 uM DMN-Tre for Msmeg (1
mM DMN-Tre for Mtb) or 10 yuM 3HC-Tre. Aliquots of
bacteria were immediately collected for fluorescence analysis at
T = 0. The remaining cultures were then incubated in a
shaking incubator for Msmeg or a standing incubator for Mtb
for the desired time points before fluorescence analysis.

For the limit of detection experiments, Msmeg and Mtb
cultures were diluted to 10° CFU/mL and serially diluted
down to 10> CFU/mL. For T = 0, samples were mixed with
100 uM DMN-Tre for Msmeg (1 mM DMN-Tre for Mtb) or
10 uM 3HC-Tre and incubated for 30 min in Msmeg or
overnight/16 h in Mtb before fluorescence analysis. For
subsequent time points, cultures were incubated in a shaking
incubator for Msmeg or a standing incubator for Mtb for the
desired time points prior to 30 min or 16 h incubation
followed by fluorescence analysis. At each relevant time point,
aliquots were labeled, incubated, washed, and analyzed by flow
cytometry and fluorescence plate reader. For Msmeg, samples
were also plated for CFU/mL analysis at both T = 0 and T =
24 h.

Drug-Treatment Assays. Msmeg and Mtb cultures were
diluted to an ODgy, of 0.1 in 4 or 10 mL aliquots for Msmeg
and Mtb, respectively. Controls included untreated and 1%
DMSO. For the remaining samples, cultures were mixed with
desired final concentrations of rifampicin (RIF), isoniazid
(INH), ethambutol (EMB), or bedaquiline (BDQ). Samples
were then incubated in a shaking incubator for Msmeg or a
standing incubator for Mtb for three doubling times (9 h for
Msmeg, 3 days for Mtb). Samples were then labeled with
DMN-Tre and analyzed as described above.

Specificity Assays. For individual species labeling experi-
ments, cultures of Msmeg, E. coli, B. subtilis, and S. mutans were
diluted to an ODgy, of 0.1 and labeled in 1.5 mL Eppendorf
tubes using 100 uM DMN-Tre or 10 M 3HC-Tre for 30 min
before washing twice and detecting fluorescence in the plate
reader and the flow cytometer as previously described.
Separately, Msmeg, S. aureus, and K. pneumoniae were diluted
to an ODgy, of 0.1 and labeled in 1.5 mL Eppendorf tubes
using 100 #M DMN-Tre or 10 uM 3HC-Tre for 30 min before
fixing with 4% formaldehyde, washing with DPBS, and
detecting fluorescence via flow cytometer. For plate reader
fluorescence measurements, Msmeg, S. aureus, and K. pneumo-
niae were diluted to an ODgy of 0.5, labeled in 1.5 mL
Eppendorf tubes, fixed with formaldehyde as previously
described, and then read on the plate reader (without lid).
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Slow-growing (SGM) NTM cultures were diluted to ODyq of
0.5 and labeled in T12.5 flasks using 100 uM DMN-Tre or 10
uM 3HC-Tre for 16 h at 37C. All cultures were fixed as
previously described. Fluorescence values were obtained using
the plate reader and flow cytometry.

For mixed culture experiments, BSL1 organisms Msmeg, E.
coli, B. subtilis, and S. mutans were separately diluted to an
ODgq of 0.1 and mixed in equal ratios. In no-Msmeg controls,
the Msmeg was replaced with 7H9 media in mixed samples. To
evaluate labeling with varying concentrations of each organism,
higher ODy, values, such as 0.5 and 1.0, replaced the 0.1
ODygy concentrations in the mixed samples.

Colony-Forming Unit Assays. For Msmeg, each sample
was 10X serially diluted, and 10 yL from each dilution was
pipetted onto separate quadrants (four technical replicates) of
warmed 7H10-agar plates. Colonies in each plate were counted
after 3 days. For Mtb, samples were plated on solid 7H9-agar
plates divided into eight sections. Samples were 10-fold serially
diluted in 7H9 media before being spotted in one 10 uL dot
per section, decreasing in dilution. Each sample was plated in
four technical replicates. Plates were then returned to the
incubator and counted after 2—3 weeks.

Microscopy. Mtb H37Ra cultures were tested using the
drug-treatment assays as previously described. After resuspen-
sion in DI H,O in the final wash step, 10 yL of aliquot was
placed directly onto a microscope slide, heat-dried at 50 °C for
30 s, covered with a coverslip, and immobilized using nail
polish. Slides were kept in the dark until imaging. Microscopy
was carried out using a Leica Infinity TIRF DMi8 Widefield
Microscope at UCLA CNSI Advance Light Microscopy/
Spectroscopy (ALMS) with a Fluor 63X oil immersion 1.43—
numerical aperture objective. This instrument is equipped with
a 488 nm blue laser FITC/GFP laser. Fiji was used for image
processing. All image acquisition and processing were
normalized to the untreated control sample.

Statistical Analysis. Statistical analysis was carried out
using GraphPad Prism. Graphs include error bars of one
standard deviation, unless otherwise indicated. Where shown,
asterisks indicate significance as calculated by ANOVA tests in
GraphPad Prism. P values: * = 0.0332, ** = 0.0021, *** =
0.0002; ***%*<0.0001. Graphs showing a correlation between
the flow cytometer and plate reader include lines of best fit,
calculated by simple linear regression. Fold change values in
various graphs are calculated by dividing the relevant sample
by the unlabeled, nondrug-treated, bacteria-only control.
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